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RAPID ALCOHOL TESTING IN WHOLE BLOOD BY
DISK-BASED REAL-TIME ABSORPTION

MEASUREMENT
J. Steigert, L. Riegger, M. Grumann, T. Brenner, J. Harter,

R. Zengerle, and J. Ducrée
IMTEK – University of Freiburg, Laboratory for MEMS Applications

Georges-Koehler-Allee 106, D-79110 Freiburg, Germany

ABSTRACT
We for the first time use centrifugal microfluidics [1] to enable a fast colorimetric alcohol

assay from one droplet of whole blood. The reduced turn-around time is, on the one hand,
achieved by a full process integration including metering, mixing with reagents, and
sedimentation of cellular constituents. On the other hand, our novel total internal reflection
(TIR) scheme [2] allows to accurately predict saturation values based on an extrapolation of
real-time measurements acquired during a 100-second initial period of rotation.
Keywords: alcohol, colorimetric assay, human whole blood, centrifugal microfluidics

1. INTRODUCTION
The transfer of routines in clinical diagnostics to compact point-of-care devices is subject

of various academic and commercial efforts. To meet the stringent requirements of clinical
diagnostics, miniaturized “lab-on-a-chip” technologies featuring a full process integration,
reduced consumption of sample and reagents as well as short turn-around times and ease of
handling are the most prominent candidates. In this work, we focus on the implementation
of a disk-based, colorimetric alcohol assay with monolithically integrated optical beam-
guidance to enhance the sensitivity.

2. OPTICAL SETUP
In a rugged optical setup, a laser diode is directed at perpendicular incidence on the flat

upper side of the polymer (COC) disk. At the symmetric side faces of the triangular V-
grooves which are monolithically embedded into the reverse side of the disk, the impinging
beam is deflected via total internal reflection (TIR) by 90° into the plane of the detection
chamber (Fig. 1) [2].

Figure 1. Monolithically integrated V-grooves
next to the measurement chamber deflect the
probe beam of initial intensity I0 by total internal
reflection at 90° into the disk plane. This
detection significantly extends the optical path
length labs. After passing the detection chamber,
the attenuated intensity of the probe beam I is
measured by a detector positioned above the
disk.

detection cell

detector

TIR-setup
labs = 10 mm

laser
= 532 nm

45°

Labs = 1 mm

I0 I
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After passing the detection chamber, the attenuated beam is reflected by 90° at another V-
groove towards a spectrophotometer. Compared to direct incidence on flat microfluidic
chips, the optical path length and thus the absorption is increased by about one order of
magnitude!

3. ALCOHOL ASSAY
The alcohol concentration is detected colorimetrically in a two-step enzymatic reaction.

First, a droplet of untreated human blood is extracted from the finger tip and directly loaded
onto the disk where it is precisely metered (CV = 1.7 %) to a small 500-nl volume (Fig. 2).

Figure 2. Concept of a disk-based alcohol assay on a sample of human whole blood. The
microfluidic polymer disk (COC) in the format of a conventional CD hosts a metering
structure to define a sample volume (Vs = 500 nl) and an inlet for the reagents (Vr = 99.5 µl)
which are connected to the measurement chamber. The sample volume is metered at high
precision (CV = 1.7 %) in a capillary burst valve by tailoring a tiny tear-off meniscus.

After adding the reagents, a frequency protocol (t) is conducted (Fig. 3) which introduces
the liquids into the measurement chamber and enforces rapid mixing by a frequent reversal
of the sense of rotation (“shake-mode”) (Fig. 3) [3]. To eliminate interfering RBCs from the
optical pathway, the mixture is then sedimented at an elevated frequency.

Figure 3. Frequency protocol (t) performing an on-disk alcohol-assay within t = 150 s.
The ethanol concentration in human whole blood is determined colorimetrically. After the
sample and the reagents are loaded into the inlet reservoirs, the disk is spun and the sample
is metered before the liquids are driven into the measurement chamber (1). Frequent
changes of the sense of rotation (“shake-mode”) accelerate mixing (2) for the enzymatic
reaction. The RBCs then sediment out of the optical beam path (3) and the assay is read out
in real-time under spinning at a constant frequency of rotation (4).
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4. RESULTS
After sedimentation, the absorbance is monitored in real-time during constant spinning

for about 100 s. The acquired data points are then extrapolated by a regression fit to the
saturated absorbance value (Fig. 4A). The absorption characteristics well complies with the
law of Beer-Lambert (Fig. 4B). By benchmarking with calibrated samples, our
measurements display a CV of 4.0 %, a low limit of detection (cmin = 0.04 ‰), an excellent
resolution ( c = 0.05 ‰), and a high linearity between the alcohol concentration and the
optical signal (R2 = 0.996) (Fig. 4B). Additionally, the real time monitoring under rotation
allows to accurately predict the saturation value of the enzymatic reaction, which is reached
after about 6-8 minutes in standard kits, within about 100 seconds, only. This performance
is comparable to common breath analyzers while avoiding the error-prone correlation
between the alcohol concentration in breath and whole blood.

Figure 4. Real-time read-out of alcohol-assay to shorten the time-to-result (t = 150 s). (A)
After mixing and sedimentation is completed, the increase of the absorbance A is recorded
for 100 s and the saturation value A is extrapolated by a regression fit. (B) The
extrapolated values well comply with the saturation values derived for standard ethanol
solutions. The outstanding sensor performance enables direct, high precision measurements
on human whole blood.

5. CONCLUSION
We introduced a highly process integrated disk-based assay to rapidly and accurately

determine the concentration of alcohol in human whole blood. The assay is run on a cost-
efficient modular platform comprising a passive polymer disk with monolithically
embedded optical and fluidic structures as well as a standard laser diode and detector. Its
high degree of automation, its short time-to-result and its excellent precision recommend
our centrifugal platform for point-of-use testing and routine screening in clinical labs.
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ANALYSIS OF SALIVA SAMPLES FOR END-STAGE 
RENAL DISEASE DIAGNOSTICS USING AN IMAGING 

FIBER-OPTIC MULTIPLEXED MICROARRAY 

David R. Walt, David Rissin, Christopher Dicesare, Timothy Blicharz, and 
Ryan Hayman 

Tufts University, Department of Chemistry, 62 Talbot Ave., Medford, MA 02155, USA 

ABSTRACT 

Clinical diagnostics using saliva as a sample matrix represents a significant opportunity for 
reducing the pain and inconvenience of blood sampling as well as removing the 
requirement for trained technicians to acquire blood samples.  We have been investigating
the use of saliva for following the progress of end-stage renal disease (ESRD) patients 
undergoing hemodialysis.  A multiplexed fiber-optic array platform is employed for
performing multiple analyses simultaneously. 

Keywords:  Salivary Diagnostics, Imaging Optical Fibers, Multiplexed Microarray

1. INTRODUCTION

The replacement of blood with a less invasive sample such as saliva would be of significant 
value for diagnostics in both the clinic and home.  Saliva has been used in a limited number 
of studies as a diagnostic medium.  Saliva is an aqueous medium comprised of 99 % water 
containing a mixture of ions, small molecules, and proteins [1].  Glandular secretion of
saliva contains some components from blood; however, most of these analytes are in a
dilute form compared to their concentration in blood. 

The technology platform for this study is based upon imaging fiber-optic arrays, which are 
comprised of a large density of individually addressable fibers, each with their own core 
and cladding, bound in a coherent bundle [2]. The fiber bundles have an outer diameter of
1.1 mm containing approximately 50,000 individual fibers, each with core diameter 
dimensions of 3 µm [3]. By selectively etching the core material at the distal end of the
fiber bundle, an array of microwells of defined depth is created which can be loaded with
microsphere sensors sensitive to various salivary analytes.  

2.  RESULTS AND DISCUSSION 

The first patient group to be addressed in our study was End-Stage Renal Disease (ESRD). 
The ESRD patients undergo hemodialysis treatment, which is routinely performed three 
times a week for approximately 3 – 4 hrs duration each time, making it time consuming and
inconvenient for patients. Our initial work was aimed at determining whether it was 
possible to follow the progress and efficacy of dialysis by using saliva rather than blood 
samples.  Dialysis patient volunteers provided saliva samples using paraffin wax to 
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stimulate flow and facilitate sample collection.  Samples were collected, centrifuged to
remove particulates and bacteria, and then frozen and stored at –80oC until analyzed. 

As an initial screen, many different analytes were analyzed including Na+, K+, Cl-, HCO3
-,

NO2
-, pH, total proteins, total nucleic acids, and uric acid.  These analytes, as well as some

others, were first screened using solution-based assays in microtiter plates.  Analytes that 
appeared to have some difference between pre and post dialysis samples and that exhibited 
a relatively high degree of correlation between patients were further selected for conversion
to bead-based methods.   

The appropriate chemistries were immobilized on different beads and the beads were then 
loaded into the wells on the end of the etched imaging optical fiber bundle.  The fiber end 
containing the beads was then inserted directly into the saliva samples.  To interrogate the 
microsphere sensors, excitation light is transmitted through the proximal end of the fiber 
bundle, whereby the light propagates via total internal reflection through the bundle to the 
distal end [4]. The light excites the fluorescent indicator chemistry attached to the 
microspheres in the microwells and the emitted light is carried back through the fiber and
imaged onto an array detector such as a CCD camera. Changes in fluorescence intensity 
correspond to changes in analyte concentration.  The results of pre- and post-dialysis uric
acid analysis are presented in Figure 1. 
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Figure 1. Pre- minus post-dialysis fluorescence intensities using a bead-based analysis of 
uric acid content of saliva from renal patients..  In most cases, the fluorescence intensity 
was higher in pre-dialysis vs. post dialysis samples. 

This array platform permits micron scale multi-analyte sensing using small sample 
volumes.  By conducting multiple bead-based analyses on a single fiber array, it was 
possible to collect sufficient data to discriminate between pre- and post-dialysis samples 
(Figure 2).  With additional studies, it should be possible to use the array platform to
determine the efficacy of hemodialysis, enabling dialysis times and frequency of treatment 
to be tailored to each patient’s requirements. 
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Figure 2. Singular value decomposition (SVD) plot showing two distinct groups for pre-
and post-dialysis samples where the averaged results from 12 ESRD patients on the 
multiplexed microarray were input into the matrix software. 

3. CONCLUSIONS 

The optical fiber array described here offers the possibility for creating a universal 
diagnostic platform.  Present efforts in this regard are aimed at developing specific bead-
based assays for small molecules and ions, specific proteins, and specific DNA sequences.  
In addition, by coupling the arrays to a microfluidics platform, a fully integrated analysis 
system can be created. 
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DIFFERENTIAL EXTRACTION OF MALE AND FEMALE 
DNA IN AN AUTOMATED MICROFLUIDIC DEVICE 

Amy J. Devitt, Nima Aflatooni, Mary Vinas, Nin Loh, Farzad Pourahmadi,  
Robert Yuan and M. Allen Northrup 

Microfluidic Systems, USA 

ABSTRACT 
 The conventional method for separating epithelial cells from sperm cells involves 
selective lysis using a combination of enzymes, chemicals, heat, and centrifugation. The 
entire process is tedious and takes many hours including an overnight incubation.  We have 
developed a microfluidic-based system that utilizes: a sonication module for selective cell 
lysis, filters to separate the populations, high-surface area pillar chip modules to purify the 
DNA from the male and female lysates, and microfluidic circuitry to integrate the steps in 
an automated platform.  This method is automated and can be completed in less than 3 
hours.   

Keywords: Automation, differential extraction, forensics, microfluidic 

1. INTRODUCTION
DNA typing has been an invaluable tool for forensic science.  Applications include 

linking a suspect to a crime site or a victim, identifying a perpetrator via a 'cold hit' in a 
networked crime laboratory DNA database, identifying a victim or human remains, and 
proving the innocence of  wrongly incarcerated prisoners by analyzing archived evidence. 
Sample types and matrices can vary considerably, and the entire sample preparation process 
can be very time-consuming and labor-intensive.   This instrument addresses the need for a 
rapid, high-throughput method for differential extraction. 

2. THEORY
The conventional method for separating epithelial cells from sperm cells involves 

selective lysis using a combination of enzymes, chemicals, heat, and centrifugation. The 
entire process is tedious and takes many hours including an overnight incubation.  We have 
developed a microfluidic-based system that utilizes: a sonication module for selective cell 
lysis, filters to separate the populations, high-surface area pillar chip modules to purify the 
DNA from the male and female lysates, and microfluidic circuitry to integrate the steps in 
an automated platform.  The instrument itself is comprised of a series of fluidic pumps, 
solenoid valves, rotary valves, ultrasonic horns and air blocks/manifolds all controlling 
removable and disposable fluidic blocks.  These fluidic blocks are responsible for 
biological sample processing including sample metering, reagent mixing, cell lysis, cell
extraction, and nucleic acid purification.   

3. EXPERIMENTAL 
All experiments were conducted on the Microfluidic Systems’ prototype instrument or 

lab versions of the separate modules and compared to existing methodologies in the 
forensic community.  One such method is a simple organic extraction (OE) and consists of 
a separation by phenol and chloroform, followed by a precipitation.  The other comparative 
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method is in use at the California Department of Justice (DOJ) and is comprised of 
agitation, a couple of enzymatic reactions, an organic extraction, and concentration.  Real-
time PCR was used to analyze the results utilizing Cepheid’s SmartCycler® and Applied
Biosystems’ Quantifiler™ Y Human Male DNA Quantification Kit and Beta actin assays
according to the manufacturer’s instructions.

4. RESULTS AND DISCUSSION 
 The conventional method for separating epithelial cells from sperm cells on a sample
collection device, such as a cotton swab,  involves a series of manual steps including:
selective lysis using a combination of enzymes, chemicals, heat, and centrifugation. In a 
mixed sample, the epithelial cells are lysed first due to their lack of a protective coat, the 
sperm cells are pelleted, the epithelial lysate is removed, the sperm cells are resuspended,
and the sperm cells are lysed using more stringent conditions. The MFSI Automated
Differential Extraction Instrument is an automated, microfluidic-driven process for 
differentially extracting nucleic acid from a mixed sample of female epithelial cells and
male spermatozoa on a swab.  In the initial step, a portion of the swab is placed in the lysis 
chamber of the microfluidic cartridge and an enzymatic reaction helps to remove the 
epithelial cells from the material.  Sonication then lyses the epithelial cells and knocks the 
spermatozoa off the swab.  The ensuing lysate then passes through a filter thus separating 
the lysed epithelial cells from the intact sperm cells.  The epithelial cells are further 
processed and purified through a DRIE micromachined pillar chip.  The sperm cells go 
through a more stringent lysis procedure and then are purified through a pillar chip.  The 
end result is two fluidically isolated samples of purified DNA, one consisting of epithelial 
cell DNA and the other the sperm DNA. 

The instrument that processes the cartridge is comprised of a series of fluidic pumps, 
solenoid valves, rotary valves, and ultrasonic horns which interface to the cartridge through 
a micro-pneumatic manifold with 36 valves (Figure 1).  The fluidic cartridges are 
responsible for biological sample processing including sample metering, reagent mixing, 
cell lysis, cell extraction, and nucleic acid purification.  An example of such a cartridge is 
also shown in Figure 1. Figure 2 demonstrates how sonication can bring a sample from
undetectable to a solid signal. The signal is further improved by lysing the sample.  The 
efficiency of our lysis technology as compared to currently used methods is illustrated in 
Figure 3.  Our instrument can be used to effectively separate Male and Female DNA with 
minimal carryover of Male DNA into the female fraction (Figure 4). 

Figure 1. Micro-pneumatic manifold (left)  
and microfluidic cartridge (right).  Figure 2. Sonication lysis of sperm cells 

Untreated 

Post Sonicate 

Lysate 
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5. CONCLUSIONS 
 Microfluidic Systems has developed a microfluidic-based system that utilizes: a 
sonication module for selective cell lysis, filters to separate, high-surface area pillar chip 
modules to purify the DNA from the male and female lysates, and microfluidic circuitry to
integrate the steps in an automated platform.  This method is automated and can be 
completed in less than 3 hours.    Not only is the process faster and less tedious, but it is
also more effective as demonstrated by a lysis comparison of the three methods (Figure 3).  
The process has also been shown to effectively separate the male DNA from the epithelial 
cell population with minimal carryover of male DNA into the female fraction (Figure 4).  
This project addresses the need for a rapid, high-throughput method for differential
extraction to process the backlog of crime samples from labs throughout the US.   
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CONVECTION-LIMITED SURFACE TRANSPORT IN
NANOFLUIDIC CHANNELS

Thomas Gervais, Christine Tsau, Jamil El-Ali, Scott R. Manalis,
and Klavs F. Jensen

Massachusetts Institute of Technology, USA
ABSTRACT

In this presentation, we describe the conditions under which transport and surface binding
of analytes in microfluidic devices becomes convection-limited, i.e. limited by the influx of
analyte to the detection zone. Convection-limitations appear in channels typically of less
than 10 microns thick due to a high relative number of binding sites at the surface compared
to the number of analytes in the bulk. The effect is experimentally observed and quantified
in micron-size channels.

Keywords: Microfluidics, Mass Transfer, Adsorption Kinetics, Surface-Based
Sensors.

1. INTRODUCTION
The study of mass transfer and binding to microchannel surfaces is a crucial part of the

development of sensitive on-chip protein sensors such as protein arrays, surface plasmon
resonance (SPR) or evanescent wave sensors. This work provides evidence that, as channel
thicknesses decrease to the micron-size or less, surface transport of biomolecules becomes
limited by the influx of analytes (convection-limited) in the device instead of either by
diffusion or reaction rates (Figure 1). Thus, the commonly used mass transfer models
developed for SPR [1], which assume transport from the bulk through a mass transfer
boundary layer at the surface, break down. New models must be used which account for
sample depletion in the bulk of the channel. Analytic models are supported both by
numerical simulations and experimental observation in simple nanofluidic channels.

Figure 1. Transport time scales for diffusion
(h2 D-1), surface reaction (h/konCs0) and
convection (length/Ufluid). When channel
height h is too high, reaction kinetics is
obscured by diffusion-limitations, when h is
too small, kinetics can be obscured by
convection-limitations.

2. THEORY
In thinner channels, the amount of available surface binding sites per analyte molecule in

the bulk becomes larger and incoming sample will be depleted due to the surface binding.
As more sample flows over the binding surface, binding sites will saturate, thus allowing
the free analytes to propagate further down the channel. Convection-Diffusion-Reaction
models have been used to characterize this behavior and show that analyte transport occurs
from the inlet to the outlet in a wave-like fashion (Figure 2) with an effective velocity Ueff
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lower than the velocity of the carrying fluid (Ufluid). The velocity and shape of this
propagating front has been characterized and shown to depend directly on the channel
thickness and the relative amount of available receptors per analyte in the bulk [2]. In a
parallel plate geometry channel, the amount of delay introduced due to surface interaction
can be expressed as:

db

sw

eff

fluid

KCh
Cn

U
U

0

0 11 , (1)

where Cb0 (mol mm-3) and Cs0 (mol mm-2) are the concentration of bulk analytes and
surface binding sites respectively, nw is the number of walls where the reaction occurs (1 or
2), h is the channel height (mm), and Kd the first order equilibrium dissociation constant
(mol mm-3).

Figure 2. Convection-limited transport model
behavior (FEMLABTM)
A) 2D concentration profile (channel side-
view, C(x,z=0)=1 at the inlet). Bulk and
surface concentration enter a self propagating
wave moving at velocity Ueff<Ufluid.
B) Cross-section averaged concentration
profile C( ,,t) for time increments of 5 s.
C) Concentration profile C( ) in the reference
of the wave front using the variable change
=z-Uefft. All lines from B collapse onto a

single one, indicating that the propagation
velocity Ueff is constant.

3. EXPERIMENTAL RESULTS AND DISCUSSION
Convection-limited transport has been observed in 1 m-thick and 2 mm-long silicon

nitride channels used in suspended microresonator sensors [3]. Biotinylated bovine serum
albumin (bBSA) was physisorbed onto the channel walls and fluorescently-labeled
streptavidin (SA) or anti-biotin IgG flowed over the surface for detection. In the presence of
bBSA adsorbed on the walls, the propagation velocity of SA was decreased by a factor
typically of 10-100 (or more, depending on the bulk concentration used) compared to the
free flow of SA or IgG in the absence of bBSA at the walls (Figure 3). This retardation
effect has been observed to increase linearly with a decrease in the analyte concentration or
channel thickness.
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Figure 3. A) Bright field image of the suspended resonator microchannel used for the measurements.
The “X’s” represent the fixed points where the intensity data was collected over time. B)
Fluorescence intensity data (a.u.) vs time (at fixed point) The effective retardation is calculated by
determining the time taken for the front to move from one of the detection points to another and
comparing with the measured fluid velocity. Retardation factor in this set of curves is found to be of
20 (with Cs0 20 fmol/mm2, Cb0=3.6 M, h=1 m).

To further characterize convection-limited transport in nanofluidics, we have fabricated
T-injector devices with thicknesses ranging from one to several micrometers using either
laser ablation in glass (Figure 4) or soft lithography. These simple devices allow us to
measure analyte flow velocities (Ueff) to verify the extent of this effect on protein transport
in thicker microfluidic channels.

Figure 4. T-injector
fabricated in glass using
excimer laser ablation
techniques (here, depth
h=5 m, width w=100

m).

Finally, it is commonly expected that reducing the size of microfluidic sensors will yield
shorter analysis times and allow one to resolve faster binding kinetics [4]. Convection-
limited transport, just as the diffusion-limited one, imposes physical limits to this statement
at the micron scale or smaller (Figure 1). Understanding this phenomenon will prove useful
to provide design criteria for nanofabricated sensors, notably to characterize and control
surface passivation and on-chip binding assays.
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A DETECTION METHOD OF 3D PARTICLE-POSITIONS
AND 3D MICROFLOW DIAGNOSTIC METHOD

IN A MICROFLUIDICS
Sang Youl Yoon1 and Kyung Chun Kim1

1School of Mechanical Engineering, Pusan National University, Busan, Korea

ABSTRACT
This paper reports a detection method of 3D particle-positions and a 3D microflow

diagnostic method in microfluidic divices. The idea of this method is to use the defocusing
images resulted from three apertures. This paper describes a simple system setup and an
easy way to measure 3D particle locations. Just a plate with three apertures was placed on
an objective lens. We used the depth-calibration and particle tracking to get 3D particle
locations and volumetric 3D microflow fields.

Keywords: Microfluidics, 3D particle detection, 3D flow measurement, Microflow

1. INTRODUCTION
Micro-PIV(Particle Image Velocimetry) measurement method has been well developed

to get 2D velocity fields in a microchannel. However, some of microsystems have 3D flows
due to inherences of the flow or needs for functions of the microsystems. In addition, it is
important to know 3D information of beads or cells in particle/cell-based microsystems.
But it is not easy to get 3D information of particles. Some papers described about the micro
digital holographic-PIV by using holography principles. But holography-based
measurement needs a complicated system. Hence, this study is aimed to find a new 3D
microflow diagnostics with much more convenient and accurate way by using the
defocusing concept. F. Pereiral and M. Gharib[1] reported the basic concept and method of
defocusing PIV in a macroscale volume. But the method and equations which were
suggested by Pereiral and Gharib cannot be directly adopted in microflow measurements
due to numerous kinds of micro optical systems, optical errors, etc.. Hence, this study
describes a new detection method of 3D particle positions and volumetric 3D microflow
diagnostics by using a calibration-based defocusing concept.

2. DEFOCUSING CONCEPT AND
SYSTEM SETUP

Figure 1 illustrates the basic
concept of defocusing for this study. A
mask with three apertures, positioned
as vertices of an equilateral triangle,
was used for the defocusing concept.
Lights from a source point which is
not placed at z 0 are divided by three
apertures and reach each position in
the sensing plane separately. Then,
three multiple images of a particle can
be obtained. The size of the triangular Figure 1. Defocusing concept in microscale
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pattern composed of three particle images can be
changed as the depth from the objective lens
changes. Therefore, the defocusing concept in
this study has used the magnification differences
of the triangular pattern according to the depth
location to get 3D information of particles.

Figure 2 illustrates the aperture plate setting
and the schematics of the system setup. Aperture
diameters were 2mm and the circle diameter
circumscribed around the triangular arrangement
of apertures was 4mm. The system was consisted
of a 12bit cooled CCD camera or 10 bit high
speed CCD camera, a microscope equipped with
a long pass filter cube, Argon-ion laser(516nm)
and syringe pumps. Fluorescent particles with
3 m diameter (excitation/emission maxima :
542/612 nm) were seeded into the working fluid
(water).

3. CALIBRATION FOR 3D DETECTION
Calibration was performed through the depths. Particles, placed between two glass plates,

were used as a calibration target. Several images of the calibration target according to the
depth were captured and filtered by using the Gaussian image filter. The peaks of particles
on the images was found and the Gaussian peak-fit was used to estimate the peak position
with the sub-pixel resolution. Then the circumscribed circles around the each three peaks
were estimated. Figure 3 shows the calibration images and the changes of circle diameter as
the depth location of the target was changed. Once the circumscribed circles had been
estimated, the linear fit was performed to get the calibration curve as shown in figure 3.
This figure shows that the diameter increases
proportionally to the depth from the reference
plane. The slope (dz/dD) of the calibration
curve was 1.324 m/pixel and the root mean
square (RMS) errors between the true z
positions of target and the calculated z position
by the calibration curve was estimated as
0.0871 m. The x-y position of particle was
defined as the centre of the circumscribed circle.
But the center should be compensated due to
the magnification changes according to the
depth and some errors from the optical
arrangement. In this study, The x-y position was
compensated by using polynomial functions
and the least-square curve fitting. The RMS
errors between the reference positions and
corrected positions of total particles on the
target were 0.0313 m for x position and
0.029 m for y position.

Figure 2. Illustration of the system setup

Figure 3. Calibration images and curve
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3. 3D MEASUREMENT IN BACKWARD-FACING-STEP MICROCHANNEL
A backward-facing-step microchannel was fabricated and tested to demonstrate the

developed 3D detection method. Figure 4 shows the dimensions and the shape of the
microchannel. The channel was made of PDMS(Polydimethylsiloxane) and bonded with a
glass plate by means of plasma bonding. The mold was made of an aluminum plate by
milling process. The flow rate was 3 l/min and the inlet Reynolds number was 0.025.

After searching peak positions of each particle images, The peak points were sorted as
triangular patterns matched with the reference triangle which was defined from the
calibration procedure. Then, each circumscribed circle was calculated to estimate 3D
particle locations. Figure 5 shows an
instantaneous particle image and 3D locations of
particles which was calculated from the
instantaneous image by using calibration curve
and the x-y compensation functions.

Figure 6 shows the averaged volumetric 3D
velocity field. Time-resolved instantaneous
particle images allowed to get particle trajectories
in time and to calculate velocity vectors.

4. CONCLUSION
The developed method provides an accurate

and convenient way to estimate locations of
particles with sub-micron resolution in a micro
volume and can be adopted easily to various kinds
of micro-optical system. Velocity vectors in a
volume could be calculated from particle locations.

ACKNOWLEDGEMENTS
This work was supported by the National

Research Laboratory project of Korea (M1020300
0053-02J0000-02910) granted by Korea Institute
of Science and Technology Evaluation and
Planning (KISTEP).

REFERENCE
[1] F. Pereira and M. Gharib, Defocusing

Digital Particle Image Velocimetry and the
Three-dimensional Characterization of Two-
phase Flows, Measurement Science and
Technology, Vol. 13, pp. 683-694, (2002).

Figure 4. Dimensions of microchannel
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3D HIGH-SPEED TIME-RESOLVED FLUORESCENCE
IMAGING OF SOLVENT INTERACTIONS IN

MICROFLUIDIC DEVICES
R.K.P. Benninger1, O. Hofmann2, J. McGinty1, J. Requejo-Isidro1, I. Munro1,

M.A.A. Neil1, A.J. deMello2 and P. M.W. French1

1Department of Physics and 2Department of Chemistry, Imperial College London

ABSTRACT
This paper reports on the application of novel wide-field time-resolved fluorescence

imaging methods to monitor solvent interactions and mixing in microfluidic devices. Time-
resolved fluorescence anisotropy imaging (TR-FAIM) is employed for 3D viscosity
mapping with sub-micron resolution. To image dynamic fluid mixing in real-time, we
demonstrate high-speed fluorescence lifetime imaging (FLIM) at video acquisition rates.

Keywords: Fluorescence imaging, FLIM, viscosity mapping

1. INTRODUCTION
The described optical methods are based on dyes that change their properties as a

function of the local environment. For instance, the rotational correlation time of
fluorescein or the fluorescence lifetime of DASPI change with local viscosity. These
changes can thus be used to quantitate mixing of different viscosity solutions or to monitor
processes that change the apparent size of the fluorophore such as conformational changes
and binding events. In contrast to standard fluorescence intensity imaging, the described
time-resolved methods are independent of excitation or emission efficiency, fluorophore
concentration, optical path length and substrate/reagent autofluoresence. TR-FAIM has
previously been applied to the imaging of live cells [1] while FLIM has been used in
microscopy and real-time endoscopy [2]. Here we report for the first time 3D TR-FAIM
based on an optical sectioning approach. Furthermore we have developed a high-speed
FLIM method for imaging of fluid dynamics on a millisecond timescale [3].

2. EXPERIMENTAL
A schematic of the TR-FAIM set-up is given in Figure 1. We use a multibeam,

multiphoton microscope for depth-resolved excitation and a wide-field image-splitting
device to provide a pair of wide-field fluorescence images, polarized parallel and
perpendicular to the polarization of the excitation signal. This composite image is relayed
to a wide-field time-gated image intensifier to acquire a series of pairs of time-gated,
polarization resolved images. For each time delay after excitation we calculate the
fluorescence polarization anisotropy and so obtain the time variation of the fluorescence
anisotropy parameter, the decay constant of which is the rotational correlation time. This
parameter is directly proportional to the viscosity.
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Figure 1. Schematic of the time resolved fluorescence anisotropy
imaging (TR-FAIM) setup for 3D viscosity mapping.

3. RESULTS AND DISCUSSION

Figure 2 shows the rotational correlation time images for two fluorescein streams in
water and 50 v/v-% glycerol hydrodynamically pumped through the PDMS microchip. In
contrast to fluorescence lifetime images, the two streams can clearly be distinguished,
resulting in a step-like profile across the microchannel. Figure 2D depicts a 3D viscosity
profile of the flow interface, showing a uniform vertical distribution in the microchannel.

Figure 2. Imaging of rotational correlation time (A) and fluorescence lifetime (B) of fluorescein
near point of confluence (C). 3D viscosity profile of flow interface in 50- m-wide and 30- m-
deep PDMS microchannel using optical sectioning (D). Fluorescein solutions were in water and
50 v/v-% glycerol.

The effect of mixing on the flow interface was investigated by lowering the applied flow
rates to increase the on-chip residence time. As can be seen in Figure 3 only negligible
mixing is observed for a flow rate of 10 L/min. When the flow rate is lowered to 1

L/min, however, the viscosity gradient flattens out due to diffusive intermixing between
the two streams.

D
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Figure 3. Monitoring of on-chip mixing via imaging of rotational correlation time
and viscosity. Measured at 4 mm downstream of the point of confluence for flow
rates of 10 L/min (A) and 1 L/min (B).

For high-speed FLIM imaging, DASPI in water and 50 v/v-% glycerol was used instead
(Figure 4). Movies were acquired at a 12.3 Hz frame rate, allowing for the dynamic
optimization of microsystem parameters.

Figure 4. False colour image of fluorescence intensity (A) and
high-speed fluorescence lifetime imaging (FLIM) movie (B).
Images depict DASPI solutions in water and 50 v/v-% glycerol.

4. CONCLUSIONS AND OUTLOOK
After having demonstrated 3D high-speed viscosity mapping in microchannels, we

envisage applying our novel imaging techniques to microchip based DNA, protein and
cellular binding assays. Furthermore, we aim to quantitatively profile important
microsystem parameters such as temperature in PCR devices.
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NONSPECIFIC BINDING REMOVAL WITH
ULTRASONIC MICRODEVICES

Grant D. Meyer1, Jose Moran-Mirabal1, Darren W. Branch2,
& Harold G. Craighead1

1Cornell University, School of Applied Physics, USA
2Sandia National Laboratories (NM), USA

ABSTRACT
Protein microarrays are high information density bioassays that, if accurate, provide

information valuable in early disease diagnosis and biodefense applications. While elegant
patterning methods exist, diagnostic validity is crippled by nonspecific binding and device
fouling. Nonspecifically bound biomolecules create false signal, block sensor receptors, and
foul detectors. As biomarker detection (electrochemical, gravimetric or optical) is pushed
to lower levels, nonspecific binding becomes increasingly problematic. Commonly,
nonspecific binding is mitigated by surfactant addition or excessive, repeated washing.
These additional steps add complexity to devices promised to be portable, robust, simple
and accurate. Using quartz crystal resonators, low affinity proteins were removed from
protein microarrays, improving protein spot uniformity and signal reproducibility.

Keywords: Nonspecific Binding, Proteins, Microarrays, Ultrasonic

1. INTRODUCTION

Protein microarrays for early-stage disease diagnosis are under development by numerous
groups. While potentially powerful, protein microarrays often yield false positives, a
significant barrier to broad research and clinical implementation [1]. Nonspecific binding
creates false positives and limits sensitivity and specificity. Low sensitivity can make
biomarkers undetectable at physiologic concentrations, but more importantly, poor
specificity can lead to false signal. Blocking non-sensing control areas is routine, but
frustratingly, the most crucial sensing areas cannot be blocked. Strict standards for
diagnostic repeatability, reproducibility, and validity require that nonspecific binding be
resolved. We have demonstrated that Quartz Crystal Resonators (QCRs) remove
nonspecific binding from protein microarrays [2]. QCRs, routinely employed as
gravimetric transducers in chemical and biological sensing, were used to remove
nonspecifically bound protein by driving resonators at power levels above typical sensing
RF-input powers. This creates significant shear stress at the device-fluid interface. We
hypothesized, as did Nyborg in 1958, that shear stress “should be significant in continuous
removal of loosely adhering surface layers” [3].

2. THEORY

Shear wave penetration generates mechanical stress on proteins to reduce the activation
energy of desorption, which expedites nonspecifically bound protein removal. To calculate
the wave penetration decay length, the following equation was used
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where L is the fluid viscosity, L is the fluid density, and f0 is the fundamental frequency
[4]. For a 5 MHz resonator operated in buffer, = 250 nm. In the model covalent linking
system used, the Stokes’ radius for protein G is 3 nm, 5.5 nm for an IgG, and the covalent
thiol linker is 1 nm long. The film thickness for a system with covalently bound protein G,
antibody, and antigen (in this system a secondary IgG) should be approximately 29 nm [5],
well within one decay length. Hence, the entire protein system becomes entrained, and a
similar shear stress is present throughout the protein pattern.

3. RESULTS

We have demonstrated that ultrasonic waves, generated by 5 MHz quartz crystal
resonators, accelerate nonspecifically bound protein desorption from sensing and non-
sensing areas of micropatterned protein arrays, controllably and nondestructively cleaning
the micropatterns. Non-sensing area fluorescent intensity values dropped by more than
85%, and sensing area fluorescent intensity dropped 77% due to nonspecific binding
removal at an input power of 14 W. After patterning, antibody films were many layers thick
with nonspecifically bound protein, and aggregates obscured patterns. QCR operation
removed excess antibody layers and aggregates leaving highly uniform films, as evidenced
by smaller spatial variations in fluorescent intensity and atomic force microscope surface
roughness values. Fluorescent intensity values obtained after 14 W QCR operation were
more repeatable and uniform.

Qualitative and quantitative results are shown in figure 1. Figure 1(a,b) demonstrates
aggregate removal from 20 micron sensing squares patterned with protein G, an antibody
capture layer, and bound antigen. The 3D image intensity plots demonstrate the significant
error introduced by nonspecifically bound fluorescent compounds. Figure 1(c) plots
fluorescent intensity from sensing square areas vs. time and 1(d) plots fluorescent intensity
from the background area vs. time for three power levels. Note the large fluorescent
intensity standard deviation for the 0 W control data. To confirm nonspecifically bound
protein removal from sensing squares, AFM measurements were made. A line scan across
one protein patterned square before QCR activation is shown in 1(e). Note the significant
decrease in 1(f) for the patterned protein film thickness after QCR activation. The result is
much closer to the 29 nm value computed above in the Theory section.
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Figure 1 Qualitative and quantitative results demonstrating effects of QCR operation. (a)
Initial 3D fluorescent intensity image demonstrating nonspecifically bound protein and
protein aggregates. (b) 3D Image fluorescent intensity after driving QCR 20 min (3.5 W).
(c)  Fluorescent intensity from sensing squares vs. time at three power levels. Lines added
to guide the eye. Fluorescent intensity standard deviation bars demonstrate fluorescence
intensity non-uniformity in analyzed images. (d) Fluorescent intensity from non-sensing
area vs. time. (e) AFM line scan across single sensing square on protein micropatterned
QCR before operation. (f) Line scan on protein micropatterned QCR after operation at 14
W. Note significant thickness drop compared to (e).
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A POLYMER LAB-ON-A-CHIP FOR MAGNETIC
IMMUNOASSAY WITH ON-CHIP SAMPLING AND
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ABSTRACT
This paper presents a new polymer lab-on-a-chip for magnetic immunoassay with fully

on-chip sampling and detection capabilities, which provides a smart platform of magnetic
immunoassay-based lab-on-a-chip for point-of-care testing toward biochemical harzadous
agent detection, food inspection or clinical diagnostics. In this new approach, the polymer
lab-on-a-chip for magnetic nanobead-based immunoassay consists of a magnetic nanobead-
based separator, an interdigitated array micro electrode (IDA), and a micro fluidic system,
which are fully incorporated into a lab-on-a-chip on cyclic olefin copolymer (COC). Since
the polymer lab-on-a-chip was realized using polymer injection molding techniques, a
disposable polymer lab-on-a-chip for a magnetic nanobead-based immunoassay can be
successfully realized in low cost. We performed an enzyme-linked immunosorbent assay
(ELISA) with this new magnetic lab-on-a-chip using magnetic nanobeads and a
chronoamperometry measurement of the final product from the ELISA, and achieved a
sampling and detection of 50 ng/mL of mouse IgG in 10 minutes.

Keywords: Immunoassay, Electrochemical detection, Magnetic nanobead-based
immunoassay, Disposable polymer lab-on-a-chip

1. INTRODUCTION
A magnetic bead-based biochemical detection system has attracted continuous attention

for its huge potential applications such as biochemical harzadeous agent detection, food
inspection, drug delivery or clinical diagnostics for last decade[1]. An integrated
biochemical detection system using magnetic bead-based immunoassay, which was
fabricated on silicon and glass substrate, was reported previously by Ahn’s research
group[2], but the system required
complicated fabrication process and
was comprised of assembled
modules on a microfluidic control
panel. In this paper, we presents a
new polymer lab-on-a-chip for
magnetic immunoassay with fully
on-chip sampling and detection
capabilities for the first time, which
provides capabilities of both on-chip
sampling and detection for point-of-
care testing in low cost and
disposable platform. Figure 1. Illustration of a polymer lab-on-a-chip for

magnetic nanobead-based immunoassay.
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2. DESIGN AND FABRICATION
A schematic illustration of the polymer lab-on-a-chip is shown in Figure 1. The lab-on-

a-chip is composed of two modules: (a) a micro fluidic module for the injection and the
delivery of sample fluid and immunoassay reagents to the sampling/detection chamber and
(b) a sampling/detection module comprised of a magnetic microarray as a sampler and an
IDA micro electrode as an electrochemical biosensor on the bottom and top of the module,
respectively.

The magnetic microarray has been realized by embossing the electroplated Ni/Fe
permalloy array (each cell has 20 um x 20 um x 1 um) onto the bottom of polymer
sampling/detection chamber, so a planar surface with the embedded array was achieved.
The magnetic microarray was externally excited for the separation of magnetic nanobeads
using an external micro permanent magnet. As an electrochemical biosensor, an IDA
micro electrode has 25 pairs of digits (10 um in width, 10 um in separation and 1 mm in
length) of working electrodes, counter electrodes and reference electrodes (Ag/AgCl).

A summary of the fabrication process is described in Figure 2 and the fabricated devices
are shown in Figure 3.

3. EXPERIMENTAL RESULT

We performed an enzyme-
linked immunosorbent assay (ELISA)
with this new magnetic lab-on-a-chip
using magnetic nanobeads and a
chronoamperometry measurement of the
final product from the ELISA. Before
performing the actual magnetic
nanobead-based immunoassay, the
electrochemical sensor was tested and
calibrated by applying reference PAP
solutions into the sampling/detection

chamber and measuring an anodic limiting current. Its calibration curves are plotted in
Figure 4. Then, the sequence of a magnetic nanobead-based immunoassay as described in
Figure 5 [1] was performed through the developed polymer lab-on-a-chip. First primary

Figure 2. Fabrication process for a function
magnetic lab-on-a-chip: (a) Ni mold fabrication ;
(b) magnetic bead separator by hot embossing
technique; (c) microfluidic module fabrication by
injection molding and thermal bonding; (d) IDA
sensor fabrication by lift-off technique; and (e)
module assembly by UV adhesive bonding.

Figure 3. Photographs of the fabricated chip:
(a) Functional magnetic lab-on-a-chip and
magnified view of the interdigitated array
microelectrode as electrochemical sensor and
magnetic arrays embossed on detection
chamber; and (b) Captured and aligned
magnetic beads between NiFe patterns.

Figure 5. Sequence of magnetic nanobead-based
sampling and immunoassay: (a) injection and
separation of beads; (b) flowing sample; (c) flowing
enzyme (AP) labeled antibody; and (d)
electrochemical detection after adding substrate
(PAPP).
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antibody coated magnetic beads was injected, and
captured on magnetic bead separator (Figure 3.(b)
shows captured and aligned nanobeads), and
mouse IgG was inject and incubated for 5 min,
and then followed by injection and incubation of
alkaline phosphate (AP) labeled secondary
antibody. After washing excess antibody with
Tris buffer solution, the enzyme substrate of 1
mM of PAPP was injected and an anodic current
was monitored with setting the potential of each
working electrode of IDA at 350 mV and -350

mV (vs. Ag/AgCl reference electrode). This whole immunoassay sequence has been
successfully performed for a concentration range of 50 - 2000 ng/mL of mouse IgG with
keeping PAPP concentration constant. The final results of a full magnetic bead based
immunoassay are plotted in Figure 6, which shows the increase rate of measured current is
proportional to the sample concentrations.

4. CONCLUSIONS
In this work, a fully integrated polymer lab-on-a-chip for ELISA with on-chip sampling

and detection capabilitied has been proposed and successfully realized, achieving a
sampling and detection of 50 ng/mL of mouse IgG in 10 minutes. The new magnetic
nanobead-based polymer lab-on-a-chip developed in this work will have a huge potential
for the numerous applications for biochemical detections or clinical diagnostics.
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Figure 6. Measurement results for the various concentrations of target antigen (mouse IgG) detected
from the lab-on-a-chip: (a) measured currents vs. concentration and (b) correlation between slopes
vs. concentrations.
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MICROFLUIDIC SANDWICH IMMUNOASSAYS FOR
SUB-FEMTOMOLE DETECTION USING

MAGNETIC FIELD-INDUCED NANOPARTICLES
Joo H. Kang, Young Ki Hahn, Kyu Sung Kim and Je-Kyun Park

Korea Advanced Institute of Science and Technology (KAIST), KOREA

ABSTRACT
This paper reports a novel sandwich immunoassay method using superparamagnetic

nanoparticles for multiplexed detection of protein analytes in a microfluidic device. We
successfully applied this method to detect the dual analytes of rabbit and mouse IgG as a
multiplexed model system. Also we present ferromagnetic microstructure connected with a
permanent magnet to increase magnetic flux density gradient, which makes the limit of
detection reduced (~1000-fold less).

Keywords: magnetophoresis, microfluidic chip, sandwich immunoassay and
superparamagnetic nanoparticles

1. INTRODUCTION
Several immunoassay methods are available and developed to detect specific small

molecules for biochemical studies or diagnostic analysis. They have used a few detection
principles to determine the amount of target molecules, such as optical, electrochemical and
other physical methods. In this paper, we present a magnetophoretic sandwich
immunoassay (MASI) method using superparamagnetic (SPM) nanoparticles. In this assay
scheme, the analyte concentration is represented as the magnetophoretic drag velocity (vd),
finally providing mobility (m) of the polystyrene (PS) microbeads on which the sandwich
immunoreactions are carried out.

2. THEORY
Superparamagnetic nanoparticles have magnetic momentum under the applied magnetic

field and are drawn to the region of higher magnetic energy gradient by the magnetic field-
induced force. If the SPM nanoparticles bind to the PS microbead surface, the microbead
has magnetophoretic mobility by the magnetic force given by Eq. (1) [1].

dspmspmspmps dvBVNF 3
2 0

2

, (1)

where Fps is the force acting on a PS microbead conjugated with SPM nanoparticles, Nspm is
the number of the SPM nanoparticles on a PS microbead, Vspm is the volume of the SPM
nanoparticles, spm is the difference in magnetic susceptibility between SPM
nanoparticles and the surrounding solution, µ0 is the vacuum permeability. The
concentration of target molecule conjugated on PS microbeads has a proportional
relationship with Nm and consequently Fps. Considering Stokes’ law for the dragged
particles, we have the drag velocity, vd, of PS microbeads caused by the magnetic energy
gradient [2].
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3. EXPERIMENTAL
The device was fabricated by the conventional poly(dimethylsiloxane) (PDMS)

micromolding processes. Two inlets are for hydraulic focusing of beads passing through
the flow channel (Figure 1a). The red and green fluorescent PS microbeads and two kinds
of SPM nanoparticles were functionalized with anti-rabbit IgG and anti-mouse IgG,
respectively (Figure 1b). Under the magnetic field, beads, not conjugated with analytes and
magnetic nanoparticles, keep their path and finally reach the lower channel. Conjugated
beads, however, are dragged laterally by magnetic field gradient, switch the path and pass
through the upward channel at asymmetrically branched channel (Figure 1c).

Figure 1. Schematic diagram for (a) detection and (b) sandwich immunoassay using
fluorescent microbeads (polystyrene, 1 µm) and superparamagnetic nanoparticles (iron
oxide, 50 nm). (c) Pictures showing the designed microfluidic channels and magnified inlet,
outlet parts of the devices.

4. RESULTS AND DISCUSSION
As shown in Figure 2a, the lateral drag velocities of the microbeads were estimated over

a range of concentration of rabbit and mouse IgG when the distance between the channel
and the permanent magnet (NdFeB35) was 2 mm. In Figure 2b, as the magnet was 4 mm
apart from the microchannel, the red microbeads were deflected (1.30 µm s-1) and reached
the upward channel while the green particles were shifted slightly (0.48 µm s-1) and passed
through the lower channel. Reduced distance of the magnet to 2 mm, both of the beads
were deflected enough (red, 2.15; green, 0.90 µm s-1) and switched their way to the upward
channel (Figure 2c). For ultrasensitive detection, we applied the nickel microstructure
connected with a magnet to increasing dB/dx. We calculated dB/dx (103~104 T m-1) abound
the nickel microstructure using FEMM software [3] and measured remarkably increased
lateral drag velocity even at the femtomolar range of analytes (Figure 3).

5. CONCLUSIONS
We have proposed and performed magnetophoretic sandwich immunoassay (MASI)

technique for detecting IgG even at the femtomolar concentration. Increasing magnetic
flux gradient, magnetophoretic mobility of SPM-conjugated PS beads can be raised up and
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the limit of detection (LOD) can be also remarkably reduced. We can expect a lab-on-a-
chip device for sub-femtomole detection from this high sensitive method.

Figure 2. (a) Plot of lateral drag velocity of PS beads using the method of Figure 1a. (b) At
certain magnetic field gradient, only red one was deflected and the green stayed in its path.
(c) After increasing magnetic field gradient, even the green bead shifted its path. (Obtained
by the method of Figure 1a).
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Figure 3. (a) The scheme of magnet-coupled nickel microstructure for generating high
magnetic flux density gradient. (b) Greatly increased lateral drag velocities (at 25 µm apart
from the nickel structure) even at the femtomolar range of rabbit IgG by the method (a).
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MICROFLUIDIC SERIALTRANSFER CIRCUIT:
AUTOMATED EVOLUTION OF RNACATALYSTS
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ABSTRACT
Searching sequence space for efficient catalytic RNA molecules (ribozymes) is limited by

manual and repetitive fluidic manipulation and electrophoretic analysis. A microfluidic
serial transfer system was constructed to automate fluid handling and quantitate product
formation on-the-fly. Fifty automated microfluidic serial transfers maintained a
continuously evolving population of ribozymes over 50 logs of growth in 240 minutes.

Keywords: Evolution, dilution, RNA enzyme, automation

1. INTRODUCTION
The continuous in vitro evolution of a RNA ligase is accomplished by challenging a

population of RNAmolecules to ligate to their own 5´ end an oligonucleotide substrate that
contains the sequence of an RNA polymerase promoter element. Successful molecules are
reverse transcribed to cDNAs that contain a functional promoter, which in turn are
transcribed to generate “progeny” ribozymes. Darwinian evolution proceeds as small
aliquots of the growing population are serially diluted into a new reaction mixture that
contains a fresh supply of the substrate and polymerase enzymes. Reproduction is selective
for RNA molecules with ligase activity, and mutations accumulate through error-prone
enzymatic replication [1].

2. EXPERIMENTAL
A three-layer, glass-PDMS-glass microfluidic device with integrated membrane valves [2]

was constructed to automate serial transfer, dilution, and mixing. A rotary pumping circuit
[3] was designed to isolate a carryover aliquot, flush in fresh substrate and enzymes
(diluent), and mix the carryover into diluent (Fig. 1). One microfluidic serial transfer is
accomplished by coupling a diluent flush/carryover isolation step to a cyclic mixing step
(Fig. 2). Mixing and dilution were characterized by confocal fluorescence microscopy.
System parameters such as mixing time and reproducibility, dilution factors, and flushing
rates were quantitatively determined (Fig. 3) by monitoring fluorescence during sequential
dilutions of fluorescein dye in buffer.

Figure 1. Diagram of the microfluidic serial transfer circuit.
Fluidic channels (black) are discontinuous at two-way
membrane valves A, B, and C. Fluidic channels connect
the input and output reservoirs Ri and Ro to the loop via
bus valves I and O. When closed, I and O prohibit fluid
flow to or from Ri and Ro while maintaining fluidic
continuity around the loop. Valve deflection chambers are
shown in gray.
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A)

B)

1 2 3 4

5 6 7 8

Figure 2. Serial transfer circuit pumping programs. The circuit is initially primed with
fluorescein. Gray arrows indicate the path of fluid flow. A) Diluent flushing and carryover
isolation is accomplished by serially actuating I, A, B, and O with C closed. Diluent
(buffer) is driven from Ri to Ro around the right side of the loop, preserving a plug of
carryover sample. Frames 1-4 show this procedure monitored by epifluorescence
microscopy. B) Diluent and carryover are mixed by serially actuating A, B, and C with I
and O closed. The parabolic flow profile promotes mixing. Frames 5-8 demonstrate the
cyclic mixing process. One diluent flush coupled to one mixing cycle comprises an
automated microfluidic serial transfer.

A serial transfer circuit with dilution factor of 10 was used to demonstrate automated
microfluidic serial transfer of an evolving population of catalytic RNAs. The circuit was
primed with reaction mixture (oligonucleotide substrate, reverse transcriptase, T7 RNA
polymerase, NTPs, dNTPs, buffering components), and a DNA template encoding the
previously described ligase ribozyme [1] was used to seed the reaction. Thiazole orange
intercalating dye was included to monitor the formation of new ribozymes. As selective
amplification proceeded, fluorescence intensity increased from baseline to a user-defined
growth threshold. Reaction mixture excluding the seed was flushed through the circuit,
reducing the fluorescence intensity to background. A carryover aliquot of RNAs then was
cyclically mixed into diluent, and the fluorescence was again allowed to rise to the growth
threshold, repeated over 50 logs of growth (Fig. 4). Product fractions were collected from
the device to be resolved on agarose gel to confirm the product length.

3. CONCLUSIONS
The microfluidic approach affords a level of control and speed that is impossible using

pipettes and PAGE analysis. Here the population can be maintained over a narrow
concentration window that achieves maximum reaction velocity (1.5-min doubling time).
Evolution can be driven more efficiently when generations are turned over more rapidly.
This system will be used to process ~300 logs of growth per day autonomously. Evolved
molecules will be culled from the microfluidic processor, cloned, sequenced, and assayed
for catalytic activity.
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Figure 4. Serial transfer plot. Fluorescence signal is correlated with aggregate RNA (and
DNA) concentration. The loop is first seeded with DNA encoding the parent RNA ligase
ribozyme. After seeding, the lines are flushed with diluent solution containing only
substrate, enzymes, and buffer components. Each rise in fluorescence represents one log of
growth. When the growth threshold signal is exceeded, fresh diluent is flushed in, reducing
the fluorescence to background, followed by cyclically mixing the carryover into the diluent
to initiate the next cycle of growth. Fifty serial transfers (enumerated above each transfer),
representing 50 logs of growth, were achieved in 4 hours with complete automation.

Figure 3. Quantitative evaluation of circuit performance. A) Dye solution was serially
diluted into buffer using the transfer circuit. Three serial dilutions and mixing transients are
shown. The inset diagram shows the detector position. B) Repetitive operation of the
circuit illustrates the reproducibility of microfluidic mixing and dilution (five runs depicted
in gray scale, each offset by 20 kCPS for visualization). The ratio of the concentrated signal
to the diluted signal yields the characteristic dilution factor for the circuit.



PERVAPORATION-DRIVEN MICROPUMPS:
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ABSTRACT
This work describes evaporation-driven microsystems for moving and concentrating

solutions. Based on the natural permeability of PDMS, these tools prove efficient for
specific solvent extraction and are developped for screening of crystallization conditions
and controlled crystal growth.

Keywords: Pervaporation-driven microflows, concentration gradient, controlled
evaporation, crystallization

Evaporation is a mean microfluidics sometimes uses to induce fluid motion, either
autonomous [1] or driven by a pinned meniscus [2]. Pervaporation has been integrated as
one of the many stages of sample pre-treatment based on membrane exchange (osmotic
distillation, dialysis, etc. [3, 4]). Recently, permeation through PDMS was shown to drive
water steadily even into dead-end microchannels [5]. In this work, we exploit and optimize
pervaporation-driven flows to convey solutions and induce the progressive build-up of
localized concentration gradients in simple geometries. This tool is used to follow specific
routes for electrolyte crystallization.

Using multi-layer PDMS technology [6], we integrate a pervaporation unit where gas-
and liquid-carrying channels are superimposed and separated by a PDMS membrane (fig.
1A). Upstream gas flow evaporates the liquid that permeates through the membrane from
the liquid channel; liquid removal is balanced by a feed of fresh solution from a reservoir.
This passive, yet steady actuation yields a natural driving force that induces fluid motion.

These two-level systems are fabricated in 3 stages (see ref. [6] for detailed procedure):
1. two silicium wafers are patterned with SU8 resist to design fluidic and gas circuitry, 2. a
PDMS membrane is spin-coated onto the fluidic wafer and pre-cured; upstream gas level is
molded with PDMS onto the second wafer, 3. this level is then cut, punched, and stuck on
the membrane by natural adhesion, cured again; the 2-layer system is cut and stuck by
adhesion on clean glass microslides, and finally cured for about 24 hours to achieve good
sealing.

Once the fluidic part of the chip is filled with a liquid, a gas flow (of air at controlled
humidity) may be driven with a pressure source in the upstream level to regulate the vapor
removal rate. We use dilute fluorescein/water solutions to monitor the formation of
concentration gradients in the microsystem (fig. 1B) and colloidal tracers for PIV
measurements [7]. Images are collected with a Leica microscope equipped with a
fluorescence filter-kit and recorded with a Hamamatsu camera connected to a computer .
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Figure 1. A. Schematic view of the 2-level microsystem used for pervaporation-driven flows. B.
Illustration with an optical micrograph of fluorescein accumulation in water at the dead-end of the
channel. Intensity measurement indicates a ~ 200 times fluorescence increase around x = 0 after 120
min [L = 1 cm, h = 15 µm, w = 100 µm, and e ~ 20 µm]. C. Numerical solution of advection-diffusion
behavior for Pe = 50 (curves equally spaced in time, ∆t = 0.03L2/Dp).

Fig. 1B shows a typical snapshot of fluorescence intensity distribution along a long and
thin channel. Data show that the concentration increases at the dead-end of the channel, with
a hump that spreads up to about 400 µm. After some transient regime, c(x=0,t) increases
linearly with time while the profile itself raises steadily, keeping approximately the same
Gaussian-like shape. Concentration factors up to 103 may be typically obtained after a
couple of hours. We checked that this concentration velocity is altered both by the gas
actuation pressure Pair and air humidity.

We describe the process of solute accumulation by a one-dimensional advection-
diffusion model: the pervaporation mechanism is described here by a typical evaporation
velocity ve transmitted to the fluid. This induces fluid motion along x with a mean velocity
increasing linearly: v(x) = vex/h. Solute accumulation around x = 0 is counteracted by
diffusion, and a concentration gradient builds-up with a typical size p ~ (Dph/ve)1/2, where Dp
is the solute diffusion coefficient. The pump is able to draw significantly the solute into the
trap for Pe » 1. The concentration is thus pinched around p and increases due to a constant
feeding flux (j0 = c0v0 at x = L), yielding a Gaussian-like hump of constant width ~ p that
raises like ~ c0Pe1/2t/τe, where τe = h/ve is the evaporation time. Such an analysis leads to a
good description of experimental results and is well complemented by numerics, especially
for transient regimes (Fig. 1C). Upon proper design, our microfluidic tool helps creating
concentration gradients localized on a scale p tunable by the control parameter ve.
Additionally, the raising rate of this gradient is also controlled by a well-defined
combination of pumping rate, diffusivity, and incoming concentration.

This tool is thus versatile for varying routes towards concentrated solutions. We started
to study electrolyte solutions as model systems for crystallization: upon ions accumulation,
crystals heterogeneously nucleate from the zone of spatial extent ~ p where the solution has
reached supersaturation; further growth is controlled by solute feed (fig. 2A). Fig. 2B shows
an example of a multilength microsystem that compares different feeding rates obtained
from different channel lengths (c0v0 ~ L) at given evaporation conditions. Using this tool, we
measure induction time and growth rate of crystals vs kinetic path. The initial growth regime
of the germs—fast (sec.), and dendrite-like vs very heterogeneous and progressive
(minutes)—depends indeed on the concentration quench. After the nucleation regime,
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monocrystals invade the channels and grow slowly at a velocity O(µm/min), which depends
on position. As the pumping zone diminishes as crystals grow, the driving force fades away,
ultimately limiting the crystal growth (inset, fig. 2B). This demonstrates the advection-
induced nature of the growth process. Additional observations on Copper-sulfate crystal
growth in a complex geometry (Fig. 2C) yield valuable information on crystal growth
kinetics, including epitaxy and self-healing materials.

Figure 2. Examples of pervaporation-induced crystallization: A. Directional growth of an ionic crystal
(CuSO4/water, c0 = 0.74 M) in a linear channel after 1 hour. B. Multilength system used for screening
of crystallization conditions (KCl/water, c0 = 0.4 M, after 5 hours); Inset = close-up of crystals that
stopped growing even after 24 h. C. Copper-sulfate monocrystal growing in a complex geometry,
viewed between crossed polarisers.
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INTEGRATED FLUID INJECTORS AND MIXERS FOR
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ABSTRACT
By integrating a peristaltic mixer and discrete fluid injectors capable of approximately

270nL injections, we are able to control the pH in a miniature system designed to support
multiple aerobic bioreactions in parallel.

Keywords: Microfluidic, Injector, pH control, Mixing

1. INTRODUCTION
The ability to control pH and provide a high oxygen transfer rate is paramount to

distinguish miniature bioreactor array systems from microtiter plate based cell culture [1].
While providing a high oxygen transfer rate was integral to the design of the mixing device,
this paper will focus on the integration of mixing with fluid injectors to enable pH control
through acid and base injections, which thus far has not been demonstrated in miniature
parallel cell culture systems.

Alternative methods for pH control in miniature bioreactor arrays include diffusion of
carbon dioxide gas into the liquid medium to generate carbonic acid [2,3], and generation of
hydroxide or hydrogen ions by electrolysis of water [4,5]. Carbon dioxide diffusion is
limited because it cannot compensate for acids generated during microbial growth. While
electrolytic methods can compensate for both acids and bases, unintended side reactions
can generate unwanted compounds, and their implementation is complicated by the need to
integrate a counter electrode with each growth chamber.

In contrast, our fluid injection and mixing devices can add acid or base and are
fabricated using a simple silicone molding process.

2. DESIGN
The fluid injectors photographed and diagramed in Figures 1 and 2 consist of a 16 L

hemispherical fluid reservoir sealed with a flexible membrane, which can be deflected by
pressurizing the chamber above, and an injector channel gated by three pneumatically
actuated membrane pinch valves, which meter the fluid. Pressurizing the fluid reservoirs
serves to help open the pinch valves and ensure injection against backpressure.

Mixing is accomplished by approximating peristalsis in the 85 L growth wells by
pressurizing the mixing tubes two at a time in a propagating pattern, which generates a
circulating flow across and around the well.

3. EXPERIMENTAL
The devices were fabricated using two molded PDMS (Dow Corning, Sylgard 184)

layers and a 70 m thick PDMS membrane, bonded with a partial cure bond. Master
positive molds with the required variable depth and cross-section features were CNC
machined in polycarbonate and negative casts of these masters were used to mold the
devices. Fluorescence based optical sensor spots (Presens, HP5) were used to measure pH
and calibrated against standard buffer solutions, similar to [6].

pH CONTROL IN MINIATURE BIOREACTOR ARRAYS
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The devices were pneumatically actuated using a computer-controlled array of
solenoid switches (Lee Company, LHDA). The mixing tubes were actuated with 3-4psi air
at an update frequency of 25Hz with the pattern: ‘00011’, ‘00110’, ‘01100’, ‘11000’,
‘10001’. The injector valves were operated at 12psi with the sequence: ‘100’, ‘101’, ‘001’,
‘011’, ‘111’. In both cases ‘1’ indicates pressurized and ‘0’ indicates vent.

The acid and base reservoirs were filled with 1M HCl and 1M NaOH. Injector lines
were primed before filling the growth wells. Mixing was demonstrated by synchronously
imaging the spread in the color change of a 0.3mM bromothymol blue pH indicator solution
with each mixing cycle; titrations were carried out on a 100mM solution of phosphate
buffer; and pH control was demonstrated using a solution of 100mM sodium sulfite and
24mM phosphate.

4. RESULTS AND DISCUSSION
Image sequences that demonstrate mixing and capture the flow pattern within the

growth well are shown in Figure 3. Mixing was completed within 10-12 seconds, which is
consistent with Figure 4b, where sharp pH steps after injections indicated homogenization
in less than 20 seconds.

Titration curves are shown in Figure 4, showing a pH resolution of 0.06. Aligning this
titration curve with a conventionally measured titration curve allowed estimation of the
270nL +/- 50nL injected volume. This was larger than the 80nL design volume due to
bulging of the membrane under the metering valves.

The pH vs. time for a sulfite oxidation to sulfate is shown in Figure 5. Initially, the pH
for all wells was brought to 7.0. Then, as the sulfite oxidation reaction proceeded, the pH
decreased in the uncontrolled case as the concentration of sulfite, which acts as a weak
base, decreased. With pH control, the pH was maintained at 7.0 +/- 0.1.

5. CONCLUSIONS
We have demonstrated pH control in devices with integrated fluid injectors and

peristaltic mixers that form the basis of an integrated miniature bioreactor array system.
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Figure 4. (a) pH vs. time for titrations of
85 L of 100mM phosphate using the
integrated devices and 1M HCl/NaOH.
Markers indicate every other injection. (b)
Zoom view showing a pH resolution of
0.06. Sharp steps confirm mixing in less
than 20 seconds. (c) Alignment with
conventionally measured titration curve
(solid) using a pH electrode and 30mL of
100mM phosphate. The alignment allowed
estimation of the injected volume of 270nL
+/-50nL.
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Figure 3. Image sequence after an acid
injection (top) and a base injection
(bottom). The growth well contained 85 L
of 0.3mM bromothymol blue pH indicator.
Actuation pressure was 3psi with a 25Hz
update rate. Peristalsis was to the left.



SUPRAMOLECULAR METAL ARRAYS AND

METAL-MEDIATED MOTIONS:

ARTIFICIAL METALLO-DNA AND PEPTIDES,

MOLECULAR BALL BEARINGS AND CONTAINERS
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ABSTRACT

This paper describes our recent supramolecular approaches to precise programming of
metal arrays and metal-mediated motions using chemically modified biomolecules and
predesigned multi(monodentate) ligands.

Keywords: Metal array, molecular motion, self-assembly, metal complex

1. INTRODUCTION

Metals are known as key components of self-assembled molecular architectures with
discrete structures and spaces as well as metal-based chemical and physical properties. In
this study, we demonstrate that biopolymers such as DNA and peptides can be precisely
redesigned and reconstructed as templates for homogeneous and heterogeneous assembly of
metal ions in a programmable manner by chemically modifying their building blocks. In
addition, we found that multi-point ligand exchange on metal centers can play a major role
in molecular rotational motions or structural on-off switching of self-assembled
architectures as evidenced by molecular ball bearings and containers we have recently
developed.

2. ARTIFICIAL METALLO-DNA

Recently, we have found that the replacement of H-
bonded base pairing of natural DNA by metal-mediated
base pairing shows promise for discrete metal arrays within
DNA. So far, we have synthesized several metal-mediated
base pairs with nucleosides bearing a ligand-type
nucleobase such as a phenylenediamine [1], a catechol
[2,3], a 2-aminophenol [3], a pyridine [4], or a
hydroxypyridone [5]. Some of them were successfully
incorporated into DNA site-selectively. For example,
single-site incorporation of a pyridine or hydroxypyridone
nucleobase into the center of oligonucleotides
thermodynamically stabilized their duplex or triplex
structure in the presence of Ag+ or Cu2+, respectively [4,5].

To construct DNA strings along Cu2+ ions, we further
synthesized a series of artificial oligonucleotides, d(5’-
GHnC-3’) (n = 1-5), using hydroxypyridone nucleobases
(H) [6,7]. Right-handed double helices of the oligonucleotides, nCu2+·d(5’-GHnC-3’)2 (n =
1-5), were quantitatively formed through Cu2+-mediated base pairing (H-Cu2+-H), where

Figure 1. A plausible structure
of pentanuclear Cu2+ array
within artificial DNA.
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the incorporated Cu2+ ions were aligned with the Cu2+-Cu2+ distance of ca. 3.7 Å (Figure 1).
Heterogeneous metal arrays using an artificial DNA with two kinds of ligand-type
nucleobases will be also reported.

3. ARTIFICIAL METALLO-PEPTIDES

Cyclic peptides bearing metal binding sites at their side chains and cavity were designed
for heterogeneous metal arrays. A cyclic hexapeptide having a repeating L-Ala-L-Met
sequence, cyclo(L-Ala-L-Met)3 (L), was designed so as to bind to softer metals at the
thioether groups and to bind to harder metals at the roundly-arranged carbonyl groups
(Figure 2). We found that this cyclic peptide quantitatively forms a tetranuclear complex
[Ag3CaL2]

5+ with three Ag+ and one Ca2+ ions in a capsule-like dimeric structure [8].
Importantly, the quantitative dimer formation requires the co-existence of both metal ions.
In addition, the encapsulation of Ca2+ in the presence of Ag+ was found to be highly
selective for the dimer formation when compared with other alkaline earth, alkali, and
lanthanide ions. Thus, cyclic peptides with metal binding sites appropriately positioned at
their side chains would serve as excellent templates for heterogeneous metal arrays in a
designable manner.

4. MOLECULAR BALL BEARINGS

A molecular rotor, which works like a ball
bearing, has been constructed from two
different disk-shaped ligands and three Ag+ ions
(Figure 3). In the molecular ball bearings the
relative rotation of the two rotors is mediated by
the three-point ligand exchanges on the three
Ag+ centers [9,10]. The variable-temperature
NMR measurements have revealed the full
rotation of the two rotors and the mechanism of
the rotation [11]. The basis of the motion in
concert is a combination of the ligand exchange
and the flip motion. The maximum rotation rate
of the ball bearing at 298 K has been estimated
to be about 8,000 rps. The energy barrier of the
flip motion is strongly affected by the ring size
of the monodentate ligand introduced in the

Figure 2. A scheme for the formation of a tetranuclear complex ([Ag3CaL2]
5+) from

cyclo(L-Ala-L-Met)3 (L), three Ag+, and one Ca2+ ions, and a top view of the
tetranuclear complex obtained from its X-ray crystal analysis.

Figure 3. An Ag+-mediated rotation.
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tris-monodentate ligand.

5. MOLECULAR CONTAINERS

Previously, we reported an Ag+-mediated interconvertible system using a disk-shaped
tris-monodentate ligand, in which three 2-benzimidazolyl rings and three methyl groups are
alternately attached to the central benzene ring [12]. In this system, a structural
interconversion between a capsule-shaped and a sandwich-shaped complexes
accompanying encapsulation/release of anionic molecules was established by varying the
ratios of metal to ligand.

Along this line, we have recently found that Ag+-connected capsule- and cage-shaped
complexes are quantitatively formed from another type of disk-shaped tris-monodentate
ligands and Ag+ in 1:1 and 3:2 concentration ratios, respectively [13] (Figure 4). The
reversible interconversion between the two structures can be controlled by changing the
ligand to Ag+ ratios. The capsule-shaped complex can encapsulate a neutral molecule such
as adamantane in the inner space, whereas the cage-shaped complex has little affinity for
the guest molecule. The encapsulation/release system for the guest molecule is coupled
with the reversible Ag+-dependent structural on-off switching.
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Figure 4. Schematic representation of the interconversion between a capsule-
shaped and a cage-shaped complexes by changing the ratios of Ag+ to the tris-
monodentate ligand. The structure of the inclusion complex with adamatane
was determined by X-ray analysis as shown above.
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A BIOMIMETIC ELASTOMERIC CHECK VALVE WITH
DIODE BEHAVIOR

ABSTRACT
We report here the design, simulation, fabrication, and characterization of an elastomer-

based biomimetic check valve resembling the mechanics of the venous valves in
mammalians. Young’s modulus of different tones of polydimethylsiloxane (PDMS)
elastomer was measured. The one layer soft lithographically fabricated check valve
completely blocked the backward flow at a flow rate larger than 200 µL/min. The valve can be
easily integrated into elastomer-based microfluidic devices to serve as “diode”-like
integrated fluidic components for flow regulation.

Keywords: Check valve , Elastomer, Biomimetic

1. INTRODUCTION
Check valves are important fluidic components capable of creating large flow resistances

between forward and backward flows. The major applications include flow regulators,
micromixers, and micropumps. A variety of materials have been used for fabrication of check
valves including silicon [1], SU-8 polymer [2], and hydrogel [3]. Silicon check valves are
very stiff and require large sealing area that is prone to clogging. The SU-8 polymeric valve
is made by heterogeneous integration, limiting its use with other microfluidic devices. The
hydrogel biomimetic chemically actuated as the valve closes in basic solutions and opens in
acidic solutions; however, its dependence on working solution pH value limits the valve’s
biological applications. PDMS-based microfluidic devices have enabled a wide range of
applications due to its fast prototyping nature [4]. Passive check valves could prevent back
flows from PDMS-based microdevices. They could also serve as flow regulators by tuning
the flow resistances; however, to our knowledge, there hasn’t been a systematic
development of PDMS-based check valve.
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Figure 1. (a) SEM picture of the fabricated biomimetic elastomeric valve. The height of the elastomer
is 50 µm. (b) Sylgard 184 (Dow Corning) PDMS Young’s Modulus versus the percentage of curing
reagent. The exponential decay curve fitting yields an R2 value at 0.995.
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2. EXPERIMENTAL
A PDMS-based biomimetic check valve was fabricated using soft lithography technology

by replicating PDMS on an SU-8 2050 master template (Figure 1a. To mimic the mechanism
of the mammalian venous valves, Young’s modulus of PDMS (Sylgard 184, Dow Corning)
was characterized by hanging weights under PDMS slabs with known dimensions. Figure
1b showed the Young’s modulus of different tones of PDMS by mixing the monomer with
various % curing agent (w/w). The Young’s modulus was then fed into the multi-physics
finite element simulation to verify the valve operation under forward flow and backward
flow.

3. RESULTS AND DISCUSSION
To further characterize the flow resistance, an in-line pressure sensor was connected to

the device and a syringe pump was used to provide constant flow rate across the valve.
Forward and backward flow pressures were recorded at different flow rate and the results
were shown in Figure 2. A control channel without the valve structure was also measured
for in-line residual pressure subtraction. At a backward flow rate greater than 200 µL/min, the
pressure sensor registered its limit at 30 Psi. The bright field images of the valves under
various backward flow rates (Figure 2a, b ,c ,d) further confirmed the biomimetic behaviors of
elastomer check valve.
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Figure 2. (left) In-line pressure versus the flow rate. At flow rate over 200µL/min, the pressure
reached the 30 Psi pressure sensor limit. (right). Bright field image of the valve under backward flow
condition. (a) 50µL/min. (b) 100µL/min. (c) 150µL/min. (d) 200µL/min.

We are investigating further on the optimal valve dimensions and the dependence on
different Young’s modulus during the writing of this abstract. The preliminary data has
shown sufficient proof of the functionality of a simple biomimetic elastomeric check valve.

REFERENCES
[1] Chakraborty I, Tang W C, Bame D P and Tang T K, MEMS micro-valve for space applications,
2000, Sensors and Actuators, pp.188.
[2] Truong T Q and Nguyen N T, A polymeric piezoelectric micropump based on lamination
technology, 2004, J. of Micromech. Microeng, pp.632.
[3] Yu Q, Bauer J M, Moore J S and Beebe D J, Responsive biomimetic hydrogel valve for
microfluidics”, App. Phys. Lett., pp. 2589.
[4] McDonald J C, and et al., Fabrication of microfluidic systems in poly(dimethylsiloxane) 2000,
Electrophoresis, pp. 21.

4. CONCLUSIONS
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ABSTRACT
This paper presents the development of functional, disposable lab-on-a-chip for point-of-

care tesing (POCT) applications, with a by-pass vent channel as a sample delivery indicator
and embedded micro pinch valves for insuring smart fluidic control. The fluidic
performance of the polymer lab-on-a-chip has been characterized and the polymer lab-on-
a-chip has been applied for monitoring glucose, lactate, and oxygen concentration from
human whole blood with minimum invaisive sampling.

Keywords: Polymer lab-on-a-chip, whole blood analysis, micro pinch valve, point-of-
care-testing (POCT)

1. INTRODUCTION
We previously reported the development of a

smart, passive microfluidic control technique,
which uses the physical dimensions and surface
properties of the microfluidic channels to control
micro-fluidic sequencing [1,2]. However, recently
we realized that the smart and reliable control of
fluid through the lab-on-a-chip would be improved
by incorporating a by-pass vent channel and pinch
valve, since the pressure drop through the channels
would possibly be varied from the variation of
channel dimension due to the variation of
fabrication reproducibility. Furthermore, after
loading blood sample and actuating solid propellant,
the blood sample could travel in both microneedle
and sensor reservoir directions. The out-flow of
blood sample from microneedle will result in
detection failure and also contaminate the analyzer.
Since the flow control of the smart lab-on-a-chip
was unstable, the assistance of a pinch valve and a
by-pass air vent are desireable for the stable operation of the smart lab-on-a-chips.

(a)

Microneedle for
blood sampling

Pinch valves

Calibration
pouch

Solid
propellant to
deliver blood

Biosensor
array

By-pass vent
channel

Figure 1. Schematic sketches: (a) Top
view of packaged disposable smart
biochip; and (b) Details of multilayer
disposable smart lab-on-a-chip.

(b)
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Figure 3. Pinch valve for microfluidic
sealing: (a) before sample loading; (b)
blood in the tube; and (c) sealed blood
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2. DESIGN AND FABRICATION
In this work, a by-pass vent channel and pinch valves are newly added to the smart

passive microfluidic control system. This paper presents the development of a new
functional disposable lab-on-a-chip with embedded by-pass vent channels and micro pinch
valves for the fully smart control of blood analysis. The smart polymer lab-on-a-chip has
incorporated with a metallic microneedle for human blood sampling, smart passive
microfluidic control system, integrated on-chip power source for fluidic driving and
biosensor array for analyzing human blood for point-of-care clinical diagnostics. The
pinch valves are designed as an embedded platform, which is actually a silicone tube
embedded into a microchannel. The flexible silicone tube is pinched on or off using a
metal pin which is externally controlled when a holding-cap of the lab-on-a-chip is locked
for interfacing and inserting the chip on the analyzer. The pinch valves provide
microfluidic sealing to prevent blood sample back flow while its cotrol, so it insures the
smart flow control to work as designed. Whereas, the function of the by-pass vent channel
is to fill blood sample into a sampling or sensing chamber, allowing the smart completion
of adequate sample delivery. Figure 1 shows a schematic sketche of the disposable lab-on-
a-chip with the embedded new components and sensor array for the detection of glucose,
lactate and oxygen from whole blood.

The by-pass vent channel is designed for stable
sampling and delivery of human blood as shown
in Figure 2. Since individuals have vain blood
pressure varying from 50 mmHg to 100 mmHg,
lower blood pressure leads to a slower blood
sampling rate which may not allow an adequate
sample collection, but higher blood pressure may
cause blood over shoot through the passive valve.
The channel that has lower flow resistance is more
favorable for the blood sample. Figure 2(c) shows the
result of blood sampling using the by-pass vent channel.

3. EXPERIMENTAL RESULTS
Figure 3 show the operation of pinch valve for

microfluidic sealing. Figure 3(c) clearly demonstrates
the result of sealed blood. The silicone elastic tube
(from Specialty Mfg, Sagniaw, MI) with inner diameter
of 250 m has been used. Figure 4 shows the
characteristics of applied force and flow rate as a

(a) (b) (c) (d)
Figure 2. By-pass channel as a sampling indicator: (a) blood sample loading; (b) blood
sample stops at the passive valve; (c) extra collected sample flow into the by-pass channel;
and (d) by-pass channel keeps a stable sampling of human blood.

Figure 4. Characteristics of applied
force and flow rate relationship as a
function of pinch valve stroke.
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function of pinch valve stroke. At the point of zero deflection of the tubing, the pinch
valve was fully closed. Figure 5 shows how the biochip is coupled to the analyzer for
closing the pinch valves while the testing is performed. Figure 6 shows the full analyzer
system with a polymer lab-on-a-chip developed in this work. Figure 7 shows the
experimental results of glucose and lactate level which were measured from human whole
blood sample using the lab-on-a-chip developed in this work, which clearly shows the
successful development of a functional polymer lab-on-a-chip for whole blood analysis.

4. CONCLUSIONS
In this work, a new functional disposable lab-on-a-chip, with a by-pass vent channel as a

sample delivery indicator and embedded micro pinch valves for insuring smart fluidic
control, has been designed and incorporated as an intergarted part of the smart polymer lab-
on-a-chip and successfully applied for the measurement of glucose and lactate
concentration from human whole blood. The microfluidic passive components developed
in this work will have various applications in realizing smart passive microfluidic systems.
Furthermore, the disposable biochip realized in this work can be immediately applied for
point-of-care testing (POCT) of glucose, lactate and oxygen and other clinical diagnostics
from human blood with minimum invasive sampling.
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Figure 5. Analyzer system and biochip with embedded pinch valves: (a) spring-loaded plungers
assembled with the biochip socket lid; (b) bottom layer with guide grooves for silicone tubing; and (c)
Part of the packaged biochip showing the pinch valve.
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Figure 6. Chip and analyzer system: (a) full
analyzer system and (b) polymer lab-on-a-chip.
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AC ELECTRIC FIELD DRIVEN MICROFLUIDIC
CONTROL

Nicolas G. Green, Simon J. Willmore and Hywel Morgan
School of Electronics & Computer Science, University of Southampton, United Kingdom

ABSTRACT
This work presents results of the use of AC electrokinetic fluid flow for the manipulation

of fluid streams and particle samples in microchannels. The application of electric field
induced fluid flow for the production of stirring and enhancing diffusive mixing is
presented, as well as the deflection and modification of streamlines of two-phase flow
systems.

Keywords: AC Electrokinetics, Micromixer, Field induced fluid flow

1. INTRODUCTION

systems and, as a result, there is a great deal of research and industrial interest in
developing specific technologies for this purpose: micropumps, micromixers, microstirrers,
etc [1]. There are numerous techniques, physical phenomena and designs which have been
demonstrated in this field: e.g. physical obstructions and shapes in the channel to break up
or modify the flow of fluid samples [2]; high strength DC electric fields to induce
instabilities in the interface between two mixing fluids; and so on. This paper presents
results of the use of AC electrokinetics [3] for the manipulation of fluid streams in
microchannels. The use of AC electric field techniques for inducing a stirring action to
enhance diffusional mixing is presented and discussed. The application of AC
electrokinetic steady state modification of the streamlines of two-phase flow systems is also
presented

2. BACKGROUND AND THEORY
In DC electrokinetic systems, high voltages (typically ~1kV) are required for controlled

manipulation and separation. The use of AC electric fields presents a range of different
potential applications as well as the potential for better integration into microsystems. AC
Electrokinetic devices for the handling of fluid require significantly lower voltages (~10V)
and therefore less power. There are two physical mechanisms AC electroosmosis arises
from the interaction of the electric field at the surface of microelectrodes with the induced
Electrical Double Laye; Electrothermal EHD arises from the interaction of the electric field
with gradients in polarisability of the fluid produced by non-uniform heating [3].

3. EXPERIMENTAL
The different designs of microelectrode structures (30nm Ti, 100nm Au, 30nm Ti) were

fabricated using photo-lithography on planar glass substrates. The electrodes were then
etched using ion beam milling and microfluidic channels were fabricated using a laminated
negative photoresist (Ordyl 175, Elga, Italy), patterned in a UV light box and developed
using 2% sodium bicarbonate solution.

The control and handling of fluids is central to many applications of micro analysis
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(a) (b)
Figure 1 (a) Photograph of the chevron microelectrodes. (b) Streamlines of flow over the chevron
electrodes obtained from video sequence by superimposing successive frames. The applied AC

electric field frequency frequency was 10kHz and voltage was 12 volts peak to peak.

4. RESULTS AND DISCUSSION
Due to low Reynold’s numbers in microfluidic systems, mixing of two fluids is usually

achieved by thermal diffusion. Diffusional mixing in microfluidic systems is slow but the
rate of mixing can be increased by stirring the fluid, creating more surface area between the
two fluids and reducing the diffusion distance. Figure 1(a) shows an offset angled
electrodes or chevron design based on that presented by Stroock et al for chaotic mixing
[3]. Their system consisted of etched grooves on the base of a channel which produced a
spiral motion in the the fluid as it passed down the channel and hence stirring the fluid.

The microelectrodes in our design produce an AC electrokinetic flow at frequencies in
the range 1 50kHz. Figure 1(b) shows the flow pattern produced by an applied signal of
frequency 10kHz and voltage 12 volts peak to peak. The image shows the streamlines of
the flow over one of the chevron sections, indicating that the point of the electrodes
produces a spiralling pattern over the majority of the channel. Close to the opposite wall,
there is a second spiral motion rising up the wall which continues into the channel off the
right side of the image. The physical mechanism for this flow is AC electroosmosis [3].

Figure 2 shows experimental results of the stirring of fluid in a four-electrode geometry.
Four 90o phase shifted signals are applied successively around the array to generate a
rotating electric field. The resulting motion of the fluid in the MHz range is a rotational
stirring action in the fluid produced by the electrothermal mechanism, as shown in figure
2(a). Figure 2(b) shows the measured rotational velocity determined using PIV, showing
the maximum rotational velocity in the MHz range. As can be seen from the picture, the
shaoe of the flow is a spiral into the centre of the array. The fluid spirals into the centre
and then down towards the electrodes, moving out across the surface of the electrodes
radially from the centre. This 3-D pattern is ideal for improved mixing.

Figure 3 shows the application of a similar electrode array to the “bending” of the flow
of two co-flowing fluid streams of different conductivity. Two streams, one containing a
fluorescent dye (FITC) were flowed through the system, again from top to bottom. The
applied electric field in this case acted to modify the flow so that the FITC carrying flow
was bent across the electrode. The resulting change in apparent concentration profile arises
from the fact the one flow is now in top of the other. This change in flow profile is
constant down stream from the electrode array.
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(a) (b)
Figure 2 (a) Streamlines of flow from video sequence over four-electrode system in a rotating field.

(b) Rotational velocity vs. frequency at two distances from the centre of the electrode array.

Figure 3 The modification of the flow of two co-flowing fluid streams
over the four electrode system, with voltage off (left) and on (right).

The two fluids are high conductivity (carrying FITC) and water.

5. CONCLUSIONS
AC electrokinetic fluid flow in integrated microfluidic systems has applications for

sample concentration and stirring of fluids to enhance mixing. In addition, steady state flow
local flow modification has been demonstrated.

ACKNOWLEDGEMENTS
The authors would like to thank the Royal Academy of Engineering, UK for the award

of a Research Fellowship and INNOS, UK for fabrication.

REFERENCES
[1] M.A. Northrup, K.F. Jensen and J. Harrison (eds), Micro Total Analysis Systems,

Proceeding of uTAS 2003 Transducers Res. Found Inc. Ohio, USA, (2003).
[2] A.D. Stroock et al, Chaotic mixer for microchannels, Science, 295, pp.647,

(2002).
[3] H. Morgan and N.G. Green, AC Electrokinetics: colloids and nano-particles”

Research Studies Press, Baldock, Herts, UK, (2003).



PATTERNING BIOLOGICAL SOLUTIONS USING
ADDRESSABLE MICROFLUIDIC NETWORKS

Jau-Ye Shiu, Chiung-Wen Kuo and Peilin Chen*
Center for Applied Sciences, Academia Sinica, 128, Section 2, Academia Road, Nankang,

Taipei 115, Taiwan

Abstract

Here we report a simple approach to actively manipulate fluids as well as cells in the

two-dimensional microfluidic networks using the electrocapillary effect. This technique

allows not only patterning of biological solutions and yeast cells in a programmable manner

but also culturing cells in the addressable microfluidic networks

Keywords: Cell Culture, Electrocapillary, Pumping

1. Introduction

Microfluidic systems, which manipulate fluids in miniaturized devices, provide a very

powerful platform for biological assays with many advantages including minimal use of

reagents, short reaction time, low cost, and capability of integration with other miniaturized

functional components. In the past few years, there have been a lot of technological

advances in the development of using microfluidic networks for patterning and growing

materials. In most microfluidic systems, fluidic samples are manipulated inside the

one-dimensional microchannels through various pumping mechanisms. However, the

one-dimensional microchannels are difficult to be scaled up to the degree of complexity and

integration needed to replicate elaborate laboratory assays. To conduct complicated

laboratory tasks in the miniaturized devices, multi-dimensional microfluidic systems with

large-scale integration are required where sophisticated fabrication procedures are often

utilized. Here we describe a fast-prototyping approach to create a two dimensional

microfluidic system for the manipulation of biological solutions.

2. Experimental

To construct two-dimensionally addressable microfluidic networks, it requires two

basic microfluidic components[1-2]: pumps and valves. In our system, the functions of

pumping and valving can be achieved by the electrocapillary effect. Electrocapillary

effect is a result of changes in the apparent interfacial tension when the electrical density is
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modified by applying a voltage between the conducting solution and the electrode. The

changes in the interfacial tension are capable of generating enough electrocapillary pressure

to transport fluids[3]. To employ electrocapillary effect for microfluidic manipulation,

two set of electrodes, row and column electrodes, are needed. The row electrodes work as

pumps whereas the column electrodes serve as valves.

3. Results and Discussions

In this experiment, the microfluidic devices were fabricated by a replica molding

process using polydimethylsiloxane (PDMS, Sylgard 184) as described previously [4], and

the electrodes were fabricated on an ITO glass. A typical microfluidic device is about 4 x

4 cm2, which consists of microchannels for liquid delivery, and arrays of microchambers

with inlets and outlets for switching samples in and out of a specific microchamber. The

dimension for microchamber is 200 m x 200 m x 30 m. Shown in figure 1a are is a 12 x

28 microfluidic device filled with a green dye in KNO3 solution. To demonstrate the

addressability of our system and its compatibility with solutions used in biological studies,

we have tested three different solutions, which were mixed with dyes for visualization and

used directly without any treatment. These solutions are phosphate buffered saline

solution (PBS, Sigma), PBS solution containing bovine serum albumin, and LB Broth.

The results of patterning biological solution using electrocapillary effects are shown in

figure 1b-1d.

To test the performance of electrocapillary based system in manipulating cells, YPD

broth (Bacto), containing baker’s yeasts (~1010 cell/ml) was used to pattern a microchamber.

Shown in figure 2a is a microchamber filled with yeast cells. The viability of cells

manipulated by the electrocapillary effect was checked by incubation at 300 C for 5 hours.

The results are depicted in figure 2b and 2c. The number of yeast cells increased three

times after five hours of incubation, which provides strong evidence that the cells were still

viable after being manipulated by electrocapillary effect.

4. Conclusions

In summary, we have demonstrated a simple approach to actively control the flow of

fluidic samples in the two-dimensional microfluidic networks. Several biological

solutions as well as yeast cells can be patterned in a programmable manner using this

system, which makes it a good platform to conduct complicated biological experiments.
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Figure 1. a) Optical image of a 12 x 28 microfluidic device. Dimension of microchambers.

b) Letter C＂ written by PBS solution. c) Letter A＂ formed by patterning BSA

solution with Coomassie blue (J.T. Baker). d) Letter S＂ composed by four different

tissue marking dyes in LB Broth.

Figure 2. (a) A microchamber patterned with baker’s yeast cells. The diluted yeast solution

before (b) and after (c) five hours of incubation.



CAPILLARY-ASSEMBLED MICROCHIP (CAs-CHIP):
ON-CHIP INTEGRATION OF VALVING AND SENSING

Hideaki Hisamoto, Shun-ichi Funano, and Shigeru Terabe
Graduate School of Material Science, University of Hyogo,Japan

ABSTRACT
A convenient integration of both flow control valves and reaction-based sensing system

on a single microchip was performed by using capillary-assembled microchip (CAs-CHIP)
[1]. In contrast to the previously reported on-chip valving systems where the simple valving
functions are integrated, our system can integrate not only valving function but also many
other chemical functions to demonstrate a complex chemical operation on a single
microchip. Here, an enzymatic reaction-based sensing system is employed as an example.

Keywords: Capillary-assembled microchip, PDMS, Square capillary, Thermo-
responsive valve,

1. INTRODUCTION
Many types of on-chip valving systems have been reported [1]. However, from the

viewpoint of the number of integrated (immobilized) chemical functions in a single
microfluidic device, most of the previous works are limited in that they integrate a valving
function only, or that together with simple mixing-type reactions or capillary
electrophoresis-based separations. Thus far, not many chemical functions have been
integrated, because of the difficulties imposed by current fabrication methods of the on-
chip valve. Generally, reported fabrication procedures of on-chip valves are complicated
because they entail step-by-step micromachining. Therefore, when another chemical
function is integrated into microchannel after the fabrication of valves, the entire
fabrication procedure should be reconsidered again to achieve total system integration.
On the other hand, we have recently developed a new method for integrating multiple

chemical functions onto a single microchip, called “Capillary-Assembled Microchip (CAs-
CHIP)”[2-4]. In this case, various types of chemically-functionalized square capillaries are
easily assembled onto a single microchip by embedding them onto a lattice microchannel
network. Thus, even if the valving function is already set in place, many other chemical
functions can be integrated with relative ease. This concept is quite promising for realizing
the complex operations involving valving function and other chemical functions in the
microdevice format.
To this end, we focused on work reported by Frechet’s group [5]. They performed

immobilization of a thermo-responsive polymer inside a microchannel for use in the fluid-
control valve of the microfluidic device. Fundamental characteristics of valving function
were fully studied. This immobilization technique is deemed suitable as well for setting the
valving function to a square capillary, as the valving component of CAs-CHIP.
We prepared a valving capillary using the above mentioned technique, and a small Peltier

device for rapid and convenient flow control. Finally, two valving capillaries are
independently controlled to trap the sample solution into a bypass channel, where the
sensing capillary is embedded. The feasibility of performing a complex chemical operation
inside a microchannel using this configuration is demonstrated by enzymatic reaction-based
sensing of chemical species under stopped flow condition.
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2. EXPERIMENTAL
Immobilizations of thermo-responsive polymer or enzyme ( -galactosidase) to inner

surface of square capillaries were carried out according to the literatures [5,6]. These
capillaries were embedded onto lattice microchannel network and CAs-CHIP was
fabricated as shown in Figure 1(a) according to the reported procedure [2,3]. For
temperature control, small Peltier devices were attached on the glass plate side.

3. RESULTS AND DISCUSSION
Since the CAs-CHIP enables universal integration of various chemical functions,

demonstration of a complex chemical operation is possible by using valving capillaries and
other functionalized capillaries. Here, we used two valving capillaries and an enzyme
reaction-based sensing capillary for demonstrating the flow switching to collect sample
solution and subsequent enzymatic reaction to readout a specific chemical species
contained in a sample solution as an example of complex chemical operation inside
microchannel. Since a normal enzymatic reaction takes a couple of minutes, stopping the
solution in a bypass channel by using valves is indispensable.

Valve B

Valve A

Sensing

Sample Waste

Figure 1. Designed channel pattern possessing a bypass structure (a) and
fluorescence images before and after stopping the substrate solution in a
bypass channel by Valve B (b).

Valve A: Open
Valve B: Open

Valve A: Open
Valve B: Close

(a)

(b)

Fluorescence increased

: Lattice PDMS plate

: Peltier device

: Thermo-responsive polymer-immobilized square capillary
-Galactosidase-immobilized square capillary

: Plugged square capillary (PDMS-blocked capillary)

1mm

300 m

2mm

300 m
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An operation procedure is as follows. First, valves A and B are kept open to introduce a
fluorescein-based substrate into bypass channel. When the liquid introduction is finished,
valve B is closed to completely stop the liquid flow inside the bypass channel. In Figure
1(b), fluorescence images before and after stopping the substrate solution in a bypass
channel were shown. During the valve B was opened, the liquid flow in bypass channel
was not stopped, thus, enzymatic reaction itself was not proceeded well, due to the short
residence time, and negligibly small amount of product flowed away to the waste. On the
other hand, when the valve B was closed, fluorescence intensity increased and reached to a
maximum at the reaction time of two minutes, indicating that the enzymatic reaction
proceeded well. This result indicated that the model experiment of complex chemical
operation was successful.

4. CONCLUSIONS
Using CAs-CHIP, we have demonstrated a simple integration of both flow control

valves and reaction-based sensing system on a single microchip. In contrast to previously
reported on-chip valving systems where only the valving functions were integrated, our
system can readily incorporate other chemical functions as well. This work opens the way
for the development of systems enabling performance of complex chemical operations
involving fluid control valves and other chemical functions on a single microchip format.
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CHARACTERIZATION OF AN ELASTOMERIC
MICROFLUIDIC ENERGY STORAGE DEVICE

Christopher J. Easley1, James M. Karlinsey1, and James P. Landers1,2

1University of Virginia Department of Chemistry, USA and
2University of Virginia Department of Pathology, USA

ABSTRACT
This paper reports the design, fabrication and characterization of a microfluidic capacitor

analog for energy storage in the form of fluid volume. The fluidic capacitor was treated as
an analog to an electrical capacitor and could, therefore, be used for similar applications
when included in fluidic RC circuits. This component was shown to be passive in nature,
affording defined flow profile shaping of small volumes. Furthermore, a two-valve
microfluidic pump was developed using a passive unidirectional component similar to an
electrical diode. This pump configuration eliminated the pullback that is inherent to three-
valve diaphragm pumping systems and allowed for more reliable characterization of the
fluidic capacitor.

Keywords: Microfluidic Circuit, Capacitor, Diode, Valve, Flow Shaping

1. INTRODUCTION
The analogy between electrical circuitry and microfluidics has been previously reported

[1-4]. Quake et al. reported the use of elastomeric valves for large-scale integration [1] and
later for a flux stabilizer and memory storage [2]. Harrison et al. [3] reported the analogy
between resistance to the flow of charge and fluid flow resistance, and Ajdari [4] reinforced
the fluidic circuit analog by including equations for flow based on pressure and
electroosmotic phenomena.

2. THEORY
The report by the Harrison group [3] was unified by an Ohm’s law analog for fluid flow,

shown here by equation (1),

RQP (1)

where the pressure drop ( P), volumetric flow rate (Q), and fluid flow resistance (R) were
considered analogous to voltage drop, current, and charge flow resistance (V = I R).

In this work, a similar analogy is proposed for fluidic capacitance (C), where the
elasticity of a poly(dimethylsiloxane) (PDMS) membrane serves to store a specific volume
of fluid per applied pressure based on its geometric arrangement. The Q through a fluidic
capacitor is then defined by equation (2),

dt
dPCQ (2)

indicating that fluid will only flow through the capacitor when a change in P over time is
observed, just as a charge only flows through an electrical capacitor when there is a change
in voltage. The value of C (in units of m3 Pa-1), therefore, gives the amount of volume
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stored in the fluidic capacitor per applied pressure. Using both equations (1) and (2), the
time constant of the fluidic capacitor, = RC can be derived (Figure 1).

3. EXPERIMENTAL
Three-layer fluidic devices (glass-PDMS-glass) were fabricated as shown in Figure 2.

The fluidic channels were etched into the top plate, while ‘grounding’ channels (ambient
pressure) were etched into the bottom glass plate. Also shown in Figure 2 is the electrical
circuit analog to this device. All flow profiles were characterized by imaging the output
channel with a CCD camera.

4. RESULTS AND DISCUSSION
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In order to accurately characterize the

device, it was necessary to develop a
pressure source on the microchip similar to
a square wave input. However, 3-valve
diaphragm pumps [5] possess inherent
‘pullback’ due to the cycling nature of their
actuation (Figure 3). A passive
unidirectional component was, therefore,
developed to eliminate any reversal of flow
during the cycle. The transformation of the
flow profile is shown in Figure 3 as both
displaced volume and flow/pressure
profiles. The action of the unidirectional
component was very similar to that of a
diode. When positioned in series with a
diaphragm pump, it functioned as a flow
profile transformer analogous to a diode-
based half-wave rectifier, eliminating
negative flow.

Figure 1. Theoretical pressure profile as a
fluidic capacitor is charged. The time
constant, = RC, is defined as the time at
which the capacitor is charged to 63% full
capacitance.

Figure 2. Schematic of three layer fluidic
capacitor microdevice at t = 0 and t = 5RC
(fully charged). The circuit analog is shown
to the right, where ground (G) refers to
ambient pressure and Pin is the input pressure.

G

G
C

R2R1

Pi

+ 1.00 Pin
- 0.99 Pin

Pi

t = 5 RC

t = 0
Pi + 1.00 Pin

0

glass PDMS

This square wave input was then used to
characterize the fluidic capacitor by placing
it in series with the low-pass filter
configuration (Figure 2). Shown in Figure
4, a 4.0 Hz square wave input was
successfully dampened to an essentially
constant pressure output signal, as predicted.
The time constant, , was measured to be
180 ms, giving a low-pass frequency cutoff,
f0, of 0.9 Hz. The fluidic capacitance was
then calculated to be 75 pL Pa-1.

5. CONCLUSIONS
The fluidic components of this microchip consisted of a diaphragm pump in series with a

half-wave flow rectifier (fluidic diode) and a low-pass filter (fluidic capacitor). These
components were successfully combined to give a flow profile transformer analogous to
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AC-to-DC transformers. Here, the device was used to charactierize a fluidic capacitor, and
it was shown to be effective for well-defined, low-volume flow profile shaping.
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Figure 3. Volumetric displacement and flow/pressure profiles of the 3-valve diaphragm pump
compared to that of the 2-valve pump with unidirectional component (fluidic diode).
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Figure 4. Volumetric displacement and flow/pressure profiles of the low-pass filter design
(0.9 Hz cutoff) using a fluidic capacitor to dampen the square wave oscillations (4.0 Hz).
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DESIGN AND VALIDATION OF A COMPLEX GENERIC
FUIDIC MICROPROCESSOR BASED ON EWOD
DROPLET FOR BIOLOGICAL APPLICATIONS

Y. Fouillet, D. Jary, A.G. Brachet, C. Chabrol, J. Boutet, P. Clementz, D.
Lauro, R. Charles, and C. Peponnet.

CEA/LETI Grenoble, France

ABSTRACT

This paper reports the design and validation of a microprocessor dedicated to biological
applications, based on EWOD (electrowetting on dielectric) fluidic actuation [1]. An
original design strategy, based on optimized and validated elementary functions, was used
to quickly develop specific complex microfluidic components. Detailed description of the
processor will be discussed.

Keywords: Droplets manipulation, Electrowetting, Fluidic processor, PCR

A great illustration of a fluidic processor was given by Quake and al [2], where a huge
number of mechanical valves were integrated using multiple external fluidic mechanical
actuators. Integration of multiple step protocols becomes complicated due to the number of
external actuators (valves, pumps) needed. Furthermore, EWOD based microfluidic can
perform all the fluidic manipulations such as displacement, mixing and dispensing [3][4]
only by electrode actuation with no complex moving parts. Integration is considerably
simplified consisting only in assembling optimized electrode design of elementary fluidic
functions. Informations about chip operation and technology can be found in [5]. This paper
focus on the optimization of the elementary fluidic function designs by :

• enhancing EWOD capabilities and eliminating all external mechanical actuations
• minimizing the number of electrical relays and the electrode layout
• gaining in robustness and reproducibility

2. ELEMENTARY FLUIDIC FUNCTION OPTIMIZATION

Reservoir and Bus : A star shaped electrode design was used to keep the drop centered on
the dispensing electrodes so as to empty completely the dispensing reservoir. A shifted
external reservoir (figure 1a and 2b) achieves very reproducible drop dispensing (3% CV
+/- 2 sigma), independently of the volume present in the external reservoir or the surface
tension of the dispensed liquid. The bus (figure 4) is used for moving reactions from one
zone to the next (heating, detection , … ) as well as for mixing. figure 2b shows the
coalescence and stirring induced by EWOD actuation of two droplets. Experiments varying
in viscosity, switching frequency, electrodes shape… show that the mixing efficiency is
essentially dependant of the number of electrodes (or moves) travelled by the liquids (18
with our set-up, less than 2 sec. for complete mixing for a switching frequency of 0.1 Hz to).
Succesive dispensing, mixing and splitting were validated by performing a 4 successive
serial dilutions of 3.5 fold up to 150 fold. Results show an excelent corelation (146X) with
the expected value (150X) (figure1c).

1. INTRODUCTION
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Fig 1 : (a) Chip validation. (b) Mixing. (c) Dilution validation : theoretical fluorescence intensity of
droplet versus experimental result, for (4 time 3.5 fold ) or 150 X serial dilutions, CV=3%

Figure 2 (a) EWOD preocessor design. With n=3 relays, 2n=8 reservoirs can independently
communicate with a bus of electrode. (b) Four bits EWOD processer chip (n=4) : 2 inlets reservoirs
and 14 secondary reservoirs, and a bus. (c) Filling operation from shifted inlet to star shaped electrode
and on chip dispensing of 140nl droplets to secondary reservoir. (d) serial dilution of fluorescein.
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Since electrical relay complexity dramatically increases with the number of reservoirs, we
have developed and validated an EWOD multiplexor (figure 2a) that can address 2n
reservoirs with only n relays. A very simple three level lithography microtechnology was
used leading to two electrical levels without the need of expensive above IC technology.
These addressable reservoirs can provide efficient dispensing, storage for intermediate
reactions or dilutions. Fluidic Processor is based on using the optimized reservoir design
(figure 2c) for reagent and reaction storage, the EWOD multiplexor for filling, emptying,
and dispensing the reactions from the reservoir and the bus for connecting the different
functional zones. A fluidic microprocessor (figure 2b) was made, which operates 16
reservoirs and 100 electrodes with 16 relays and validated by performing 7 fold serial
dilutions of fluoresceine (figure 2c), corresponding to a 24nl droplet formation from an 140
nl reservoir.

The good fluidic performances of the processors led us to evaluate a more complex
biological application, real time PCR. Results were obtained using ABI SNP Validated
assays and recommended protocol (230 copies of genomic DNA, 0.4 ng). Four 800nl
droplets were continuously displaced by EWOD actuation under oil on a cycling Peltier

(figure 3a and 3b). Results show a good amplification specificity and yield compared to

were performed under the same oil bath. The same chip was used for 5 PCR in a row,
corresponding to 10 hours of EWOD actuation with a complex mixture, demonstrating the
robutness of the system and compatibility with point of care application.

Figure 3 : (a) Fluorescent drop image at different PCR cycles, (b) fluorescence intensity plot in
function of PCR cycles, (c) BioAnalyser gel image of on chip PCR showing good amplification yields
(average + concentration was 170 nM and 17nM for the negative control) and good specificity.
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DEVELOPMENT OF A CHEMICAL-RESISTANT
MICROVALVE ARRAY FOR RAPID PARALLEL
BIOCHEMICAL SYNTHESIS AND ANALYSIS ON

MICROCHIPS
Zhishan Hua, Yongmei Xia, Onnop Srivannavit and Erdogan Gulari
Department of Chemical Engineering, University of Michigan, Ann Arbor, USA

ABSTRACT
A novel microvalve array was designed and fabricated using silicon and polymer

micromachining techniques. The valve array is individually addressable and has excellent
chemical resistance as well as biocompatibility. It was further integrated with an array of
microreactors as a miniaturized platform for rapid multiplex synthesis and analysis. As an
example, parallel synthesis of DNA oligonucleotide probes using the microvalve array
based platform is demonstrated in this paper.

Keywords: Microvalve array, Chemical-Resistant, Biochemical Synthesis, Parylene

INTRODUCTION
The contribution of microvalves in microsystems for biochemical analysis is

analogous to that of transistors in integrated microelectronics circuits. The large-scale
integration of individually addressable microvalves enables a large number of different
reactions to be simultaneously conducted on a miniaturized microchip, which can bring
revolutionary reduction in the time and costs to conduct “multiplex experiments”.
Motivated by this fact, large-scale microvalve array is already made available using PDMS
elastomer and its promising applications have been reported [1]. However, PDMS exhibits
serious swelling in many organic solvents [2] and nonspecific absorption behavior of some
bio-macromolecules [3]. This excludes the use of PDMS microvalve in many applications
that involve aggressive chemicals. In this paper we present the development of a low-cost
microvalve array that features a parylene/PDMS composite membrane to achieve excellent
chemical resistance and biocompatibility. We also performed parallel synthesis of DNA
oligonucleotide probes using the proposed microvalve array platform to demonstrate its
capability for multiplex biochemical synthesis.

DESIGN AND FABRICATION
The microvalve device consists of three pieces (fig. 1). A parylene/PDMS double

layer thin film is sandwiched between a top PDMS and bottom silicon substrate. Fluidic
channels, microreactors, and valve seats are located on bottom silicon. The deep trenches
on top PDMS serve as the supply lines of the pneumatic pressure for microvalve actuation.

The structures on bottom silicon substrate were fabricated using DRIE silicon
etching. We employed parylene bonding technique [4] to transfer a flat, undamaged, wafer-
level parylene/PDMS membrane onto the patterned silicon substrate using appropriate
carrier. The PDMS pneumatic cap was made by thermal curing of PDMS pre-polymer
poured over a silicon master and the cured PDMS cap was irreversibly bonded to the
PDMS side of the double layer membrane after oxygen plasma treatment. A novel control
algorithm was also developed to realize individual addressing of large-scale microvalve
array using a very small number of external pneumatic signal lines (fig. 2).
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microvalve array and microreactors

RESULTS AND DISCUSSION

The fabricated microvalve exhibits no leakage in closed status and large
volumetric flow rate in opened status. The valve-open water flow rate in a 2cm long,
300µm wide and 350µm deep fluidic channels is as high as 2.87ml/min at 25psi inlet
pressure, much higher than those of most presented microvalve devices. This is a very
desirable feature for high throughput applications.

The chemical resistance of the microvalve was tested using chemicals involved in
oligonucleotide synthesis, acetonitrile, prydine, dichloroacetic acid, tetrahydrofuran, and
dichloromethane, which are typical aggressive chemicals. The result shows the device
operation is not affected. As the comparison, the same test was applied on a PDMS
microvalve with similar structure and it performed poorly. The flow rates of many of above
chemicals through opened PDMS valve rapidly decrease due to the serious swelling of
PDMS (fig. 3).

Fig. 3 Flow ra te decreases of different chemicals through an opened PDMS microvalve;
such decreases are not observed for the presented parylene/PDMS microvalve array.

The microvalve array was then integrated with microreactors in a microchip
platform, on which we performed 25-mer oligonucleotide synthesis using a commercial
DNA synthesizer (Expedite Model 8909). The oligonucleotide probes were only grown in
specific reactors which were addressed by the microvalve array. The reagent flow rate was

Fig. 1 Exploded view of the valve array structure Fig. 2 Layout of a platform containing
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quite stable though the synthesis (fig. 4), indicating reliable device operation. After the
synthesis all the microreactors on the platform were hybridized with Cy-5 labeled
complementary oligonucleotide targets for overnight at room temperature, and the
fluorescent image (fig. 5) was taken after extensive wash using SSPE buffer solution. In
figure 5, the top three reactors which had associated microvalves open during synthesis
exhibit strong and uniform fluorescent signal, while the bottom one which was blocked by
microvalve during synthesis appears completely dark after hybridization. If the microvalve
array is controlled to delivery different monomer to each reactor during each synthesis
cycle we can synthesize an array of different oligonucleotide sequences on the platform.

CONCLUSION

involve aggressive chemicals, and we demonstrated successful synthesis of DNA
oligonucleotide probes in selective microreactors on a microchip platform using microvalve
array addressing. We believe this robust platform can be used in a variety of applications
including chemical screening and analysis, reaction optimization, and parallel synthesis of
microarrays of other biological macromolecules such as peptide array.
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the microchip platform during the
synthesis of 25-mer DNAoligonucleotides

Fig. 5 Fluorescent image of 25-mer
oligonucleotides synthesized in specific
microreactors (top three) using microvalve
array control, after hybridization with Cy-
5 labeled target

Fig. 4 Average reagent flow rate through

The microvalve array we developed shows reliable operation in applications that



ELECTROSTATIC ACTUATORS COMPOSED OF
EXTENSIBLE GRAPHITE-PDMS COMPOSITE

MEMBRANES
Robert Carlson and Deirdre Meldrum
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ABSTRACT
We demonstrate microscale electrostatic actuators in PDMS utilizing extensible

composite graphite-PDMS membranes. The electrodes are produced using novel patterning
of graphite on plasma treated PDMS, followed by integration of up to 7 layers of PDMS to
assemble pneumatic valves in a microfluidic device.

Keywords: Elastomer, Electrostatic Peristaltic Pump, Integrated Electromechanical
Circuit, Valve

1. INTRODUCTION
On-chip control of fluids is a critical capability for Micro Total Analysis Systems. We

utilize a novel electrostatic actuator, coupled with a bellows and working fluid, to build
valves and a prototype peristaltic pump in microfabricated PDMS device. Use of
electrostatic actuators and control components pose considerable challenges, including;
1) fabrication of conductive electrodes extensible in two dimensions, which excludes most
designs we have considered that utilize metal films; 2) fabrication of three-dimensional
structures that result in capacitors with plates free to flex; 3) electrical connection to
conductors that are embedded in potting compound (PDMS); 4) infeasibility of direct
manipulation of ionic fluids because screening prevents force generation between the
actuator plates (the screening lengths of deionised water and physiological salt solutions are
~1 µm and ~40 Å, respectively). We have developed solutions to these challenges that
include fabrication of extensible graphite-PDMS composite membranes[1], electrical
connections via relatively low-resistance contacts composed of graphite-doped PDMS, and
stacking of membranes and fluidic layers into complex, integrated electromechanical
circuits (Figure 1).

2. THEORY
A rough estimate of the pressure generated between flexible, parallel capacitor plates can

be derived by differentiating the energy stored in the capacitor with respect to the
separation of the plates. Ignoring the stress from stretching the plates themselves, the
pressure, p=F/A=1/A(dU/dz)=!V2/z2, where U, !, V, and z are the stored energy, dielectric
constant, voltage, and separation of the plates, respectively. Thus both the applied voltage
and initial separation distance non-linearly affect actuation pressures.

3. EXPERIMENTAL
Our research thus far has focused on fabrication processes to produce the integrated

electromechanical circuit and to minimize the distance between the actuator electrodes.
Ongoing work includes characterization of electrodes and actuators via AFM and electron
microscopy, optimization and control of the distance between actuator plates during
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fabrication, and identification and testing of dielectric working fluids to reduce actuation
voltages. Using air as a working fluid, we have observed actuation voltages of between 100
V and 1 kV for electrode separation ranging from 7 µm to 50 µm. Because PDMS is so
permeable to air, bellows consisting solely of PDMS rapidly lose pressure and fail
(Figure 2). To temporarily address this issue while exploring other fabrication strategies,
we fabricated a device wherein the bellows layer was composed of an impermeable ~10
micron layer of SU-8 (Figure 3).

Figure 1. Fluidic, actuator, and working fluid/ground layers are independently fabricated and then
stacked. Application of a voltage to the actuator pressurizes the working fluid, forcing the valve

membrane into the sample channel.

Figure 2. Top view of prototype peristaltic pump. a. Misalignment during fabrication shows sample
channel (full of food coloring), actuator electrodes, bellows (extending under sample channel), and a
void volume to allow actuator motion. b. Correctly aligned device before actuation. c. With voltage
applied, the actuators (here tied to the same drive circuit) are compressed, displacing a working fluid

that pressurizes the valve membrane. This device contains a rectangular sample channel. d. Air is
rapidly forced out of the bellows into the surrounding polymer, and when the voltage is removed the

resulting partial vacuum pulls the valve membrane into the bellows. Additional sample fluid is visible
above the valve membranes. Future designs will utilize an incompressible, dielectric working fluid.
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Figure 3. Hybrid PDMS/SU-8 device, where actuation generates pressures sufficient not only close
off the sample channel, but also to begin delaminating the device. Cracks in the SU-8 prevent

complete pressurization of all three valves.

4. RESULTS AND DISCUSSION
We have demonstrated fabrication and initial function of electrostatic actuators suitable

for use in valves and peristaltic pumps in elastomeric microfluidic devices. A significant
challenge in the fabrication of these devices is the precise control of the separation distance
between actuator plates, which requires further research. Moreover, the use of air as a
working fluid in the bellows has proved problematic. This latter issue is addressable
through the use of dielectric working fluids within the bellows, which will be incorporated
into future designs. We estimate that with these design improvements, our actuators should
produce ~10 atmospheres with approximately 100 volts applied to the electrodes.

5. CONCLUSIONS
The potential utility of electrostatic actuators in silicone rubber microfluidic devices has

been discussed for some time, but fabrication has proved problematic. The methods and
microfluidic components we present here can be applied to fabricate integrated
electromechanical circuits rapidly and at low cost.
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ABSTRACT
A new method of generating complex flow patterns is presented relying on the use of

electroosmotic flows (EOF) in combination with specially designed delay loops.
Corresponding flow configurations enhance electrokinetic mixing and can also be utilized
for combinatorial chemistry. The proposed designs rely on flow splitting in combination
with EOF delay loops leading to a runtime difference or phase shift between two sub
streams. Since both residence time and velocity in the bypass depend on the flow path
length, the phase shift shows a quadratic dependence. Due to this phase shift new fluid
interface is generated at the merging point.

Keywords: Combinatorial Chemistry, Delay Loops, Electroosmosis, Micro Mixing

1. INTRODUCTION
Several realizations of EOF micro mixers have been reported in the literature so far

which either rely on heterogeneous -potentials (see e.g. [1,2]), on incorporation of
additional electrode arrays [3] or on combinations of both. However, corresponding mixer
designs are relatively complex and costly to manufacture.

We investigate the potential of EOF delay
loops (cf. Fig. 1) in the context of micro
mixing and flow patterning. The fluid portion
traveling through a bypass accumulates a
certain phase shift (delay) compared to the
flow along the straight path. Since both the
residence time and the velocity in the bypass
directly depend on the length of the flow path
the phase shift shows a quadratic
dependence. Due to the phase shift new fluid
interface is generated at the merging point.
This can be utilized for mixing and chemical
reactions. In spite of their simplicity such
delay loops do not seem to have been
exploited in EOF-driven micro fluidic
systems so far.

The basic principle of mixers relying on
EOF delay loops as discussed above is
depicted in Fig. 2. After an alternating
feeding the basic operations are fluid
Splitting, phase Shifting And Recombination
(SSAR) leading to a checkerboard pattern.

Figure1. Schematic of a EOF delay loop.
The residence time in the upper branch
depends on the square of its length.

Figure 2. Schematic of the SSAR approach.
1: Alternating feeding; 2: Fluid splitting; 3:
Phase shifting; 4: Recombination.
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2. SIMULATION AND LAYOUT
A model of a micro-channel network with
delay loops is shown in Fig. 3. Several
aspects need to be considered to assure the
desired functionality. Firstly, the
generation of an alternating, well defined
plug flow prior to the SSAR operation is
not straightforward. Due to the well known
racetrack effect a simple T-geometry leads
to an intolerable dispersion and poorly
defined plugs (cf. Fig. 4a). However, the
problem can be overcome by means of
dispersion minimizing channel geometries
as used for electrophoresis in serpentine
channels [4]. Secondly, it has to be assured
that no additional dispersion is induced by
the branching structure. A favorable
geometry based on numerical simulations
is shown in Fig. 3. Thirdly, the bypass
geometry has to be properly designed in
terms of plug dispersion, splitting ratio and
phase shift. Since both the residence time
and the velocity in the bypass directly
depend on its length the phase shift shows
a quadratic dependence. Corresponding
simulation results using the finite-element
based software FemLab (Comsol A/S
Denmark) are displayed in Figs. 4 and 5.
The shown concentration profiles were
obtained by simultaneously solving the
Laplace equation for the electric potential,
the Navier-Stokes and an additional
convection-diffusion equation for a tracer.
Assuming an aqueous fluid with a
permittivity considerably higher than that
of the surrounding material only the
electric field inside the fluid domain is
computed. From that the electroosmotic
slip velocity is derived according to the
Helmholtz-Smulochovski boundary condit-
ion /Eu , where denotes the zeta
potential, the dielectric constant, E the electrical field at the wall and µ the fluid viscosity.
The chosen set of parameters results in typical velocities of about 1 mm/s. Owing to the
plug flow profile it was possible to restrict the simulations to two dimensions.

Figure 5. Results from delay-loop simulations
at different time steps after plug injection. The
flow direction is from left to right.

Figure 3. Model of a micro-channel network
for realization of SSAR mixing.

Figure 4. Simulation of alternating EOF
feeding. a: Conventional T channel; b:
Dispersion reduced T channel. The
concentration of a tracer species is grayscale
encoded.

a

b
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3. APPLICATIONS
The SSAR approach with n splitting steps reduces the characteristic diffusion distance and
time by a factor of 2n and 22n, respectively. For the simulated design the dimensions were
chosen such that finally a minimum lamella width of 30 µm was achieved implying typical
mixing times of a few seconds for aqueous liquids (D = 10-9 m2/s).
The utilization of EOF delay loops may be also beneficial in other contexts such as
combinatorial chemistry. Suppose N plugs containing specific reagents have to be mutually
contacted in a well defined manner. We assume the plugs to be supplied in a serial order
and separated by an inert liquid as indicated on the left hand side of Fig. 6. After splitting
and passing an appropriated chosen delay loop N combinations are generated in the unified
stream. Thus, all (N-1)N/2 possible combinations are realizable in N/2 (N even) or (N-1)/2
(N odd) channels equipped with appropriate delay loops. Exemplarily, the generation of the
10 possible combinations of 5 different reagents is sketched in Fig. 6.

…
…

…
… …

… …

… …
… …

Figure 6. Schematic of plug combinatorics. For simplicity only one period of each (sub)- stream is
depicted. After division into 4 sub-streams the 10 possible combinations are realized in the 2 outlet
channels on the right hand side.

4. SUMMARY AND OUTLOOK
A new method of generating complex flow patterns is presented relying on the use of EOF
delay loops, together with corresponding layouts in the context of electrokinetic mixing and
combinatorial chemistry. To the best of the author’s knowledge this is the first time that
retardation of substreams is utilized to generate new material interface at the merging point
which can be exploited in the mentioned contexts. Experimental validation and fabrication
by means of SU-8 lift-off structuring onto electrode-equipped Si-wafers is under way.
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ABSTRACT
AC electroosmosis has been extensively used for bulk flow pumping or bioparticles

trapping using anisotropic electrode arrays in the recent year. In this paper, we proposes a
novel design concept to locally and simultaneously generate in-plane microvortex patterns
with clockwise, counter-clockwise, and pairs of co-rotating/counter-rotating vortices
actuated by AC electroosmosis in a microchannel. The device is made of a pair of
interdigitated electrodes with unequal width for each one located at the bottom of a channel,
and under the application of an AC signal of voltage and frequency below 5Vrms and
10kHz, respectively. The rotating speed of microvortex is found to increase with the applied
voltage and have an optimal value at an appropriately applied frequency. The potential
applications of this device can be readily integrated into a lab-on-a-chip system for fluid
mixing and particle manipulation.

Keywords: AC electroosmosis, mircovortex, mixing, particle manipulation

1. INTRODUCTION
Electrokinetic generation of micro-flow patterns has received significant attentions

due to promising potentials of integration into a micro total analysis system. DC
electrokinetical generation of microfluidic patterns like bi-directional shear flow,
out-of-plane or in-plane vortices in the microchannel using various surface-charge patterns
have been proposed [1-2]. Particularly, in-plane vortexes can be generated by patterning
positive and negative charge regions on the same substrate surface, and actuated by DC
source. However, the difficulty to neutralize the surface charges outside the
positively/negatively charged regions leads to a strong mean flow causing the dissipation of
in-plane vortices [2]. Therefore, AC electrokinetically driven flow will be an alternative
method to locally produce fully developed in-plane microvortex patterns with the advantage
of actuated regions only confined around the electrodes under potential. AC electroosmosis
(ACEO) has been recently extensively used for bulk flow pumping [3] by using anisotropic
electrode arrays with low amplitude AC signals in the kHz range. In this study, we proposes
a novel design concept to locally and simultaneously generate in-plane microvortex patterns
with clockwise, counter-clockwise, and pairs of co-rotating/counter-rotating vortices
actuated by AC electroosmosis in a microchannel.

2. DESIGN AND FABRICATION
Figure 1 shows the schematic diagram of the design concept for locally and

simultaneously generating various in-plane vortex patterns in the microchannel. The
patterns of electrodes were made of a pair of interdigitated electrodes with unequal width
for each one located at the bottom of a channel, and fabricated by lift-off process with 20nm
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and 200nm Cr/Au on a 1mm thick glass substrate. The microfluidic channel was made of
PDMS by molding process and precisely bonded onto the electrode substrate and of a width
of 600 m and depth of 100 m. The in-plane vortex patterns were observed at the middle
height (50 m) of the microchannel, and the fluid velocity was measured by particle image
velocimetry technique.

Fig. 1: Schematic diagram for local and simultaneous generation of various in-plane
vortex patterns

3. RESULTS AND DISCUSSION
Figure 2(a) and (b) shows the images of a counter-rotating microvortex induced by

the application of Vp=6V and Vp=4V, respectively. The active region of microvortex can be
clearly seen within the area of sparse particles. Figure 2(c) shows the the velocity field of
the counter-rotating microvortex. A local generated and fully developed in-plane vortex can
be produced without the interference of the mean flow by AC electroosmosis. In addition,
we observed the presence of small out-of-plane vortexes above the small electrodes. The
size of these vortexes is of the order of magnitude of the width of the small electrodes.
Hence, hardly can we observe an in-plane vortex at the height close to the electrode surface.

(c)

Fig.2: Images of counter-rotating microvortexes under (a) Vp=6V, and (b) Vp=4V at 1kHz
(c)Velocity field of counter-rotating microvortex

Fig. 3 shows the transverse velocity V(x) alone the centerlines of clockwise and
counter-clockwise microvortexes, respectively. The velocity profiles show typical viscous
vortices, antisymmetric with respective to the centerline of the vortex. The rotating speeds
of vortices are relevant to applied voltages and frequencies, as shown in Fig. 4 and Fig. 5,
respectively. The rotating speed of microvortex is found to increase with the applied voltage
and have an optimal value at a frequency of 2 kHz. The threshold voltage for developing a
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solid microvortex is larger than Vp=4.8V. Fig. 6 shows the picture of a pair of
counter-rotating vortices with clockwise and counter-clockwise rotation.

4. CONCLUSIONS
We propose a novel design concept to locally generate in-plane microvortex patterns.

Those patterns are beneficial to vortex generation for mixing and transportation, which can
be potentially integrated into a lab-on-a-chip system.
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GENERATION OF STEADY FLOW IN
SELF-CONTAINED MICROFLUIDIC SYSTEMS

Javier Atencia and David J. Beebe
Department of Biomedical Engineering, University of Wisconsin-Madison, USA

ABSTRACT
In this paper, we present a mechanical micropump capable of delivering steady flow in

open and in self-contained microsystems (i.e.microsystems that, like the human circulatory
system, do not require connections to the external world to operate). The flow is
characterized inside self-contained microfluidic systems to avoid backpressure and external
forces and is compared to the flow generated by a microimpeller under similar conditions

Keywords: steady flow, micropumping, interface, self contained, microfluidic loop.

1. INTRODUCTION
Many multistream flow applications such as separations1-2, T sensors3, and microfluidic

fabrication4 would benefit from a simple and reliable method to mechanically generate
steady flow. With steady flow we refer to constant flow without oscillations or variations in
time. Usually syringe pumps and gravity-driven pumping are utilized to generate steady
flow in open systems. However, at low flow rates vibrations on the walls of the syringe and
non linear friction can induce significant oscillations in the flow. Gravity-driven pumping is
usually performed with columns of liquid that must be maintained constant to warrant
steady flow. The set up is troublesome, and must be manually adjusted to produce the desire
flow rates. Takayama’s group demonstrated a gravity-based pumping mechanism that
generates steady flow using horizontal capillaries5 To our knowledge, there is no example in
the literature of engineered closed-loop microfluidic systems with pressure-driven steady
flow.

2 EXPERIMENTAL
We evaluated the steadiness of the flow by monitoring the oscillations at the diffusive

interface between two miscible fluids flowing in the self-contained testing microdevice of
Figure 1. The self-contained microdevice was fabricated using a PDMS replica of a SU-8
mold on top of a glass slide. The height of the the microchannels is 350 µm For each disc
pump a post was fabricated using the tips of Ø500 µm blunt syringe needles, and placed on
the glass before binding it to the PDMS replica. The dimensions of the impellers - stainless
steel stir bars - are 4000 µm x 800 µm x 120 µm with a 300 µm diameter hole drilled in the
center. The disc pump is composed of a stir bar embedded in disc of IBA
(Isoobornylacrylate).

The key components of the testing microdevice are the “capillary inserts” as they solve
the problem of filling a microfluidic loop exemplified in Figure 2. The capillary inserts were
fabricated using Ø1000 µm Tubing (PTFE 20 TW Cole Parmer, Vernon Hills, IL), with
internal diameter Ø500 µm.
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Figure 1. Evaluation of steadiness. The device is composed of two disc pumps that rotate due to the
interaction with an external spinning magnet; two microchannels with a common central part
fabricated on PDMS on top of a glass slide; and two capillary U-inserts to close both loops.

Figure 2. (a) A fluid is introduced through the inlet to fill a microchannel with a loop configuration.
If the liquid doesn’t reach the outlet through both branches simultaneously, one of them shortcuts the
microfluidic circuit blocking the other branch with an air bubble. Getting rid of the bubble is difficult,
and usually one has to suck out the liquid and try it again. (b) Here we use of a U-shaped removable
insert to convert a single channel into a loop, avoiding the filling problems.

3 RESULTS AND DISCUSSION
Under steady state the fluids are confined to their corresponding loops, mixing in the

common channel only by diffusion. However, any unsteadiness in one loop is translated into
observable oscillations of the interface between streams. We monitored the effects of disc
pumps at several spinning frequencies and contrast the results with the effects produced by
normal impeller pumps. While the impellers produced the oscillations summarized in Table
1, we observed no oscillations with disc pumps (1 µm resolution).

Figure 3. a) Detail of the common channel at the splitting junction. The interface is static with a 5µl/s
flow in both loops generated with disc micropumps. Loop B was filled with diluted blue dye, and
loop A with water. b) Intensities across section AA’, in a 400 seconds experiment.

(b)(a)

(a) (b)
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Table 1. Amplitude of the oscillations at the interface with increasing spinning frequency of the
impellers

Spinning frequency 20 Hz 30 Hz 40 Hz 50 Hz
Ampitude (resolution ±9.6 µm) 105 µm 97 µm 48 µm 29 µm

However, in 400 sec. experiment with disc pumps (5µl/s) we did detect a shift of the
interface (0.19 µm/s ±0.01, see Figure 3) that we attribute to a decrease in relative viscosity
between the fluids as the concentration becomes evenly distributed through diffusion.

4. CONCLUSIONS
In this paper we have demonstrated the mechanical generation of non pulsatile steady

flow in microfluidic systems using disc pumps. We tested the disc pump inside a self-
contained platform in the absence of backpressure. The flow rates varied between 1 µl/min
and 40 µl/min, and were similar to the flow rates developed by an impeller. The range of
flow rates can be reduced by increasing the total resistance to flow (e.g. reducing the height
of the microchannels). Since this type of pump is sensitive to back pressure, it is better
suited for pumping in self-contained systems than in open systems. Additionally, this pump
could be used to produce steady flow under microgravity

We believe that both the “capillary inserts” and the disc pumps will enable the creation of
self-contained systems with integrated pumping for a number of applications In particular
we expect capillary inserts and derivatives to be useful not only in self-contained
microsystems, but also as efficient means to insert, extract and handle samples in
microfluidic applications - as a link between the microscale and macroscale worlds.
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MAGNETIC “QUASI-DIGITAL” FLOW REGULATOR
FOR DRUG INFUSOR
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ABSTRACT

KEYWORD: magnetic actuation, microfluidics, microvalve.

INTRODUCTION
For ambulatory treatments requiring infusing techniques, drug infusors based on
elastomeric latex-free pumps [1] are the chosen devices due to their portability (reduced
size as well as minimum weight) and ability to provide continuous drug infusion under
precisely controlled flow rates. Both characteristics are key for dramatically improving the
patient’s life quality. Current state-of-the-art of portable drug infusors is based on the use of
a single passive fluidic resistor. Therefore, each time it is required to modify the drug dose,
the fluidic resistor has to be replaced by a new one. As a response to the need of variable
passive fluidic resistors for portable drug infusors, “quasi-digital” flow restrictors based on
magnetically actuated microvalves are being developed that will allow programming and
modifying the dosing flow with only one product.

ACTUATION PRINCIPLE
A single microvalve element consists of a bi-stable element (only open/close) controlled

externally by the magnetic field applied (magnets). The complete drug dose controlling
system consists of a disposable part and a re-usable part, i.e. the control unit that properly

applies the magnetic field required for
switching the microvalve (figure 1).
The disposable part consists of two
silicon chips. In the top chip (figure 1)
there is the cap of the valve that is
controlled by the magnets. In the
second chip (bottom part in figure 1)
the microfluidic channels and hole are
machined. This actuating method
ensures no interaction of the
controlling system with the
microfluidic system so that any

Figure 1. Schematic cross-section of the magnetic
microvalve (a) open, (b) close.

Closed microvalve

Magnetic forceOpen microvalve

Magnetic force

(a) (b)

A new concept of micromachined quasi digital magnetic microvalve for integrated
microfluidic systems have been developed. Two external magnets control the
microvalve elements, with on/off mode of operation principle. The idea is to obtain a
low cost, small size and low consumption prototype that allows controlling
automatically the dispensed doses. Design and fabrication of the quasi-digital flow
regulator and the preliminary results of the characterization of a single valve
prototype are presented in this work showing very promising results.
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environmental contamination is
absolutely prevented, as well as the
minimization of its cost. The final design
of the “quasi-digital” flow controller for
portable drug dosing is based on an array
of the previous magnetic microvalves
(figure 2). Each microvalve actuates as
an on-off fluidic switch that opens or
closes its corresponding microchannel so
that the drug flow can be adjusted to a
range of different predetermined values
(“quasi-digital”) by means of the number
of open/closed microvalves. The main goal of the work presented here is to develop a
simple, passive and disposable device that can be adjusted manually. Finally, the flow rate
can be adjusted manually (or motor-operated, if required) by simply changing the position
of the external magnets, which provides the additional advantage of being operated
similarly to the non-portable drug infusors currently used in hospitals so that no additional
training for using these devices is required from the hospital staff. All these advantageous
characteristics of the system make it very simple and robust, very suitable for this specific
application.

FABRICATION PROCESS
The fabrication process of the disposable part combines silicon micromachining
technologies and electrodeposition of magnetic CoNi alloy [2,3]. The fabrication flow-chart
consists of two parts: the valve caps (Figure 3.I) and the fluidic body (figure 3.II) that are
ultimately held together.

a RIE process is performed to define the
hole. Once the two silicon chips are

finished, they are attached. The chemical bond of the two parts of the valve is made of a

Figure 2: Schematic of an array of magnetic
microvalves to illustrate the actuation principle
of the quasi-digital flow regulator.

Figure 3: Schematic view of the fabrication
process. I Cap part with the valve. II Body
part with the hole.

The valve caps are made of microstructured
silicon. A silicon oxide layer is used as

anisotropic wet etching and RIE etching

geometry. Next, a Ti/Ni film is deposited as

layer is electrodeposited as a magnetic

oxide layers are also used on the top and
backside of the wafer as mask materials for

3.II.a). The top silicon oxide layer is used to
define a shadow O-ring by a RIE process.
Secondly, an additional silicon oxide layer
is patterned on the topside to be used as
mask material for the last RIE. Following,
an anisotropic etching is done to machine

mask material, (figure 3.I.a) for an

(figure 3.I.b) that define the valves

a seed layer, (figure 3.I.c). Finally, a CoNi

material, (figure 3.d). Meanwhile, silicon

the machining of the second chip (figure

the silicon wafer, (figure 3.II.c). And finally,
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high ticsotropic synthetic smalt. Different shapes of the caps have been tested for
optimizing the device’s operation (figure 4). A confocal imagining profiler has measured
the displacement of the cap produced by an external magnet. The round valves with two
beams show the largest response to the external magnetic field applied, so that is the design
chosen to fabricate the final prototypes.

Figure 4. Photographs of three different valves arrays. (a) Square design valves (b) round
design valves with two beams and (c) round design valves with four beams

(a) (b) (c)

FLUIDIC CHARACTERIZATION
Nitrogen is being used for characterizing the complete
flow regulator. A special holder was built that drives
gas into the microvalve array as well as it precisely
controls the position (planar and vertical distance) of
the external magnets relative to the microvalves. First
sets of flow rate measurements show that in response
to the applied magnetic field, microvalves are able to
actually open and close the channels as expected.
Exhaustive characterization is being carried out and
will be presented at the conference.

CONCLUSIONS
Development of a new concept of “quasi-digital” magnetic microvalve was presented that
exhibits the ability to controlling a range of flow rates with a single device. Versatility, low
cost, low power consumption and robustness are the key advantages of the concept.
Fabrication and initial results demonstrate the feasibility of the quasi-digital flow regulator.
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MICROPARTICLE MIXING AND SEPARATION BY 
NONLINEAR ELECTROKINETIC EFFECTS IN 

MICROFLUIDIC CHANNELS
C. K. Harnett1, A. J. Skulan1, T. F. Hill2, L. M. Barrett1, G. J. Fiechtner1, and

E. B. Cummings1

1Sandia National Laboratories, 2Massachusetts Institute of Technology

ABSTRACT
We have patterned insulating posts inside microfluidic channels with conductive films

which rapidly polarize when an electric field is applied to the ends of the channel.  The 
resulting non-uniform surface charge causes local electrokinetic pumping under the applied
field, producing microvortices (~100 micron diameter) under alternating-current (AC) 
electric fields of ~30-100 Hz and field strengths of ~300 V/cm.  This effect has previously
been described as ìinduced-charge electroosmosisî (ICEO) by other researchers.  We 
demonstrate a method to produce ICEO-driven devices on inexpensive, injection-molded
polymer substrates, and observe spatial separation between 200-nm and 500-nm
polystyrene fluorescent particles inside the channels.

KEYWORDS: induced charge electroosmosis,
electrokinetic, particle image velocimetry, vortex

INTRODUCTION 
Nonlinear electrokinetic phenomena provide an

extensive repertoire of fluid flow effects, including
microvortex generation and rectification of flow
driven by alternating current (AC) electric fields
[1,2]. Over the past two years, the phenomenon of
induced-charge electroosmosis (ICEO) has been
applied to the problem of microfluidic mixing and
pumping [3, 4].

In our ICEO devices, polymeric insulating posts
are coated with metal (Figure 1) to produce a
nonuniform zeta potential under an applied electric
field. Charges within the fluid rearrange in response
to the surface charge at the posts (Figure 2). Local
electrokinetic pumping at these surfaces then
produces tangential flows at the edges of the posts.
When the posts are configured in an array, these 
flows combine to form microvortices. Because both
the sign of the surface charge and the direction of the 
field are reversed when the field sign changes, the
local pumping direction stays constant under an AC
field. In this work, the microvortices produce 
electronically-controllable mixing flow patterns, and
are observed to concentrate particles into different
regions based on their size.

Figure 1: Photo and cross-section
of polymer device with metallized, 
electrically isolated posts. 

Figure 2: Illustration of ICEO
flow at a polarizable obstacle.
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Figure 3: Streamlines obtained from
particle image velocimetry of a series
of video microscope images. The
electric field direction is horizontal.

FABRICATION 
Zeonor polymer substrates were fabricated by injection molding on a nickel template

which was created by electroplating a wet-etched glass wafer. This produced a polymer
wafer with channels and insulating post arrays. Posts had beveled edges typical of wet-
etched glass. Isolated conductive areas were then patterned on top of individual posts as
follows: 

The entire wafer was coated with a ~20 nm thick titanium adhesion layer and ~200 nm
gold conductive layer. Photoresist was patterned to protect only the areas on the posts. The 
exposed metal was removed by wet chemical etching. Exposure to high temperatures (>100 
C) and harsh solvents must be avoided with Zeonor substrates.

After metal patterning, fluid access holes were drilled in the Zeonor substrate at each
end of the channel. Channels were capped with poly(dimethylsiloxane) (PDMS) lids which
were cast 2mm thick. To aid lid adhesion, the metallized Zeonor substrate and PDMS lid
were exposed to an oxygen plasma at 100 W for one minute immediately before bonding.

EXPERIMENTS 
Devices were powered by an electric circuit which generated a square wave of variable

frequency (20-2500 Hz), peak-to-peak amplitude of up to 300 V, and a 50% duty cycle to
eliminate DC components which would cause electrolysis and global electrokinetic
pumping. Electrodes consisted of platinum wires in reservoirs at the ends of the 1cm-long 
channel.

Solutions of fluorescent, carboxyl-functionalized polystyrene tracer beads (Molecular
Probes FluoSpheres) at 0.02% solids in 0.1 mM KCl were loaded into the channels for
particle image velocimetry.  Adding 1 ul Triton-X 165 surfactant per 1 ml bead solution
reduced bead attachment to the metallized posts without interfering with the vortices. 

Figure 3 shows a set of streamlines that were calculated from video microscopy data.
These streamlines have been superimposed on an image of the posts. Closed streamlines
indicate that near the posts, particles become confined within individual vortices. Electrical
conditions for this image were a square wave frequency of 37 Hz, and peak-to-peak field
strength of 70 V/cm. The tracer particles were 200 nm diameter FluoSpheres.

Figure 4 shows a pair of grayscale images created from a single snapshot of a mixture
of different sized red and green microparticles
inside the channel, approximately three 
seconds after starting the AC signal. On the
left, the large (500 nm diameter) red particles
have been highlighted, and on the right, the
small (200 nm diameter) green particles have
been highlighted. The small particles are
observed to concentrate closer to the centers of
the microvortices than the large particles.  The
applied electrical signal was a 28 Hz square
wave with a field strength of 155 V/cm peak
to peak.

Vortex speed was observed to reduce with
increased frequency, from maximum speed at
the lowest frequencies tested (~30 Hz), to
imperceptible at 2000 Hz.
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Figure 4: Left: Larger 500-nm diameter particles concentrate at outer edge of vortices.
Right: Smaller 200-nm particles in the same channel concentrate near vortex centers.

CONCLUSIONS AND FUTURE WORK
The quadrupolar vortices observed in Figure 3 produce local stirring. To use the effect

for mixing across the entire channel, particles need to be moved out of their original vortex.
This can be done by applying a pressure-driven flow, or by periodically setting up another
set of vortices under different electric field conditions. 

Further investigations into the rapid size separation effect, for instance by keeping
particle size constant and changing surface chemistry, polarizability, and density, will help
determine whether the separation mechanism is electrokinetic or hydrodynamic.  

The dropoff in vortex strength with increased frequency is explained by the time
required for the charges in solution to rearrange in response to the induced metal surface
charge. This rearrangement must occur before electroosmotic pumping can occur along the 
metal surfaces. This ìcharging frequencyî [3] is the ion diffusion coefficient divided by the 
Debye length and the post diameter, and is approximately 1 KHz for this system.

Finally, AC operation of asymmetric devices (such as the ìteardropsî in Figure 4 and 
other asymmetrically patterned posts) was not conclusively observed to produce strong
pumping.  However, if a small pumping effect occurs, it can be amplified by increasing the
pumping surface area, similar to high-pressure DC electrokinetic pumps made from packed
submicron-diameter silica particles. Further simulations and experiments toward pumping
in ICEO devices may enable AC microfluidic pumps to run with simple, integrated
electrodes.
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ON-CHIP TUNABLE MICROFLUIDIC DYE LASER
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ABSTRACT

The fabrication of an on-chip tunable and close loop microfluidic dye laser is presented.
The results of dye laser emission - obtained with a ring resonator, a waveguide for laser
emission output and microfluidic elements for flow control - are detailed. A laser threshold
of 15 µJ/mm² is obtained with a solution of Rhodamine 6G (0.01 mol/L), when optically
pumped (Nd:YAG laser at 532 nm). Photobleaching due to dye flow velocity and laser
tunability due to dye concentration are also studied.

Keywords: Dye-laser, Lab-on-Chip, Microfluidics, Micro-Optics

1. INTRODUCTION

Lab-on-chip applications are becoming more and more complex and the realization of
integrated optical component is necessary for improving on-chip detection systems.

We propose here the fabrication of a tunable dye laser integrated on a
polydimethylsiloxane (PDMS) chip. Such a device offers the possibility to control precisely
fluids circulation and to obtain a longitudinal guided tunable laser beam directly on the
microfluidic chip.

2. DESIGN AND FABRICATION

Both resonator and output waveguide were obtained by photolithography of 10 µm
Microchem SU8 resist (Fig. 1(b), [1]) on a glass substrate. The contrast index between air
and resist forms the mirrors. Only one is filled with ethanol to modify its reflectivity. The
microfluidic elements (Fig. 1(a)) such as channels, valves and pumps were fabricated by
multilayer soft lithography using PDMS, as previously described in [2].

Figure 1. (a) Schematic presentation of a tunable dye laser with a ring cavity and integrated
microfluidic elements, (b) scanning electron micrograph of the ring cavity made of SU-8 resist.
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The device, which is automated with a PC and a home made pressure controller, allows
a precise control of the fluid flowing through the cavity. Indeed, we can control the flow
velocity into the ring adjusting the peristaltic pump actuation frequency (1, 2, 3…). In
addition, we can change the dye concentration in a few seconds using the ring as a mixer.

Figure 2. Emission spectra obtained for
different optical pumping powers. The insert
displays the dye laser output power as a
function of the optical pumping power and
shows a 15 µJ/mm² lasing threshold.

3. RESULTS AND DISCUSSION

A pulsed Nd:Yag laser (532 nm) has
been used as the excitation source and
the dye laser emission through the SU8
output waveguide was collected by a
multimode optical fiber and analyzed
with a spectrometer.

Firstly, the fluorescence and laser
spectra were recorded as a function of
pumping energy density as shown in
figure 2. The insert displays the output
power as a function of pumping energy
density. A threshold of 15 µJ/mm² is
obtained with a solution of Rhodamine
6G at a concentration of 0.01 mol/L and
a dye velocity of about 5 mm/s. The
corresponding full line width at half
maximum is about 5 nm.

To investigate the influence of the flow velocity in a wide range, we replaced the close
loop fluidic circuit presented in Fig. 1(a) by a simple channel connected directly to
capillaries. The flow through the cavity is measured by micro particle image velocimetry.
Figure 3 displays the output intensity measured as a function of dye flow speed. We noticed
that when the flow velocity becomes larger than 1.5 mm/s, the emission intensity reaches a
maximal value.

The above observed behavior can be explained by photobleaching effect, as described
by Crimaldi for the fluorescence [3]. Assuming the concentration is defined as the number
of non-bleached dye molecule per unit volume, the fluorescence intensity could be
described by

( , , ) ( , , )I I x y z C x y z dxdydzpF ∝ ∫∫∫

where IF and Ip are the fluorescence and the pump laser intensity respectively, and C is the
dye concentration. Using this model, a numerical calculation of the fluorescence intensity
has been carried out as a function of photobleaching parameter which is defined by the
pumping laser intensity, the dye molecule quantum efficiency and the dye flow velocity.
The result is reported in the insert of Fig. 3 (dashed line) and compared to the experimental
data (full squares). A similar behavior can be observed: the output intensity decreases when
the photobleaching increases. We noticed that to avoid photobleaching the dye flow speed
must be larger than 1.5 mm/s, a value easily reachable with our peristaltic pump.
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Finally, as wavelength emission depends on the dye concentration [4], the wavelength
tuning was achieved by controlling precisely the injection of small quantity of ethanol into
the mixer with the help of the integrated micro valves and micro pumps, as explained
before. Figure 4 shows three emission peaks centered at 569 nm, 567 nm, and 561 nm,
corresponding to a dye concentration of 10-2, 5.10-3 and 10-3 mol/L, respectively.

Figure 3. Dye laser output power as a
function of the flow velocity. The insert
displays a comparison between the results of
simulation (dashed line) and experiments (full
squares) obtained for the output intensity as a
function of photobleaching parameter.

Figure 4. Laser emission peaks, centered at
569 nm, 567 nm, and 561 nm, for three
different dye concentrations obtained by
injecting more and more ethanol in the dye
solution.

4. CONCLUSION

The dye laser with microfluidic interface we realized offers the possibility to integrate
on a PDMS chip a tunable laser beam. Indeed, we are able to control precisely the dye
circulation through the cavity and also the dye dilution. In addition, the device fabrication
is based on PDMS soft lithography, which is a low cost technology. Finally, the size of the
device, 5 mm by 5 mm, and the logitudinal output waveguide are also interesting in the
objective to integrate this tunable dye laser into a complex microfluidic system in order to
make for instance detection.
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POLYMER ACTUATORS FOR LIQUID
DISPLACEMENT IN MICROCHANNELS 

Matthieu Denoual, Bruno Lepioufle
Biomis-SATIE ENS-Cachan antenne de Bretagne,France

ABSTRACT
This paper reports a method to drive liquids in microfluidic channels using thermal

metal/polymer actuators. This method is bioinspired by movement of small organisms in
liquids. The method allows individual control of the flows in microchannels with low
voltages.

Keywords: bioinspired device, microfluidics, polymer actuator

1. INTRODUCTION
Moving liquids in microfluidic devices is a key issue for devices dedicated to biology

or chemistry. At the present time three main ways to drive liquids in the microfluidic
channels exist : external pumps with reduced portability and connections difficulties ; on
board micro-pump integration, generally piezoelectric [1] with size restriction that limits
the number of channels that could be controlled individually ; and electrokinetic
displacement of liquids [2] which can have adverse effects on living organisms.
We propose a new methodology that allows controlling liquid flows in each single
channel of a micro-device without electrical side effects for living organisms. It is
bioinspired from displacement strategy of small organisms.

2. PRINCIPLE
At low Reynolds numbers, which is the case for microfluidic devices, fluidic

movements are not driven by inertia but by viscosity. Purcell showed in [2] how small
organism developed a way of swimming adapted to this microscale fluidic law. Small
organism progress in low Reynolds number surrounding media thanks to asymmetric
movements [3].
Inspired by this, our aim is to displace the medium surrounding fixed actuators
mimicking the asymmetric movements of small organisms (Fig.1). We choose to use
thermal actuator technology for the actuation [5,6]. In order to have high volume
displacement, thick thermal actuators are required. Another requirement is to be able to
perform those actuators on glass so as to facilitate the liquid displacement study and
analysis and fabricate transparent bio-microdevices. These requirements made us choose
metal/polymer technology for the realization of the actuators.
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3. MATERIAL AND METHODS
Pairs of thermal actuators are placed regularly at the bottom of a microchannel (fig.2).

Each pair of thermal actuator mimics the behavior of small organisms swimming (shown
in fig.1). Thermal actuators are fabricated through standard metal patterning and thick
photoresist lithography (process fig.3). Their metal/polymer structure is presented in
fig.4. Wings are added to the extremities to amplify the displacement. A metal (Cr/Au)
resistor is patterned under the hot arm of the actuator. There is no resistor under the cold
arm because it doesn’t need to be heated. The picture fig.6 shows realization of a pair of
thermal actuators. Actuator thickness is 25µm.

Fig. 2: thermal actuators head-dig in a channel

Fig. 4: Design of Au-SU8 thermal actuator. A
gold resistor heats the SU8 hot arm

Fig. 3: Fabrication process Gold-SU8
thermal actuators (side view)

4. RESULTS AND DISCUSSION
The simulations performed (fig.5) are confirmed by the pratical tests (fig.7). The

operating voltage is low (2-3V) hence IC compatible. The heat transfer remains localized
between the metal and the polymer (SU8) material. The heat transfer rapid in the
surrounding liquid medium as compared to air allows a quick cooling down. The
operating frequencies used up to now are between 1 and 10Hz for liquid displacement.
Liquid displacement is observed with assymetric movement sequences of the actuators.

a b
Fig. 1: assymetrical movement of small organism to swim at low Reynolds numbers
(a), liquid displacement principle around a fixed micro-actuator mimmicking

assymetrical movement sequence of small organism (b)
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Fig.5a: resistive heating
simulation of the metal resistor

Fig.5b: fluidic simulation of the velocity field
(indicative graduation)

Fig.6: pairs of thermal actuators. The three
power supply paths are visible under the

actuators (scale bar is 100µm)
Fig.7: actuation in liquid medium

5. CONCLUSION
We have demonstrated a liquid displacement technique in microchannels which is

achievable thanks to polymer thermal actuators mimmicking the assymetrical
displacement strategy of small organisms. This technology enables the individual control
of microfluidic flows in microchannels with on-board actuators powered with voltages
compatible with integrated circuit technology.
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POLYMER-BASED IN-CHANNEL ACTIVE
MICROVALVES OPERATED BY

PNEUMATIC/THERMOPNEUMATIC ACTUATION
Dae-Kun Yoon, Kwang-Seok Yun and Euisik Yoon*

Dept. of Electrical Engineering and Computer Science, KAIST
373-1, Guseong-dong, Yuseong-gu, Daejeon, 305-701, Korea

* Corresponding Author: esyoon@ee.kaist.ac.kr

ABSTRACT
In this paper we report new polymer-based microvalves operated by pneumatic

/thermopneumatic actuation. In this microvalve, polymer monolith, which is formed inside
microchannels using photopolymerization technique, acts as a flow stopper. The proposed
microvalves can easily achieve size miniaturization, batch fabrication, and easy integration
with other microfluidic components.

Keywords: latch, microvalve, polymer, thermoneumatic

1. INTRODUCTION
The active microvalves are required for desirable flow manipulation in lab-on-a-chips

where highly controllable flow manipulations are needed; however, most of them reported
to date have been implemented using membranes much larger than channel dimension [1].
In this paper, we propose a new in-channel active microvalve operated by pneumatic or
thermopneumatic actuation. This microvalve uses a polymer monolith instead of
conventional membranes, enabling not only small size but also low power consumption
through latch operation in thermopneumatic actuation.

2. OPERATION PRINCIPLE
We propose two types of microvalves; latch type and normally-open type as shown in Fig.
1. The microvalves are composed of a cylinder, a polymer monolith and actuation
chambers.

Open State

Closed State

Open
State

Closed
State

Fluid force
Flow

Cylinder

Cylinder

Flow

Inlet/Outlet
Polymer
monolith

Actuation
chamber

(a) (b)
Figure 1. Schematic view of proposed microvalves: (a) Latch-type (b) Normally-open.
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In the latch type valve (Fig. 1(a)), a polymer monolith makes reciprocation motion inside
cylinder by pneumatic or thermopneumatic forces. When the polymer monolith moves to
left, the valve opens to flow the fluid from inlet to outlet (‘Open State’). However, in the
case that the polymer monolith is pushed to right by applying pneumatic or
thermopneumatic force from the left chamber, the valve is closed blocking the fluid flow
(‘Close State’).

In the normally-open type valve (Fig. 1(b)), a polymer monolith locates at the bottom of
cylinder (‘Open State’). When the pneumatic or thermopneumatic force is applied from
actuation chamber, the polymer monolith moves up and blocks the flow. In this case, the
valve can be opened again by applying negative pressure in the actuation chamber (for
pneumatic actuation) or by turning-off the actuation power, namely, the condensation (for
thermopneumatic actuation).

3. DEVICE FABRICATION

5mm

100 m

5mm

100 m

The flow channel, cylinder and actuation chambers are formed on silicon wafer using
deep silicon etch. Also the through holes are formed for fluidic and electrical connections.
For photopolymerization [2], we have used the glass wafer as a upper plate where platinum
heater lines are patterned on one side and Cr layer is patterned on the other side for UV
mask for photopolymerization. After the anodic bonding of silicon and glass wafer, the
monomer mixture solution is filled in all of the channel and Nd:YAG UV laser is used to
form photopolymerized
polymer monolith. Finally,
the Cr mask layer is removed
and monomer mixture is fully
rinsed using DI water. Fig. 2
shows fabricated latch-type
microvalve and magnified
view. The dimension of
actuation chambers and
cylinders are 500 m 500 m

100 m and 600 m 100 m
100 m, respectively. Figure 2. Photograph of the fabricated microvalve chip.

4. RESULTS AND DISCUSSION

100 m100 m

(b)(a)

Polymer monolith

Figure 3. The pneumatic operation of the fabricated latch-type microvalve:
(a) Open State (b) Closed State.
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The threshold pressures to move the
polymer block were measured about 77
kPa for latch type and 22 kPa for
normally-open type. Fig. 3 shows the
pneumatic operation of the fabricated
latch-type microvalve.

Fig. 4 shows the valve characteristics
presenting flow rate versus pressure
applied on inlet channel for open and
close states. For both latch type and
normally-open type valves, flow rate
linearly increases as a function of
channel pressure. On the other hand, in
the close state, flow leakage is negligible
compared with the open state (0.04

L/min at 12 kPa).
Fig. 5 shows the result of the

thermopneumatic operation of normally-
open type valve. In this case the actuation chamber and cylinder are filled with DI water.
The valve opens by applying power on the actuation chamber and closes again by turning
off the power. The actuation voltage is 5 V, power dissipation is 165 mW, and response
time is measured less than 1 second.

Figure 4. The valve characteristics
presenting flow rate versus pressure
applied on inlet channel at the open states.

100 m100 m100 m

Pt Heater

Polymer monolith

(b)(a)

Figure 5. Thermopneumatic operation of normally-open type microvalve:
(a) Open State and (b) Closed State.

5. CONCLUSIONS
We’ve proposed and demonstrated two types of in-channel microvalves operated by

pneumatic or thermopneumatic actuation. The thermopneumatic actuation of latch type
microvalve is under experiment with size optimization of channel and cylinder. The proposed
microvalve has in-channel configuration integrable for “Lab-On-a-Chip” applications.
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POWER-FREE SEQUENTIAL INJECTION FOR 
MICROCHIP IMMUNOASSAY 

Kazuo Hosokawa, Masaki Omata, Kae Sato, and Mizuo Maeda 
Bioengineering Laboratory, RIKEN, JAPAN 

ABSTRACT 
Microchip immunoassay without an external power source is demonstrated. The PDMS-

glass microchip has extremely simple structure, and therefore is suitable for single-use 
applications. Necessary solutions were sequentially injected into the microchannel in an
autonomous fashion with our original technique: power-free pumping. The inlet opening of 
the microchannel functioned as a passive valve to hold the solution. We tested sandwich 
immunoassay of rabbit immunoglobulin G using the microchannel walls as reaction sites. 
With the sample consumption of 1 µL and the assay time of ~20 min, this method exhibited 
the limit of detection of 210 pM.  

Keywords: immunoassay, immunoglobulin, passive valve, power-free pumping 

1. INTRODUCTION
Immunoassay is one of the most intensively studied applications of microchips. 

Compared with the conventional methods (e.g. microtiter plates), the use of a microchip 
reduces the assay time from two days to several ten minutes. However, most of the 
previously reported microchips have limitations in their use because of the needs for 
external power sources: e.g. high-voltage power supplies and syringe pumps. To date, a 
few groups have reported microchip immunoassay without such instruments. For example, 
the microfluidic capillary system (CS) [1] enabled autonomous injection of a series of 
solutions into a microchannel with capillary action and evaporation. However, the CS 
required complicated microchip design and fabrication.  

In this paper, we demonstrate microchip immunoassay with minimal complication of the 
apparatus (including the microchip) and the operation. The microchip (Figure 1) has the 
simplest structure without mechanical connection to an external instrument; and the 
required operation is only pipetting. To conduct a series of binding reactions on the 
microchannel walls, the necessary solutions were 
sequentially injected into the microchannel in an
autonomous fashion with the power-free pumping 
technique [2]. This technique was previously used
for solution mixing [2] and for preparation of 
electrophoresis [3]. To realize the power-free 
sequential injection (PFSI), the microchip design 
has considerably been modified. We demonstrate 
sandwich immunoassay of rabbit immunoglobulin
G (rIgG) as a model analyte.  

2. EXPERIMENTAL 
The microchip shown in Figure 1 was 

fabricated through the standard soft lithography. 

Figure 1. Perspective view of the 
microchip. The adhesive tape was 
attached immediately prior to use. The 
channels are 100 m wide, 25 m deep, 
and 12 mm long. The reservoirs are 2.5 
mm in diameter.  
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The inlet openings were made by
cutting the straight microchannels
with a knife. Figure 2 illustrates the 
first two steps in the PFSI. In 
advance, air dissolved in the PDMS 
had been evacuated in a vacuum
chamber at 10 kPa for 1 h. After 
the degassing, the microchip was 
removed from the chamber. The 
upper face of the microchip was 
covered with a piece of adhesive 
tape, and the first aliquot was 
dispensed at the inlet with a pipette 
(Figure 2A). Dissolution of air into
the PDMS reduced the air pressure in the channel-reservoir system. This led to spontaneous 
pumping of the solution (Figure 2B). When the entire volume was introduced, the liquid–
air interface stopped at the inlet opening because of capillary pressure (Figure 2C). The 
hydrophilic nature of the glass surface contributed to this passive valve function, which is 
desirable for protection of the microchannel from drying. When the next aliquot was 
dispensed, the microchip instantaneously resumed the pumping (Figure 2D).  

3. RESULTS AND DISCUSSION 
To evaluate the stability of flow rate, we measured flow time (from the dispensing to the 

disappearance of the droplet) of 0.5 L water aliquots. Three minutes after the degassing, 
the first aliquot was dispensed. Subsequent aliquots were dispensed immediately after 
disappearance of the preceding ones. As shown in Figure 3, the flow time slightly increased 
with number of aliquot except for the first one, which was retarded by the initial time-lag 
for reduction of air pressure. The reproducibility, RSD of 4 to 10%, seems to be 
satisfactory.  

For immunoassay, we dispensed an aliquot not immediately after its predecessor finished 
flowing, but after a specific incubation time from the dispensing of the predecessor. In 
practice, this manner is less laborious than watching all the aliquots continually. 
Considering the results in Figure 3, we determined the incubation time for each aliquot so 
that it was always longer than the flow time. The sandwich immunoassay illustrated in 
Figure 4A was carried out through the following steps: (1) capture antibody (Capture-Ab, 
goat anti-rIgG) was immobilized to the walls of the 
microchannel by physisorption from 0.5 L of a 13 

M solution for 4 min, (2) the walls were blocked 
with 0.5 L of 1% BSA for 3 min, (3) 1 L of 0–330 
nM rIgG supplemented with 1% BSA was allowed to
contact with the walls for 6 min, (4) 0.5 L of 670 nM
FITC-labeled goat anti-rIgG (FITC-Ab) supplemented 
with 1% BSA was incubated in the microchannel for 3 
min, and (5) the microchannel was washed with the 
flow of 0.5 L of 1% BSA twice. The total assay time 
was ~20 min including the antibody immobilization 
and the blocking.  

Figure 2. The first two steps in the PFSI. (A) 
Dispensing of the first aliquot. (B) Power-free pumping. 
(C) Retention of the solution by capillary force at the 
inlet. (D) Restart of the pumping by the second 
dispensing.  

Figure 3. Flowing time of 0.5 L
aliquots of pure water. Error bars 
indicate ±1 SD (n = 4).  
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A typical fluorescence image, acquired with an inverted microscope and a cooled CCD
camera, is shown in Figure 4B. By measuring the fluorescence intensity at 1 mm apart from
the inlet opening, we obtained each of the data points shown in Figures 4C and 4D. The 
data points were fitted with the four-parameter logistic function: S = d + (a – d) / [1 + (x /
c)b]; where S is the signal intensity; x is the rIgG concentration; and a, b, c, and d are fitting
parameters. From the best-fit function, the limit of detection (LOD) was calculated as x
which gives S different from the blank signal by 3 SD of the blank signal. As a result, we 
obtained the LOD of 210 pM (32 ng mL 1). This LOD value is comparable with that in
previously reported microchip sandwich immunoassay of sheep IgG (~1 nM) [4].

4. CONCLUSIONS 
Our PFSI method has greatly simplified the microchip immunoassay without loss of the 

advantages of miniaturization: the 1-µL sample consumption, the ~20-min assay time 
including the antibody immobilization step, and the satisfactory LOD in comparison with 
the literature value. The microchip with the extremely simple structure is ideal for single-
use applications. We believe that the PFSI is also useful for other heterogeneous analyses 
such as DNA microarrays. In this case, a flat substrate with appropriate molecular patterns 
(e.g. stripes [5]) on it will be assembled with a surface-embossed PDMS chip, and a sample 
solution and a washing buffer will be injected in this order with the PFSI. 
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Figure 4. Sandwich immunoassay of rIgG. (A) Assay configuration. Capture Ab = goat anti-rIgG; 
FITC-Ab = FITC-labeled goat anti-rIgG. (B) Fluorescence image with 67 nM rIgG. (C) Dose-
response curve obtained by weighted regression with the four-parameter logistic function. (D) 
Lower portion of the dose-response curve in a linear plot. Error bars indicate ±1 SD (n = 4).  



A SELF-PRIMING HIGH FLOW RATE ULTRASONIC
VORTEX PUMP

Xi Chen and Amit Lal
SonicMEMS Laboratory, School of Electrical and Computer Engineering,

Cornell University, USA
ABSTRACT

We demonstrate a silicon-based ultrasonic pump that can sample and deliver fluid to
microfluidic channels possibly integrated in the pump itself, at high flow rates. The pump
consists of a silicon ultrasonic horn actuator with internal channel which generates high
ultrasonic velocity at its tip. This high velocity results in nonlinear acoustic streaming along
the channel and vortices at the high velocity tip. The vortices create a higher pressure at the
pump orifice, while the wall streaming reduces drag along the microfluidic channel leading
to effective self-wetting at the onset of pumping, eliminating the need for pump priming.
The volume flow rate of the pump increases quadratically with driving voltage, and high
flow rates (65 L/s) was achieved at driving voltage of 30 Vpp.
Keywords: silicon horn, acoustic streaming, ultrasonic pump

1. INTRODUCTION
Silicon ultrasonic horns have been reported [1] as power ultrasonic surgical tools. In

this work silicon horns with much larger dimensions than previously reported were
fabricated to achieve higher tip velocity than smaller horns, without increasing strain level.
Pumping of fluid results from acoustic streaming effects, which have been reported before
for fluid manipulation with advantages such as low operating voltage, independence of
electrical properties of fluid, and elimination of complex moving structures [2-3]. It has
also been observed that silicon ultrasonic horns with integrated channels can atomize
fluids[1] and an integrated pump/atomizer can be realized for microfluidic applications.

2. SILICON ULTRASONIC HORN
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Figure 1. (a): Schematic of the 12cm long catenary silicon horn pump. Also shown are the
acoustic streaming effect and tip vortices as the pumping mechanisms; (b): Measured air-

loaded velocity amplitude at the tip and end of the ultrasonic horn
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Figure 1(a) shows the schematic of the silicon ultrasonic horn. Catenoidal silicon horns
with 12 cm length, 26 mm:1 mm end-to-tip width ratio were bulk-micromachined from
1mm thick six-inch silicon wafers. V-grooves were etched on the back side of the silicon
horn, and two horns bonded back-to-back with epoxy formed a complete horn with an
inner channel (0.177 mm2) running from the tip to the end of the horn. Piezoelectric PZT
plates are then bonded to the horn at its displacement node to drive the horn at half
wavelength longitudinal mode of 38.85 kHz. The acoustic velocity at both the tip and the
end of the horn when air-loaded was measured with PolytecTM laser Doppler vibrometer
and plotted in Figure 1(b). There is a linear increase of the tip velocity at the rate of
154mm/s/Vpp , and 17.5mm/s/Vpp for the shank-end. When there is fluid inside the channel,
the velocity gradient of the vibrating sidewall is coupled to the fluid through boundary
layer depth /2 , where is the kinematic viscosity of the fluid and is the
vibration frequency. The oscillatory motion of the fluid within the boundary layer results in
local circulation of fluid similar to a standing wave inside a channel[4]. Although no net
flow should be resulted from the tip to the end of the horn, this effect can effectively reduce
drag forces of the wall presented to the fluid sample.

3. PUMPING EXPERIMENT

Ultrasonic Horn

PZT

Tip in water

Outlet tubing

0

10

20

30

40

50

60

70

80

10 15 20 25 30

Actuating Voltage (Vpp)

V
ol

um
e

Fl
ow

R
at

e
(

l/s
ec

)

Mesurement
Fitting

y=0.65x2, R2=0.94

(a) (b)
Figure 2: (a) Experimental setup for pumping rate measurement; (b) Volume flow rate vs.
driving voltage showing quadratic relationship between flow rate and actuating voltage

Figure 2(a) shows the experimental setup for flow rate measurement. The silicon horn
was driven by Piezo Amplifier EPA-102 from PiezoSystems Inc. Flow rate was measured
by timing and measuring the volume of the collected water pumped to the silicone tubing
outlet at the end of the horn. Figure 2(b) shows the volume flow rate vs. the driving
voltage. The device starts pumping DI water at 10Vpp driving (3.22 L/s) and increases
quadratically with actuating voltage, indicating the pumping mechanism is due to nonlinear
ultrasonic effects.

4. VORTEX FORMATION AT HIGH-VELOCITY TIP
Figure 3 shows an optical micrograph and a corresponding sketch of the streaming

patterns visualized by 10 m diameter polysterene beads in water near the vibrating tip of
the ultrasonic horn. The vortex pattern indicates a pressure field generated due to acoustic
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Figure 3: Votices generated near the tip of the ultrasonic horn during water pumping.

streaming effect that caused fluid to flow into the channel, therefore pumping fluid from
the tip of the horn towards the end of the horn.

5. CONCLUSIONS
A high flow rate micro-fabricated silicon ultrasonic horn pump was developed and

studied. The volume flow rate of the pump is due to the nonlinear acoustic straming effects
and has a quadratic relationship with driving voltages. Acoustic streaming patterns
observed near the tip of the ultrasonic horn pump, together with streaming effect within the
fluid inside the channel are the major mechanism of ultrasonic horn pumping. This work
has potential application in microfluidic systems with integrated fluid sampling and
processing.
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ABSTRACT
In this paper we highlight the fact that hydrodynamic dispersion in narrow

microchannels is essentially controlled by the width of the cross-section rather than by the
much thinner height of the channel. Using the lubrication approximation, we provide
simple formulae that allow quantitative evaluation of dispersion in the long-time regime,
which is effectively diffusive. These results have been verified experimentally in
microchannels with a parabolic cross-section.

Keywords: hydrodynamic dispersion, microchannel, separation, transport

1. INTRODUCTION
Hydrodynamic dispersion plays an important role in microfluidic devices and can be an

advantage or a drawback depending on the application. Indeed, in separation devices it
decreases the resolution [1], while in mixing devices it increases efficiency. In any case,
optimization is one goal when designing a new device.

In typical channel flows, Taylor dispersion is considered a well-understood
phenomenon. Nevertheless, it is difficult to evaluate its extent in microchannels in a simple
fashion since most analyses refer to situations with only one transverse dimension (radius
or height) whereas realistic channels involve both a height and a width. We provide
formulae for dispersion in any narrow geometry, for long times, that highlight the dominant
role of the channel width and we report experiments in straight channels that support the
theory.

2. THEORY
Our theoretical results were obtained by combining the Taylor-Aris formulation [2,3] of

dispersion with a lubrication description of the pressure-driven flow. We have
demonstrated that for a channel of width w and maximum height h0 with h0<<w (slender
channel), the long-time Taylor dispersivity D is

)1( 2

22

m
m D

wUkDD += (1)

where Dm is the molecular diffusion coefficient, U is the average velocity in the channel
and k is a numerical factor that can be estimated for any channel shape [4]. For a parabolic
cross-section, which is common in soft-lithography experiments, we calculated k=0.0031.
The values of k for elliptical and triangular cross-sections are 0.0022 and 0.0052
respectively.
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3. EXPERIMENTS
We designed a microfluidic device (fig. 1) to verify experimentally our theoretical

results. The channel length, L, was either 10 mm or 45 mm depending on the experiment.
Pressure-actuated microfluidic valves were integrated in the device so as to control the
injection and transport of a plug of fluorescent dye as sketched in fig. 1.

Figure 1: Schematic drawing of our microfluidic device. The device has two levels of
channels: fluidic channels are in black and control channels (1,2,3,4) in gray. Control
channels are pressure-actuated and act as valves. Ticks between channels are position
marks.When valves 2 and 4 are closed, a plug of fluorescein is injected between the two
valves through port B (valves 1 and 3 are opened). Then valves 2 and 4 are closed and
valves 1 and 3 are opened: a pressure-driven flow of water (through port A) transports the
plug through the channel.

Devices were made out of poly(dimethylsiloxane), fabricated using multi-layer soft-
lithography [5] and sealed to a glass plate after plasma treatment. The channels had a
constant parabolic cross-section of width w=130 µm and height h0=11 µm (fig. 2a). Control
channels had a rectangular cross-section and were 100 µm wide and 20 µm large.

Measurements of concentration versus time were performed using a CCD camera
connected to a microscope. Fig. 2b is a typical frame on which we performed analysis.
Using Matlab software, we calculated the fluorescent intensity at the tick positions in the
upper and lower channel and we obtained results as shown on fig. 2c. The mean velocity U
of flow was estimated as the distance between the two positions divided by the time
between the two maxima. Experimental data were then fitted, based on 1D-effective
dispersion, and an effective dispersion coefficient D was obtained for each experiment.

Figure 2: (a) Experimental cross-section of channel (black line) and theoretical parabolic
shape (gray line). (b) Typical frame for analysis. (c) Typical plots of fluorescent intensity
obtained after image analysis. These plots are then fitted based on 1D-effective dispersion.
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4. RESULTS AND DISCUSSION
Experimental values of the dispersivity D were plotted against U² (fig. 3). We thus

verified experimentally that for a given width of fluidic channel, w, and cross-section (k), D
is proportional to U² (equation 1).

Figure 3: Experimental values of long-time dispersivity D vs U²

The molecular diffusion coefficient Dm was estimated using (1) as Dm≈2.5 10-10 m²/s.
This value is consistent with others measurements performed in our group (data not
shown). This result provides support for our theoretical analysis and suggests that
dispersion is indeed determined by the channel width w (which is here 12 times larger than
the height). These results are in sharp contrast with, for example, the velocity profile which
is controlled by the channel height.

5. CONCLUSION
Dispersion in microchannels remains of great importance for many applications, yet the

precise role of the shape of the cross-section is not well recognized or understood. In this
paper, we provide basic results to evaluate the dispersion in a given geometry and
emphasize the dominant role of the channel width. These theoretical results have been
verified experimentally.

REFERENCES
[1] D. Dutta, D.T. Jr. Leighton, Anal. Chem. 73 (2001)
[2] G.I. Taylor, Proc. Roy. Soc. Lond. 219 (1953)
[3] R. Aris, Proc. R. Soc. Lond. 235 (1956)
[4] A. Ajdari, N. Bontoux, H.A. Stone, submitted to Anal. Chem.
[5] M.A. Unger, H.P. Chou, T. Thorsen, A. Scherer, S.R. Quake, Science 288 (2000)



EXPANSION CHANNEL FOR MICROCHIP FLOWCYTOMETER 

Hyunwoo Bang1, Hoyoung Yun1, Keun Chang Cho3, Chanil Chung3, Dong-Chul
Han1 and Jun Keun Chang2, 3

1 School of Mechanical and Aerospace Engineering, 
2 School of Electrical Engineering & Computer Science, Seoul National University

3 Digital Bio Technology, Inc. 
Seoul 151-742, Korea 

savoy@snu.ac.kr 
Abstract 

This paper presents a novel way of designing flow focusing channel for 
microchip flowcytometer. We’ve increased throughput and sensitivity of particle 
detection at the same time. Generally, to increase detection throughput of 
flowcytometer, we should speed up the flow inside focusing channel, which will 
result in decreased time of exposure to laser beam. With decreased exposure time, 
both the fluorescence and scatter signal from target particles become dimmer. To 
increase sensitivity of signal detection, we should slow down the flow which will 
result in decreased throughput of detection. We solved this dilemmatic problem by
integrating an expansion channel inside focusing channel. Signals from particles in 
an expansion channel were about 10 times brighter than from those in a normal 
channel. With this enhanced sensitivity, we could also speed up the inlet flow, 
increasing overall throughput of detection at the same time.  

1. Introduction 
Recently, we observed discrepancies between streamlines of focused 

sample liquid and trajectories of particles inside them while passing through an 
expanding geometry (Figure 1.(a)). We also found that this discrepancy grows 
larger as the size of particle becomes bigger [1]. Particles, unlike liquid around 
them, have a tendency to be more strictly focused after passing through an 
expansion channel. For example, when the width of focused sample flow expands 
from 10 Pm to 100 Pm, streamlines of sample flow broaden 10 times, but particles 
inside them (10 Pm in diameter) stays in centerline all through. This is because the 
size effect of suspended particles grows bigger as the diameter of a particle and the 
width of focused sample becomes similar. Noticing that the lateral speed of 
particles decreases when passing through an expanding geometry, we can locally
slow down focused particles without deviating them from the centerline of flow. As 
a result, we get dense, focused and slowly moving single-file stream of particles 
(Figure 1.(b)). As particles move slower, intensity and sensitivity of detected 
signals increase (Figure 2). So, if we locate detection spot at the expansion channel, 
we can increase inlet flow rate of sample without losing sensitivity, resulting in 
higher throughput of particle detection. This is how we’ve increased throughput
and sensitivity of detection at the same time. 
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Figure 1. Scheme describing expansion channel. (a) Before expansion: boundaries for 
sample solution and particles inside it are equal (x = y). After expansion: not equal (x’ y’)

(b) If the width of focused sample is smaller than the diameter of a suspended particle, 
focused particle never deviates from the centerline (x = x’).

Figure 2. Intensity change of a fluorescence bead while passing through a focusing and 
expanding channel

2. Design and Fabrication 
We formulated the relationships among width, depth and length of sheath 

and sample channels, size of particles, ratio of expansion and diameter of detection 
spot (full description of the theory is over the scope of this paper)[2]. Using this 
guideline we fabricated PDMS test chips. After several design and fabrication of 
PDMS test chips with iterative experiments and CFD simulations, we optimized the 
design of focusing channel for microchip flowcytometer C-BOX (Digital Bio 
Technology, Seoul, Korea) (Figure 3). Expansion channels were carefully designed 
not to generate stagnation zones. Design variables were optimized to CD molecule 
detection of white blood cells (5~10 Pm in diameter). The width of optimized 
expansion channel was 100 Pm at its entrance and 500 Pm at its detection spot.

Figure 3. Optimized design for expansion channel.
 (a) ANSYS simulation : no stagnation  (b) Experiment

3. Results and Discussion
We verified our concept by comparing the fluorescence signals of 3 Pm

polyurethane microbeads (Polyscience Co., Warrington, PA) from a normal 
channel and an expansion channel. Detection throughputs were equal for both 
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normal and expansion channels (about 1500 particles / sec.), but intensity levels 
from expansion channels were about 10 times higher than those from normal 
channels (Figure 4). Moreover, coefficients of variation (CV) for signals from
expansion channels were about 20 % lower than that from normal channels 
(average of CV values was 1.8% for normal channels and 1.4% for expansion 
channels). These results prove that an expansion channel enhances intensity and 
purity of detected signals at the same time without losing any detection throughput. 
This also implies that we can speed up the overall flow to increase detection 
throughput without losing its signal quality. 

Figure 4.  Intensity histogram of 3 Pm fluorescence microbeads with respect to detection 
positions (A: normal channel, B: expansion channel, total 70,000 events each.) 

3. Conclusions 
One of the most significant problems in developing flowcytometer is 

increasing detection throughput without losing its sensitivity or enhancing signal 
quality without sacrificing detection throughput [3]. This time we solved this 
dilemmatic problem by integrating an expanding geometry inside focusing channel 
for microchip flowcytometer. Signals from expansion channels showed higher level 
and quality than those from normal channels. We believe that this kind of 
approaches which maximizes the discrepancy between streamlines of focused 
liquid and trajectories of particles inside them will greatly enhance the performance 
of microchips dealing with particle suspended solutions. 
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ABSTRACT

An new injection system is presented for shear-driven chromatography. The device has
been fabricated by high aspect ratio etching of silicon. The performance of the injection slit
is studied through the aid of computational fluid dynamics, and the first experimental
results are presented.

Keywords: Shear-driven chromatography, injection system, high aspect ratio etching,
computational fluid dynamics, nano-channels

1. INTRODUCTION

In recent work [1,2], we reported on the possibility to separate 4-component coumarin dye
mixtures in less than 0.1 seconds using shear-driven flows in 1-dimensional nano-channels
(Fig. 1). The combination of high velocities and ultra-thin liquid layers is very beneficial to
conduct separations and reactions requiring rapid mass transfer between different phases, as
is the case for liquid chromatography.

Although we demonstrated the powerful chromatographic separation performances of the
system, the shear-driven chromatography (SDC) channel systems we are using still lack a
number of critical functionalities (gradient elution, parallel array operation, coupling to
MS,….) so as to be competitive with existing chromatographic instruments.

In the present study, we are exploring the possibilities of using wet and dry etching
techniques to integrate the SDC channels with minimal volume connections to i) an array
of injection wells connecting directly to one member of a parallel SDC channel array
through a narrow rectangular injection slit, ii) an array of accurately positioned buffer wells
to perform on-column gradient mixing.

2. EXPERIMENTAL

The injection slits were machined by backside KOH etching of a silicon substrate until a
membrane of 50 microns was obtained. The through hole was subsequently generated by
deep reactive ion etching from the front side. The channel was formed between two
polished substrates, one relatively short silicon substrate ( 10 mm long) containing an array
of RIE etched spacers in a silicon nitride layer with a height which can vary between 100
nm and a few µm and held within a stationary frame, and one relatively large glass

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

106 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

107

substrate (50 mm long) which is completely flat and held in a translation stage-driven
moving frame. Moving the larger substrate past the shorter, any type of liquid can be
dragged (i.e., is shear-driven) through the nano-channel space formed between both gaps at
velocities up to centimetres per second and independently of the channel depth.

Figure 1. CCD-camera images (stopped-flow image) of the separation of a mixture of 4 coumarin
dyes (C440, C450, C460 and C480) in a channel with d=280nm (sample concentration=1 mM) and
coated with a monolayer of C8 (separation time = 1.44 s).

3. RESULTS AND DISCUSSION

Since flow hydrodynamics play an important role in the performance of the injection and
outlet slits, all designs have been supported using extensive computational fluid dynamics
(CFD) simulation studies. Fig. 3 shows a CFD generated image of the injection plugs
which can be created using the injection slit shown in Fig. 2. This figure shows a WYKO
(optical profilometry) scan of one of the injection slits coupling the channel with a sample
well machined at the back of the channel substrate. CFD revealed a linear relationship
between the injection time and the width of the injected peak. This allows a controlled
injection of a well defined plug.
With this injection system experiments were carried out according to the procedure in Fig.
3. Fig. 4 depicts a plug of a dye which was introduced in the channel. At time 0, the filled
reservoir with dye was moved by 0.1 mm, after which the reservoir was replenished by
buffer and the shear driven principle was performed at 2 mm/s. Theoretically this should
lead to a 0.05 mm wide plug which is confirmed by the experiment, see Fig. 4.

Figure 2. Wyko scan of injection slit.

500 µm
100
µm

1 mm
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Figure 3. CFD simulation of the different steps during injection: a) Sample loaded into injection slit;
b) sample is injected into the channel (by displacement of the moving wall); c) Sample in the
injection slit is replaced by buffer; d) Injected plug is moved through the channel by restarting the
motion of the movable wall.

Figure 4. Injection of coumarin 440 dissolved in methanol (0.5 mM) in a channel with a depth of
400 nm.

4. CONCLUSIONS

A new injection system for shear-driven chromatography has been evaluated by CFD and
the device has been fabricated and tested. This paves the way for injecting well-defined
plugs for future chromatographic separations. Experimental work is under way to evaluate
the performance of all fabricated structures.
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THREE-DIMENSIONAL MICROFLUIDIC FLOW FIELD CHARACTERIZATION
WITH PARTICAL IMAGE VELOCIMETRY AND LASER SCANNING

CONFOCAL MICROSCOPY
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ABSTRACT

Particle image velocimetry (PIV) provides a non-invasive, microfluidics compatible
approach for characterization of flow fields in µTAS systems. This paper describes the
application of confocal microscopy to improve the spatial resolution of PIV thereby
enabling measurement of fine detail in flow fields by using the superior resolution and
optical sectioning ability of confocal imaging. The three-dimensional velocity field present
in a microchamber driven by a piezoelectric diaphragm was measured using this approach.
Experimental results confirm the role of acoustic streaming in the generation of the velocity
profiles.
Keywords: Particle image velocimetry (PIV), confocal microscopy, microfluidics, flow
field characterization.

1. INTRODUCTION

Particle image velocimetry (PIV) has been successfully extended from large scale to
microscale flow characterization [1]. However, PIV measurements through wide-field
microscopy can be biased by non-uniform particle distribution due to hydrodynamic effects.
In this paper, we present using a confocal microscope to limit the depth of view in the range
of 1 µm to eliminate the bias effect. This approach is especially important for the
microfluidic flows with large velocity gradient fields.

2. THEORY

PIV requires the seeding of micro or nanometer scale fluorescent polystyrene spheres into
microchannels, and a series of planar images of moving particles. The velocity of particles
is measured by multiplying their average displacement between image frames with imaging
frame rate. The average displacement of particles in an interrogation area is calculated
based on the cross-correlation of two sequential image frames [1]. In the case where
particles are uniformly distributed, the cross-correlation is dominated by the particle on the
focal plane. However, particles are usually concentrated due to shear flow, the cross-
correlation on a measured plane is biased to the plane with more particles. To reduce this
undesirable effect, confocal microscopy was applied to restrict the thickness of the depth of
field, and eliminate the bias effect. A demonstrative three-dimensional measurement was
done with a microchamber driven by a piezoelectric diaphragm [2,3]. Circulations in the
chamber can be induced by acoustic streaming. The signature of acoustic streaming is the

Using confocal microscopy for PIV was required because particles were unevenly
distributed in the Stoke layers due to the large shear distribution.

3. EXPERIMENTAL

A Zeiss LSM 5 Pascal laser scanning confocal microscope (Carl Zeiss MicroImaging Inc.,
Thornwood, NY) was used to perform the PIV measurements. The depth of field was

existence of Stoke layers [4], where velocity profile has maxima near the solid surfaces.
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optimized to 1.1 m when using a 63x objective to achieve micrometer resolution (Figure
1). An argon-ion laser (488-nm) was used to scan an area of 28.7 m x 28.7 m (64 x 64
pixels) at 16 frames per second. Videos were stored digitally for PIV post-processing.
Figure 2 shows the construction of the microfluidic acoustic streaming chamber. The 6-mm-
diameter, 30-µm-deep chamber was etched in the glass layer. The actuating diaphragm was
composed of a circular bimorph made of silicon (210-µm thick) and a square PZT element
(6x6 mm, 191 µm thick). The PZT element was actuated using a 15 kHz (second resonant
mode), 85 Vpeak-peak sinusoidal signal. PIV was used to measure local velocity in a
microscopic flow field, with a microscope field of view only one thirty millionth of the
whole chamber area. The flow was uniform in the field of view. The global flow field was
then reconstructed from the ensemble of microscopic fields of view. In this study our focus
was restricted to a detailed examination of the three-dimensional flow field of the second
resonant mode. Only the upper half of the chamber was measured because the flow at the
second resonance was observed to be symmetric about the horizontal axis. At each
interrogation spot 15 depths were selected with a 2- m increment along the chamber depth
of 30 m.

4. RESULTS AND DISCUSSION

Figure 3(a) shows the measured PIV in-plane velocity field in a three-dimensional domain.
Figure 3(b-c) show the profiles at selected locations that represent the three types found in
the flow field: (1) The profile of velocity magnitude of the passive flow region is parabolic,
implying pressure-driven flow; (2) The velocity profile of the actuated region has maxima
on the top and bottom, indicating the presence of Stoke layers generated by acoustic
streaming; (3) Two split maxima between the center depth and two boundaries representing
the transition between actuated and passive regions. The results demonstrate that precise
characterization of complex flow fields in microfluidic devices can be performed using the
combined powerful techniques of confocal microscopy and PIV.

5. CONCLUSIONS

This paper presents an experimental protocol for using a confocal microscope to perform
PIV in microfluidic devices. One-micrometer scale resolution measurements have been
achieved. The Stoke layers in an acoustic streaming flow were observed. Because
microfluidic devices and confocal microscpy are gaining popularity in the biology
community, this approach holds promise to become a commonly used approach to
characterize flow at the microscale.
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Figure 1. The experimental setup using a
laser scanning confocal microscope.

Figure 2. (a) Schematic of the chamber
under test, (b) side section view.

Figure 3 (a) 3D velocity field measured by PIV at different depths. (b-c) Velocity profiles
at 3 representative positions for passive, actuated regions, and transitional flow regimes: (a)
magnitude and (b) angle of the velocity vectors (counter-clockwise direction from x-axis).
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A 0.25 PICOLITER ELECTROSTATIC MEMS
SIDESHOOTER DROP DISPENSER

P. Galambos, K. R. Pohl, D. Luck, and D. Czaplewski
Sandia National Laboratories, USA

ABSTRACT
A novel, polysilicon, surface micromachined, electrostatically actuated, mechanical drop

dispenser is presented. The device, fabricated in Sandia National Laboratories SUMMiTTM

technology, delivers 8 m diameter drops at 10 m/s, and can be integrated into an on-chip
manifold, to enable advanced dispensing of multiple solutions.

KEYWORDS: ejector, nozzle, piston, polysilicon

INTRODUCTION
Drop dispensing applications include: 1) micro-arrays, 2) electro-spray, 3) solution

nano/microfabrication, 4) chemical analysis/synthesis. To address 3 we present a 0.25 pl
satellite-free, electrostatically actuated MEMS drop dispenser. The dispenser is a
polysilicon, SUMMiTTM (www.sandia.gov/micromachine) sideshooter – the piston actuates
into the ejection chamber in a direction perpendicular to ejection, allowing shallow (10 m
thick) small area structures (< 1mm x 200 m) to dispense the drop. The dispenser is novel
in that drop size is very small (0.25 pl) is not heated as in thermal ejectors, and does not
have a large E-field applied as in electro-spray or the roof-shooter (making it insensitive to
solution electrical/thermal properties) [1]. In addition, the device generates controlled drop
volumes through precise piston motion. The ejector is batch fabricated and integrated on-
chip, unlike larger dead-volume piezoelectric systems (www.microfab.com), enabling
advanced dispensing functions; such as volume/velocity/location modulation, and mix-
then-eject with very small volumes.

The 10 m diameter ejector nozzle (Fig. 1) is in the top polysilicon layer covering the
~10 m deep ejection chamber. Liquid is fed from the back of the die using a Bosch etched
via to feed channels on two sides of the chamber. The piston is attached to a high
performance comb drive (HPCD) actuator that generates ~1 mN at 100 V [2]. The ~6 m
thick piston actuates into one side of the chamber between the substrate and the cover.

DEVICE OPERATION (FILLING AND DISPENSING)
Prior to dispensing the ejection chamber is filled with liquid. Chamber filling is affected

by the process used to dry the device after it is wet etched to release moving structures.
Typically MEMS are supercritically dried using CO2 (SCCO2) and hydrophilic surfaces
result. Alternatively a VSAMs (vapor self assembled monolayer) process is used to make
the device hydrophobic. The piston/chamber geometry interface design uses surface
tension to prevent leaks around the piston. This surface tension seal operates differently
depending on whether the hydrophilic (SCCO2) or hydrophobic (VSAMs) drying process is
used. A hydrophilic filled device is shown in Fig. 2(a). At zero applied fill pressure liquid
wicks into the small clearances around the piston. Liquid wicked along the piston
connection all the way to the comb drive, shorting the actuator. A hydrophobic device is
shown before (Fig. 2b) and after (Fig. 2c) filling. Once the pressure required to fill the
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chamber was reached it overfilled and a large drop formed at the nozzle (Fig. 2c). The
pressure was then reduced to suck the drop back to the nozzle – ready for dispensing.

Drop ejection is shown (Fig. 3) using an 80 V, 18 s square pulse to actuate the piston
(Fig. 4). The device was illuminated using a Xenon flash (Hamamatsu) with variable
timing between flash and actuation signals to capture drop ejection. The actuator force is
~650 N. Higher forces at the same voltage, allowing larger drop velocities and/or smaller
drop volumes, can be achieved using larger electrostatic or thermal actuators.
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Figure 1. SUMMiTTM MEMS Sideshooter.

(a) SCCO2, 0 psi (b) VSAM, 0.5 psi (c) VSAM, 0.61 psi
Figure 2. Chamber fill: (a) hydrophilic (SCCO2), and (b),(c) hydrophobic (VSAM).
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Figure 3. Piston actuation (top to bottom) ejects a drop (nozzle - 10 m, drop -8 m).
Drop double image due to reflection (10 and 14 s images).

Figure 4. Measured piston displacement ( m) vs time ( s) from beginning of actuation.

6 s 10 s 14 s

Time ( s)

m

Piston motion during ejection
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DEPENDENCE OF THE NUMBER OF THEORETICAL
PLATES OF MICRO COUNTER-CURRENT

EXTRACTION ON FLOW RATES
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ABSTRACT
We report extraction efficiency of the micro counter-current extraction was

quantitatively analyzed. The results could not be explained only by molecular diffusion
and suggested some hydrodynamic effects of molecular transport around the liquid-liquid
interface. In fact, chaotic vortices and transient vortex-like flow have been observed
around the liquid-liquid interface in the micro counter-current flow. These vortex-like
flows may be effective in stirring around the liquid-liquid interface and hydrodynamic
instability may facilitate molecular transport across the liquid-liquid interface.

Keywords: microfluidics, solvent extraction, liquid-liquid interface and two-phase
microflow

1. INTRODUCTION
We have established a general method for integrating chemical and biological systems

on microchannels by utilizing multiphase microflows, which is based on concepts of micro
unit operations (MUOs) and continuous flow chemical processing (CFCP) [1].
Furthermore, we have realized micro counter-current laminar flow and micro counter-
current extraction with high recovery efficiency [2]. In the micro counter-current flow,
chaotic vortices and transient vortex-like flow have been observed around the liquid-liquid
interface, which may be formed by hydrodynamic instability due to high shear stress at the
liquid-liquid interface [2,3]. These vortex-like flows may facilitate molecular transport
around the liquid-liquid interface. In this study, extraction efficiency of the micro counter-
current extraction was quantitatively analyzed.

2. EXPERIMENTAL
Glass microchips were fabricated by a photolithographic wet etching method. The

microchips with patterned surface modification were used to form the micro counter-
current flow [2]. The upper half of the microchannels was hydrophilic by utilizing bare
glass surface and the lower half of the microchannels was hydrophobic by modifying with
octadecylsilane groups. The microchannel had a depth of 200 µm, a width of 300 µm and a
liquid-liquid contact length of 20 mm (Figure 1). The micro counter-current flow was
applied to the micro counter-current extraction with high recovery efficiency, since fresh
water flows from the downstream of the organic solution containing solutes (Figure 2). 10
µM Co-2-nitroso-5-dimethylaminophenol complex in toluene (distribution coefficient
(concentration of Co-complex in the aqueous phase / that in the organic phase) of 1.54) was
extracted by fresh water. Co-complex was detected with a thermal lens microscope (TLM)
at four points corresponding to before and after extraction. The number of theoretical
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plates was examined on the flow rates of the two phases, which the flow rate ratio of 1.0
was fixed and the flow rates were varied from 0.10 µl/min to 1.0 µl/min.

3. RESULTS AND DISCUSSION
Figure 3 shows the TLM signal intensity in the two phases as a function of the flow rates.

Since the sensitivity of TLM depends on the optical and thermal properties of solvent,
TLM signal intensities in the two phases were quite different. Maximum percent extraction
was 98.6 %. The number of theoretical plates from the difference of TLM signal intensities
in toluene phase between before and after extraction was calculated. Figure 4 shows the
number of theoretical plates as a function of the flow rates. The maximum number of
theoretical plates was estimated as 4.6 in the micro counter-current extraction, while that
was 1 in the micro co-current extraction. Number of theoretical plates must be higher as
the flow rates is lower since molecular transport in micro laminar flows is based on
molecular diffusion (Figure 5a). Although liquid-liquid contact time was longest when the
flow rate was 0.10 µl/min in the examined conditions, the number of theoretical plates was
the maximum when the flow rate was 0.15 µl/min. This result cannot be explained only by
molecular diffusion and suggests some hydrodynamic effects of molecular transport around
the liquid-liquid interface. In fact, chaotic vortices and transient vortex-like flows (Figure

Figure 1. Microchip with patterned surface
modification and detection points by a thermal
lens microscope.

Figure 2. Schematic diagram of micro
counter-current extraction.

Figure 3. TLM signal intensity in the aqueous and
toluene phases as a function of the flow rates.

Figure 4. Number of theoretical plates as a
function of the flow rates.
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6) were observed around the liquid-liquid interface [2,3]. When the flow rates were higher,
these vortex-like flows were formed and hydrodynamic instability of the liquid-liquid
interface might be arise due to high shear stress at the liquid-liquid interface. These vortex-
like flows might be effective in stirring and hydrodynamic instability might facilitate
molecular transport across the liquid-liquid interface (Figure 5b). The results, which the
number of theoretical plates was high when the flow rates were high, agrees with forming
of vortex-like flows.

4. CONCLUSIONS
Extraction efficiency of the micro counter-current extraction was quantitatively analyzed.

The results could not be explained only by molecular diffusion and suggested some
hydrodynamic effects of molecular transport around the liquid-liquid interface. The micro
counter-current flow is interesting for understanding molecular transport around the liquid-
liquid interface in micro space.
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Figure 5. (a) Molecular transport in
microchannels based on molecular diffusion.
(b) Facilitation of molecular transport around
the liquid-liquid interface by stirring due to
vortex-like flows.

Figure 6. Transient vortex-like flow around the
liquid-liquid interface in the micro counter-
current flow.



DETERMINATION OF MATRIX POLARITY OF
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ABSTRACT
Here we report a miniaturized experimental assembly and a procedure for the fast

determination of matrix polarity in complex composed solvent mixtures (Figure 1). We
used the advantages of the segmented flow principle to generate nanoliter fluid segments
with individual composition, inside a micro fluidic system in a serial manner [1, 2]. The
polarity of the mixture was monitored by the absorbance wavelength of Reichardts betaine
dye. Spectra were taken directly from the PTFE Tubing using a compact spectrometer
connected by an optical fiber. Ternary polarity diagrams were obtained within 2 minutes.

Keywords: Segmented flow device, anhydrous digital fluidics, micro powder blasting

1. INTRODUCTION
Matrix polarity is important for the rate and selectivity of chemical reactions [3].

Therefore, the control of solvent polarity as well as the polarity of gels is of particular
interest for miniaturized combinatorial and microanalytical chemistry. The polarity of a
reaction supporting matrix is determined by solvent composition and dissolved additives.
But the effect of concentration changes on the resulting matrix properties is not linear and
thus, the prediction in case of complex matrices is difficult.

2. EXPERIMENTAL
Three different solvents were delivered with syringe pumps [4] varying dispensing

volumes to form individually composed fluid segment. Specially designed cross channel
elements were applied for the segment generation (Figure 2). These cross channel elements
were made of glass by micro powder blasting [5]. The glass surface was coated with a
polymer film to get suitable wetting conditions. Perfluorinated solvents were used to
separate the individual segments. The formation, transport and spectral analysis of the fluid
segments were controlled automatically by a LabView application. Series of variable
composed segments were realized with a high reproducibility in a volume range of 150 nl
up to 1 l.

The solvent polarity was monitored by dissolved Reichardts betaine as solvatochromic
indicator dye [6]. This dye was always used in a concentration of 5 mmol/L. The optical
readout was realized by means of a glass fiber system connected with micro apertures using
a common PTFE-tubing (0.5 mm i.D.). A white light LED or UV-Lamp was use as light
source. Optical spectra were recorded in the range of 400 – 900 nm with a frequency of 50
Hz by means of a compact UV-Vis spectrometer. The maximum absorbance wavelength
was measured with an accuracy of about 3 nm in each segment spectrum.
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Resulting ET
N values measured in the micro segments were compared with manually

composed reference mixtures. The present injector device allows the polarity determination
of individually composed segments with an accuracy of about 0.02 ET

N numbers. The
segment formation process starts with the simultaneous delivery of appropriate solvent
volumes followed by the fluorinated separation liquid. If no or only low volumes of one
component are delivered, the programmed volumes were exceeded by washing out small
solvent portions out of the other injectors. This perturbing wash out effect was minimized
by variation of the flow rates, total segment volumes and delay times. At least the deviation
of the segment composition was lower then 2% of the programmed volume.

4. CONCLUSION
The set-up and procedure is well suited for the screening of complex matrix

compositions. Three dimensional polarity diagrams consisting of 66 measurement points
(Figure 4) were generated within two minutes with a very low solvent consumption (< 10
µl). The solvent polarity was measured with an accuracy of about 0.02 ET

N numbers. The
fluorinated separation liquids were reused consistently. Hence the described method is of
advantage in terms of environmental sustainability. The described method extends the
micro segmented flow principle for chemical applications which need anhydrous solvent
conditions and enables the fast analyses of complex mixtures in a systematical way.
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EFFECTS OF FLUID ELASTICITY ON THE DYNAMICS
OF DROP FORMATION IN MICROCHANNEL FLOWS

Joeska Husny1 and Justin J. Cooper-White2

1,2 Department of Chemical Engineering, The University of Queensland
St Lucia, QLD 4072 – AUSTRALIA.

ABSTRACT
In this study, polymeric micro drops from low viscosity, elastic fluids have been

generated in T-shaped microfluidic devices under Stokes flow conditions (Re < 0.1)
employing a cross-flow shear-induced drop generation process. Dilute (c/c* ~ 0.5) aqueous
solutions of Polyethylene Oxide (PEO) of various molecular weights (3x105 – 2x106 g/mol)

as the continuous phase fluids. The effects of viscosity ratio and fluid elasticity on the
mechanism of drop detachment and break-up were studied in this non-Newtonian -
Newtonian multiphase system. Two distinct regions of filament thinning dynamics, a ‘pre-
stretch’ region and an exponential self-thinning region, were observed for the highest
molecular weight of PEO studied. A novel one dimensional model to predict the primary
drop size as a function of Capillary number and device geometry is also presented.

Keywords: Boger fluid, microchannel, polymeric drops creation, elasticity, poly
(ethyleneoxide)

1. INTRODUCTION
The development of microfluidic systems which allow for the creation of micro and

nano-drops inside microfluidic devices has received significant attention in recent years,
due largely to foreseen applications of this technology in microreactor designs and in high
accuracy drug and DNA delivery. Thorough understanding of the dynamics of
monodisperse micro or nano-drop formation for both Newtonian and non-Newtonian fluids
in microfluidic channels is thus essential to ensure that drops can be created based on any
specific requirements, such as drop size, patterns and productivity.

2. EXPERIMENTAL SETUP
T-shaped microchannels were fabricated using a polycarbonate substrate, which was

chosen for its good optical transparency and rigidity. The method of fabrication employed
is the ‘modified’ laser-LIGA process detailed previously [1]. Dimensions of the channels
were 27.5 µm and 275 µm for the dispersed phase (DP) and the continuous (CP) channel
respectively.

Table 1 shows the wide range of fluids chosen in order to perform a systematic
experimental study on microchannel-based drop creation in the presence of cross-flow
shear. Comparative studies of drop size variation and drop breakup dynamics are performed
for Newtonian - Newtonian systems and Non-Newtonian - Newtonian systems of varying
viscosity ratio (1 50) where the viscosity ratio ( ) is defined here as the viscosity of
the continuous phase fluid ( CP) to the viscosity of the dispersed phase fluid ( DP).

were used as the drop phase fluids whilst silicone oils (5 mPa.s 50 mPa.s) were used
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Images were captured and processed using a high-speed camera (Phantom V, Vision
Research) which can capture of up to 64,000 fps at 256 x 256 pixels resolution. Frame rates
used in the experiments reported here were varied from 1000 fps to 6000 fps and exposure
time of approximately 230 s.

4. RESULTS AND DISCUSSION
The effect of changes in the continuous phase (CP) flowrates on the resulting drop size

was studied for the glycerol/water mixture and the PEO solutions. The primary drop size
decreased with increasing CP flowrates for a fixed value of dispersed phase (DP) flowrate,
in agreement to previous works done by others [2, 3, 4]. Changes in viscosity ratio over a
range of viscosity ratios (1 50), showed similar behaviour (see Figure 1a and 1b). For
a given value of CP flowrate, smaller drop sizes were created at higher values of viscosity
ratio due to the increase in the crossflow shear force over the interfacial forces at the
channel junction. Additionally, an increase in the continuous phase flowrate and viscosity
ratio ( ) results in a substantial reduction in the period between drops. The presence of
elasticity did not affect the primary drop size produced for all viscosity ratios studied.
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Figure 1. Drop size (non-dimensionalised against the CP channel diameter) as a function of

cross-flow shear and viscosity ratio of two Newtonian fluids of varying viscosity.
Lines are to guide the eye only.

In developing an applicable set of equations to represent this flow, the complex three
dimensional force balance at the point of drop break-up from the dispersed phase channel
was simplified by considering only those relevant force contributions in the cross-flow
shear direction. The drop size was calculated at the end of the growing stage when the
forces were balanced. Figure 2 shows our one-dimensional model prediction for drop size
for all of the fluids investigated in this study of varying viscosity ratio as a function of Ca.

Fluid Phase (mPa.s) Name Description
Continuous

Phase
5, 10, 50 SO5, SO10,

SO50
Silicone Oil (Dow Corning)

1 WTR Millipore distilled water
5 5GLY 50wt% glycerol-water mixtureDispersed

Phase 5 PEO Poly-(ethylene oxide) in 45wt%-
55wt% glycerol-water mixture
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Figure 2. Plot of drop diameter (ratio) as a function of Capillary number for viscosity ratio of [ =
10, = 2, = 1 ]. The lines shown are the drop size prediction for each viscosity ratio
given by the presented 1-D analytical model.

Analysis of the filament dynamics during the drop detachment stage of the elastic fluids
revealed that there are two distinct regions – a pre-stretch region and an exponential self-
thinning region. The three typical plots of non-dimensionalised filament length, minimum
filament diameter and Hencky strain ( D) as a function of the time-to-breakup (tB-t) for the
PEO-2M solution are shown in Figure 3a, 3b and 3c, respectively. Analysis of the
exponential thinning region of the filament inbetween two subsequent primary drops
provided an estimate of the fluid relaxation time as a function of cross flow velocity. The
calculated relaxation times were close to the predicted Zimm time and were shown to
increase with increasing cross flow velocity.

Figure 3. Two distinct regions (pre-stretch region and exponential self-thinning region) shown in the
typical plots obtained from experimental analysis on filament thinning dynamics during the
drop detachment stage. (a) dimensionless filament length, (b) dimensionless filament
diameter and (c) Hencky strain versus the time prior to the break-up time of the filament.
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5. CONCLUSIONS
In this paper we have investigated the drop formation and break-up dynamics of

Newtonian and elastic fluids of equivalent shear viscosity, interfacial tension and density
within a cross flowing oil stream in T-shaped microchannels. For both systems, increasing
cross-flow shear decreased the primary drop size in a non-linear fashion over a large range
of viscosity ratios (1 50). We have presented a one-dimensional analytical model
which allows an accurate prediction of the primary drop sizes over the range of flow
conditions and fluid properties investigated. At molecular wieghts of above 2 million,
dilute PEO solutions exhibit two filament thinning regions; a ‘pre-stretch’ region, which
pre-strains the polymers in solution, and an ‘exponential thinning’ region, from which we
can extract a fluid relaxation time. This fluid relaxation time is of the same order of
magnitude as the theoretical Zimm relaxation time. The presence of elasticity in dispersed
phases within microfluidic devices can be tuned to produce secondary drops of
monodisperse sizes at high cross flow velocities.
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MICROFLUIDIC CHIPS SYSTEMS BASED ON
STOPPED-FLOW LIQUID-LIQUID EXTRACTION
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ABSTRACT
In this work, a novel miniaturized liquid-liquid extraction system under stopped-flow

manipulation mode was developed by stopping the organic solvent flow in the solvent
channel while the aqueous phase flows by continuously in the extraction channel. Focusing
of analytes in the organic phase near the interface of aqueous and organic phases, owing to
dissolution of organic solvent into the flowing aqueous stream, was observed for the first
time.

Keywords: Microfluidic chips, liquid-liquid extraction, stopped-flow

1. INTRODUCTION
Liquid-liquid (L-L) extraction is among the most well-developed techniques for analyte

preconcentration and matrix isolation in analytical procedures. The development of
microfluidic systems offers possibilities for further miniaturization of L-L extraction
separations. In most L-L extraction systems performed on microchips reported thus far,
continuous flow manipulations for both organic and aqueous phases have been adopted [1,
2]. In such systems, enrichment factors higher than 10 fold were difficult to achieve owing
to limitations in organic/aqueous phase ratio applicable in a continuous laminar flow
system.

In this work, a novel miniaturized liquid-liquid extraction system under stopped-flow
manipulation mode [3] was developed by stopping the organic solvent flow in the solvent
channel while the aqueous phase flows by continuously in extraction channel.

2. EXPERIMENTAL
A home-built confocal microscope laser induced fluorescence (LIF) system, equipped

with an ocular and a 473 nm diode laser for excitation, were used for observation as well as
for detection. The laser beam was reflected and focused to a 20-µm point on the channel
recess from below the chip. The emitted light was collected by the same focusing system,
and detected by a PMT. For direct viewing and recording of the extraction process, the
ocular mounting was substituted by a CCD camera.

A glass chip with a “Y”-shaped channel was used for the liquid-liquid extraction (Fig.1).
The channels on the chip were fabricated using a standard photolithographic procedure with
a depth of 25 µm and width of 270 µm.

Butyl rhodamin B (BRB) solution and isobutanol were used as aqueous and organic
phases to demonstrate the performance of the system. Gravity induced hydrostatic pressure
was used to drive the organic and aqueous phases through the chip channels by varying
liquid levels in the reservoirs.
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Figure 1. Schematic of the microchip for liquid-liquid extraction analysis (not to scale)

Stopped-flow extraction was achieved by adjusting the liquid levels in the reservoirs to
produce a stationary organic phase and flowing aqueous phase. The extraction was
performed first by adding 200 µL organic solvent into the solvent reservoir, keeping the
sample and waste reservoirs empty. The organic solvent rapidly filled the entire channels.
Then the sample reservoir was filled with 200 µL aqueous BRB sample. The organic
solvent in the extraction channel was rinsed out by the aqueous sample solution, leaving the
organic solvent stopped in the solvent channel forming a stable interface between the
aqueous and organic phases at the outlet of solvent channel. Keeping the sample solution
flowing continuously, BRB was transferred from the aqueous phase into the organic phase
through molecular diffusion. The fluorescent intensity of the dye extracted in the organic
phase was monitored using the LIF detector by focusing the laser beam on the organic
phase proximate to the interface between the two phases.

3. RESULTS AND DISCUSSION
Extraction process Fig.2 shows a series of CCD images recorded in an extraction

cycle. During extraction, the analytes were transferred into the organic phase by molecular
diffusion through the phase interface. Simultaneously, a low flow of organic solvent into the
continuously flowing aqueous phase occurred owing to dissolution of organic solvent,

Fig. 2. Series of CCD images in an extraction cycle. Isobutanol as extractant and 10-3 mol L-1

BRB solution as sample (the interval is 30 seconds).



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

130

while the interface position was maintained. As a result of the opposite directions of mass
flow, the analytes were concentrated in a narrow zone proximate to the phase interface, and
a concentration gradient of analyte in organic phase was also produced in this area (as
shown in Fig. 3). The intensity of the focusing effect was determined by the aqueous phase
flow-rate and the solubility of organic solvent in aqueous phase.
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Fig. 3. Concentration profile in proximity of the Org/Aq interface, obtained following 20 min
extraction. BRB: 1 10-6 mol/L sample.

The channel configuration for the L-L extraction chip was optimized. The effects of type
of organic solvent and flow-rate for aqueous solution on the extraction performance were
investigated.

Performance The precision of the measured fluorescence values for a 1 10-6 mol L-1

BRB standard was 2.7% RSD (n=4) with a preconcentration factor of 40. A linear response
in the range of 1 10-7- 1 10-5 mol L-1 BRB was obtained with the regression equation: I =
1 108C+ 17.8 (R2 = 0.9857). The detection limit was 4.5 10-8 mol L-1 (S/N=3).

4. CONCLUSIONS
The present system proved to be an efficient means for achieving microfluidic chip based

L-L extraction, with good reliability and repeatability, as well as higher enrichment factor
compared with reported L-L extraction chip systems based on multiphase laminar flows.
The present system forms a useful platform for the on-line pretreatment of microvolume
samples.
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MICROTHERMAL TECHNIQUES FOR MIXING, 
CONCENTRATION, AND HARVESTING OF DNA   
AND OTHER MICRODROPLET SUSPENSIONS 

Amar S. Basu*, and Yogesh B. Gianchandani 
EECS Department, University of Michigan, Ann Arbor, USA 

ABSTRACT 
The use of microprobes to manipulate, concentrate, and sample aqueous droplets within an 
oil phase on a blank substrate is explored.  In particular, this paper introduces a number of
thermal-based techniques which make use of a point heat source to perform high speed
mixing of droplets at speeds up to 300 rpm, collection and merging of droplets, 
concentration of suspended particles through controlled evaporation of the droplet, and
precipitation of low concentration suspensions such as DNA onto a microprobe tip.
Quantities of DNA as low as 10 ng have been sampled on a 15 µm diameter tip.  

Keywords: microdroplet, mixer, DNA precipitation, preconcentration

1. INTRODUCTION
Microscale investigations in cellular and biochemical analysis often call for flexibility

beyond what can be achieved with micromachined substrates.  In such situations, 
microprobe-based tools can be used for localized sensing and actuation instead of fluidic
chips.  Among the best known examples are microdroplet-based chemical analysis systems,
where micron-scale droplets of aqueous suspensions submerged within a continuous oil
phase serve as low-volume, high-speed chemical reactors for quantifying single cell 
enzyme kinetics [1], concentrating nanoparticles and dissolved solutes [2], detecting low
concentrations of molecules [3], and amplifying single molecules of DNA [4].  In contrast 
with the traditional approach of processing liquids in a microfluidic chip, samples and
reagents are manipulated in droplet form using a variety of localized techniques, including 
micropipettes, optical pressure [5], and electrostatic tips [6].  These systems attain many of
the benefits of conventional microfluidics including fast reaction times and low reagent
consumption; however, they also offer additional benefits such as reduced adhesion of cells
and hydrophobic molecules to channel walls, as well as simplicity and flexibility since no
prefabricated chips are required. 

This paper introduces a number of micro-thermal techniques for common procedures in
microdroplet systems, all of which make use of a heated microprobe tip; namely, we
demonstrate high speed mixing of droplets, collection and merging of droplets, 
concentration of suspended particles, and the aggregation of DNA onto a microprobe tip. 

2. CONVECTIVE MIXING OF DROPLETS 
A heated metal tip (φ=5-620 µm, T=35-45°C) placed in contact with the surface of a 

thin layer of mineral oil (200-1500 µm) establishes a micro-scale temperature gradient 
extending radially from the region directly beneath the heat source.  The resulting
convection currents flow radially outward on the top surface of the liquid pool, and inward
below the surface, forming self-circulating toroidal streamlines which have been used to
trap small solid particles and droplets [7]. In the previous work, the particles are small 
compared to the cross-sectional height of the convective flow region, and, as a result, they 
follow the toroidal streamlines.  In the present work, we show that when the height of the 
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flow region is approximately the same as the droplet diameter (Fig. 1a), the convective
currents can rotate and mix the droplet in various patterns depending on the size of the 
heated tip.  In the case where the tip diameter is approximately the same size as the droplet, 
the droplet rotates about a single axis at speeds up to 300 rpm (Fig. 1b).  As the droplet
diameter is progressively increased, the rotational speeds fall, and the flow pattern begins to
change (Fig. 1c).  Eventually, when the tip diameter is small compared to the droplet, a
flow pattern composed of two vortices and turbulent eddies is observed instead of rotation
(Fig. 1d).  Both patterns can be useful for micro mixing within a single droplet. 

3. DROPLET COLLECTION AND MERGING 
The ability to merge discrete droplets is important capability in microdroplet systems,

as it allows reagents to be mixed at time scales fast enough to study chemical kinetics [1,6]. 
To collect and merge droplets, the heated tip is suspended just above the oil layer, and heat 
transferred to the oil surface drives convection rolls in the same manner as described above. 
Rotating droplets trapped in the flow collide and merge together without the aid of a 
surfactant (Fig. 2).  The rotation and reduced surface tension due to heating may both assist
in droplet merging.  By scanning the heat source laterally, several droplets over a large area 
can be collected and merged. 

Fig 1: (a) A microprobe tip in contact with a thin oil layer generates a micro-thermal gradient which
drives convective flows around and within the droplet. (b) Single axis rotation occurs when a 650
µm tip is placed near a droplet of approximately the same dimensions. (c) The effective rotational 
speeds using a 50 µm tip fall as droplet diameter is increased due to the change in flow geometry. 
(d) Vortices and turbulent eddies can be seen instead of rotation when a small (15 µm) tip is used in 
conjunction with a larger (φ=1000 µm) droplet.  In both experiments, the tip temperature was ~35-
45°C. Flow patterns are visualized using immersed fluorescein particles and a 0.5 second CCD 
exposure with 490 nm/500 nm excitation/emission filters. 
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4. CONCENTRATION OF SUSPENDED PARTICLES
Unlike droplet evaporation on a solid surface, where suspended particles eventually

deposit themselves in a circle (the commonly observed ‘coffee ring’ [8]), particles in an oil-
immersed microdroplet aggregate towards the center instead, eventually forming a
concentrated solid precipitate after the liquid has completely evaporated.  Microdroplet
evaporation is, therefore, an effective means to concentrate particles dissolved solutes, but
evaporation times for even small (φ=10 µm) droplets can be greater than 1 hour [2].  A
heated tip placed next to a suspended microdroplet enhances the evaporation rate, allowing 
controlled evaporation of an 1800 µm droplet in less than 3 minutes (Fig. 3).  The linear 
reduction of the droplet surface area over time is consistent with previous reports [2]. After
the droplet has evaporated, the concentrated solids remain in the oil, trapped in the 
convective flow described above. 

5. AGGREGATION DNA ON A MICROPROBE TIP
If a droplet is evaporated with the heated tip immersed within it, any suspended or

dissolved compounds aggregate on the tip as the droplet evaporates. This provides a means 
to concentrate and ‘nanosample’ small amounts of solutes onto a probe tip for subsequent
analysis using methods such as micro-IR spectroscopy [9].  Fig. 4 shows the aggregate 

Fig 2: A 650 µm diameter, 80°C wire tip 
suspended < 100 µm above mineral oil is used to 
collect and merge four droplets (φ=200-400 µm).
(Top) The droplets are trapped in the self-
circulating convective flow. (Right) The droplets 
merge together, one by one, eventually forming a 
single, φ=600 µm droplet in 9 seconds. 

Fig 3: (a) A 60°C, 50 µm tip is placed in contact with the oil near an 1800 µm droplet containing
suspended 3 µm polystyrene beads.  As the liquid evaporates, the dissolved particles concentrate in
the center of the droplet, forming a solid micro-particle suspended in the oil. (b) The surface area of
the droplet decreases linearly with time until all the liquid is evaporated at 150 s.
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obtained from 1 µL samples of high concentration calf thymus DNA (10 µg/µL, Invitrogen)
and low concentration human male DNA (10 ng/µL, Applied Biosystems) on a φ=15 µm
metal tip. When the tips are placed in a DNA staining solution, much of the aggregate is 
washed away; however, fluorescent images show that adsorbed DNA residues remain. 

6. CONCLUSIONS 
The experiments described in this effort demonstrate that a heated microprobe tip is a 

versatile tool that accomplishes several functions in chipless microdroplet analysis systems,
including droplet mixing, merging, concentration, and precipitation. 
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Fig 4: (a) A 15 µm, 40°C tip is lowered into a floating droplet containing DNA suspension. As the 
liquid evaporates, DNA aggregates onto the tip, and the tip is then removed from the oil. (b) DNA 
precipitate collected from 1 uL samples of 10 µg/uL Calf Thymus DNA (top) and 10 ng/µL Human
Male DNA (bottom), shown in a bright field image before staining (left) and in 490 nm/500 nm 
fluorescence after immersing in SYBR Green I DNA stain (right). 



A MULTIFUNCTIONAL MACRO-TO-MICRO
INTERFACE FOR HIGH THROUGHPUT

MICROFLUIDIC SYSTEMS
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ABSTRACT
We present a platform for high throughput microfluidics that eliminates the need for

physical connections. Through a passive pumping-based interface with a liquid handling
system samples and reagents are introduced, and fluid is manipulated within networks. The
simplicity of this platform may facilitate use of microfluidics by life scientists.

Keywords: Macro-to-micro interface; high throughput screening; passive microfluidics

1. INTRODUCTION
The platform described here merges surface tension driven passive pumping with

automated liquid handling equipment to enable both preparation and execution of cell based
assays in arrays of simple microfluidic networks. Our basic premise is that essentially all
microfluidic systems, from a simple microchannel to a highly integrated system, still
require the transfer of a liquid sample into the device (that is they require a macro to micro
interface). Since this interface is a fundamental requirement of any microfluidic system, we
have developed a macro to micro interface that is capable of performing multiple functions
reducing the need to create highly integrated microsystems to perform complex assays.

While integrated self-contained microsystems are important for applications such as
point-of-care diagnostics, there are other areas, where the goal is high throughput and thus,
it may be advantageous to reduce the complexity of the microdevice and instead employ a
generic pipetting workstation that induces actuation within a passive device.

Usually, sample introduction and/or fluid flow within a microfluidic device will require
either electrical or fluidic connections [1]. The method presented here requires no physical
connections, only a flat hydrophobic surface and simple fluidic access ports. A drop of
solution targeted for a port will form a spherical droplet on top of the port and maintain its
shape by surface tension. Flow is achieved via passive pumping [2], illustrated in figure 1.

We have demonstrated that this platform enables not only sample transfer into a
microchannel, but also a variety of applications based on laminar flow and on the properties
of passive pumping, such as retention of laminar flow pattern after stopping flow.

2. EXPERIMENTAL
Microfluidic channels were prepared in polydimethylsiloxane (PDMS) by micromolding.

The channels were placed in an Omnitray (Nalge Nunc International), which is a flat tray
with a footprint identical to that of a microtiter plate. The microfluidic channels were
designed such that the location of the ports coincide with the center of a well on a 384- well
microtiter plate. Two ways of addressing the arrays were explored, an 8 channel electronic
pipettor (Brand GmbH, Germany), and Biomek FX automated liquid handling system
(Beckman Coulter). Figure 2 shows an array of simple microchannels and a liquid handling
system dispensing fluid at one of the channels.
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Figure 1: Droplet pumping. a) A small drop (pumping drop) is dispensed at one end of a fluid filled
channel that has a large drop (reservoir) on the opposite side. b) Surface tension causes pressure

gradient that results in flow into the channel until the pumping drop is consumed.

Figure 2: Left: microchannel array in a 384 well format. The channels have been filled with a dye for
visualization. This device has 96 channels, each18 mm long. We have made arrays of up to 768

channels. Right: microchannel array on a automated pipetting workstation dispensing a dye.

3. RESULTS AND DISCUSSION
In drug discovery, the use of ELISAs and other assays that require washing is limited
because of the difficulties involved in washing wells under around 10 !l. Using an array of
channels such as the one shown in figure 1 we have demonstrated washing of 7!l
microchannels as shown in figure 3.

Figure 3: Microchannel washing by passive pumping. Channel volume is 7 !l and each drop is 4 !l.

One of the properties of passive pumping is that the pressure gradient only exists
between a pumping drop and a reservoir drop. The fluid in other branches of a network is
not significantly disturbed. Figure 4 shows a microfluidic network with four branches. The
reservoir drop was located at the top and a pumping drop containing fluorescent beads was
dispensed at the bottom forming a plug. Water was dispensed at the same port washing out
the center of the plug. This was repeated twice forming a concentric pattern of bands.
Subsequently water was dispensed on the right, washing out the right half of the pattern.
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Figure 4: Four branch network. Reservoir drop was located at the top. Far left: brightfield;
Center left: fluorescent bead suspension was dispensed at the bottom port. Center right: water
was dispensed at the bottom. Far right: After dispensing a fluorescent bead suspension at the

bottom port again, water was dispensed at the right port.

In systems using an external pump, the resistance and elasticity of tubes, and the
inertance of the fluid causes oscillations when pressure changes. Because there are no tubes
needed for passive pumping, and the pressure gradient reduces as the pumping drop is
consumed, the flow stops very gently, and without oscillations. This maintains the flow
pattern, such as laminar streams, after flow has been stopped. In figure 5 a four input t-
junction channel is shown. Four drops were dispensed simultaneously at the inputs, two
containing fluorescent beads, two containing only water. The far right figure shows the
beads after the flow has stopped. The laminar streams maintain their shape to a large extent.

Figure 4: Four input T-junction. Reservoir drop located at the right end, pumping drops dispensed
simultaneously at the left end, two containing fluorescent beads, two only water.

Both the methods shown in figure 4 and 5 may be used for surface treatment, cell
seeding or to set up gradients of soluble factors. Such gradients will change over time and
may need to be reset at regular intervals.

4. CONCLUSIONS
Our work presents a multifunctional macro-to-micro interface for microfluidics that

facilitates the introduction of microfluidic solutions in life sciences and biotechnology by
merging it with lab automation technology that is already established. This platform is
compatible with many previously reported microfluidic applications. We also demonstrated
some simple methods that are based on the properties of passive pumping.
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CHANNELS WITH WEDGE COMPRESSION HIGH-

DENSITY FLUIDIC INTERCONNECT TECHNIQUE AND
MAGNETIC FORCE SEALING

Larry L. Chu1,*, and Franco Cerrina1,2

1Genetic Assemblies Inc., USA and
2University of Wisconsin – Madison, USA

ABSTRACT
In this paper, we report our progress in the development of microfluidic interconnect

technologies. We have developed a Wedge Compression Sealing (WCS) method to
attaching polymer tubing into a solid manifold (i.e. PMMA, PS, metal, glass and such) at
high-density (up to 36 ports/cm2), each can withstand >70 PSI (upper limit of our testing
apparatus). The method does not introduce extra materials that are wetted in the fluidic
path; it is also extremely simply in fabrication and inexpensive. An extension of this work
uses WCS with magnetic manifolds to seal fluidic interconnects. We have used WCS to
fabricate a 10-channel DNA synthesis chamber and have demonstrated its operation.
Keywords: Interconnect, Wedge Compression, Magnetic Seal, High-Density

1. INTRODUCTION
Interfacing with microfluidic devices remains to be “a key challenge that must be met in

order to build a functional lab-on-a-chip” [1]. There have been a number of publications
on the subject [2-8]. Many labs simply use epoxy to attach tubing to their devices, while
others have developed “microfluidic circuit boards” [5]. While using epoxy may be
effective, it introduces a material that may not be compatible with the application. Thermal
diffusion bonding of different layers of microfluidic manifold [6] had also been used, but
the approach is complex. Commercial solutions exist in the form of NanoPortTM from
Upchurch Scientific, but it is expensive and low density. We report a method to attach
tubing to machined manifolds using a simple and effective technique that does not require
special equipment.

2. DESIGN AND FABRICATION
The wedge compression sealing (WCS) technique attaches 1/16”, 1/32”, or smaller

diameter polymer (Teflon, FEP, PE, etc.) tubing onto a manifold which can be made of
almost any solid material. There are two main components to the WCS process: the
manifold and the tubing. The manifold has drilled through holes with diameters that are
1mil to 10mil (25 to 250 µm) smaller than the undeformed outside diameter of the tubing.
The diameter of the through hole depends on the polymer material and the tubing diameter.
The number and density of the through holes is limited only by the diameter of the tubing
and the spacing between the holes, allowing the WCS technique to achieve high
interconnect packing density.

The second component of the WCS is the tubing. Since the hole on the manifold is
slightly smaller than the undeformed diameter of the tubing, a wedged shaped head is
necessary to thread the tubing through the manifold. Depending on the polymer properties,
a wedge can be made using at least two techniques. Using PE tubing, one can simply apply

* Currently at Colibrys Inc., Stafford Texas, USA. Larry.Chu@colibrys.com
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an axial mechanical force to deform the tubing. By exceeding the yield strength of the
material, the tubing is permanently deformed to an hourglass shape in the region where
force is applied. Some materials, such as PEEK, FEP and Teflon, cannot be easily
deformed at room temperature to form the desired wedge-shape. In such cases, it is
possible to apply heat to the region where deformation is desired. By softening the material
and applying force, one can easily create the wedge-shape. Once cooled to room
temperature, the tubing can maintain its deformed shape permenantly. Figure 1(left) shows
a machined PMMA manifold with a section of PE tubing ready for the second step.

Figure 1: The three steps involved in making a wedge compression seal: (left) the manifold block with a piece of
pulled PE tubing, (center) after tubing is pulled through the manifold, (right) the extension is trimmed off.

Once the two components are prepared, the wedge-shaped tubing can be inserted into the
machined manifold. At this point, the seal has not yet form between the two components.
By clamping on the narrow end of the tubing and pulling it against the manifold, a
mechanical seal can be created (Figure 1 center). Once the seal is secure, the excessive
tubing can be trimmed off with a knife blade.

2. DEVICE AND EXPERIMENTAL RESULTS
A high-density interconnect prototype is designed and fabricated for DNA synthesis

application. We wanted to create 10 parallel channels, each individually addressable, for
controlled DNA synthesis. Commercial fluidic ports are unsuitable for this application due
to the tight space constraint. The prototype is fabricated with an anodized aluminium block
which served as the manifold. Twenty (20) FEP tubing are attached to the manifold using
the WCS technique. The parallel fluidic channels are formed with a laser cut precision
elastomer gasket (Greene Tweed, Inc.) Figure 2 shows the fluidic block mounted on a
MAS DNA synthesizer with fluid in one of the channels.

Figure 2: (Left) An anodized aluminium high-density fluidic manifold with 20 ports. The block has a width of
1.25” and a length of 2”, designed to fit onto the maskless DNA synthesizer. (Center) A laser cut gasket is used
for channel formation. (Right) Image showing fluid confined in one of the 10 channels.

DNA synthesis is carried out using the fabricated prototype. One of the 10 sub-chambers is
connected to the fluidic system. A photo exposure pattern is designed so that half of the
channel has a 30mer mixed base DNA oligomer synthesized; we frequently refer to this
sequence as our quality control (QC) sequence. The other half of the channel also has a
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30mer synthesized, except that the sequences differ by 1 base (at position 17 from the
surface), causing it to be the mismatched sequence. A fluorescently labelled
complementary 25 bases long oligomer probe that is perfectly matching to the QC sequence
can then be hybridized to the chip, and due to the sequence match, the florescent signal is
very strong (45K out of a possible 65K) in the QC region. The QC fluorescent probe will
also bind to the mismatched sequence, but at a lower efficiency which resulted in a lower
fluorescent signal (30K out of a possible 65K.) This kind of fluorescent signal reduction is

Figure 3: A hybridization
florescent intensity image of a
DNA chip synthesized using the 10
channel synthesis cell.

Figure 4: (Left) A WCS of PE tubing to a magnet, and (right) connecting to a
PDMS substrate. Notice the bead of fluid on the right hand side is formed
due to flow in the connected channel.

3. APPLICATION TO MAGNETIC SEALING
In a simpler design of the WCS process, the manifold can be clamped to the fluidic

substrate using magnetic forces. By using a machined rare-earth magnet as the manifold,
one can create a connection to a microfluidic substrate using nothing more than a tube and
two magnets. Due to the strong magnetic fields, the interconnect has been shown to sustain
static fluid pressures > 70 PSI. Magnetic manifolds with high-density interconnects can be
realized using the WCS technique.

4. CONCLUSIONS
A simple and effective technique has been demonstrated for making high-density fluidic

interconnects to a microfluidic substrate. Density of 36 connects/cm2 or higher is possible.
The method does not cause fluids to wet epoxy or adhesives. A 10 channel DNA synthesis
block is fabricated and its operation is demonstrated using wedge compression seal. By
using magnetic materials as the manifold, magnetically sealed interconnects are also
demonstrated.
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exactly what we would expect, indicating that the DNA synthesis is successful (Figure 3).
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ABSTRACT
Ultrahigh-throughput denaturing electrophoresis (>5000 channels) can enable rapid,

low-cost mutation scans of human genomes. One design challenge for such instruments is
successfully interfacing to the capillary channel array ends for loading and independently
collecting DNA while enabling electrophoresis, permitting DNA detection, and preventing
evaporation. A micro-well array based on tapered thru-holes was developed, both polymer
and silicon-based, using unconventional laser drilling and microelectrode discharge
machining processes. The devices were used to load and collect 108 fluorescently-labelled
DNA primers with detection signal-to-noise ratio >7. The devices are easily scaleable to
10,000 micro-wells as required for pangenomic mutational spectrometry.

Keywords: DNA isolation, micro-well, fraction collection, capillary array
electrophoresis

1. INTRODUCTION
Ultrahigh-throughput capillary array electrophoresis with 10,000 separation channels

will enable pangenomic studies within reasonable time and cost. The potential scope of
such pangenomic studies is tremendous, as in the exploration of the correlations between
genetic mutation and disease for the 100 most common diseases in 1,000,000 people [1].

The design of this mutatational spectrometer involves numerous multi-disciplinary
systems to load, separate, and collect DNA mutations. Challenges include DNA
manipulation, signal detection, mechanical alignment and assembly, and thermal control.
An instrument schematic is shown in Fig. 1. Sensitive fluorescence signal detection which
relies on a lenslet array to interrogate the tip of each capillary has been reported elsewhere
[2,3]. The instrument design also requires interfacing to the ends of a 100 mm wide
capillary array. This paper reports on a micro-well array interface that enables
electrokinetic biomolecule loading, detection, and independent mutant fraction collection.

Capillary arrays to date have been limited to hundreds of channels, interfaced to 96-384
well-plates. These plates contribute to channel number limitations, and their large volumes
increase consumable costs. Collection of interesting separation fractions from capillaries
has been shown for 12-16 channel rows, such as by Minarik et al. [4], who devised an
agarose gel bed through which the capillary tips were dragged to spread their effluent
spatially. Other work [5] transports separation zones to collection vials using sheath flow.

2. DESIGN AND MANUFACTURE
The design involves loading and unloading biomolecules from a micro-well array

containing up to 10,000 independent wells. The wells are tapered thru-holes which self-
align the capillary tips to the detection system upon insertion. Detection is permitted by a
transparent wafer backing. An integrated electrode permits conduction for electrophoresis.
An adhesive backed poly-dimethylsiloxane (PDMS) seal mitigates evaporation of a well's
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Figure 1. Schematic of the 10,000 capillary mutational spectrometer. Capillaries are spaced
1 mm apart in a rectangular array, under electrophoretic and thermal control. For DNA
detection, a lenslet array enables parallel, continuous interrogation of each capillary tip.

250 nL solution for >48 hours and repeatably seals around the shaft of inserted capillaries.
The assembly is electrochemically inert, so collected DNA is stable for extended durations.
A schematic of the device is shown in Fig. 2a.

Both a polymethyl-methacrylate (PMMA) and a silicon-based version of the micro-
fluidic chip have been designed, fabricated, and tested. In the PMMA design, 1 mm thick
wafers are laser machined with a high numerical aperture (NA) focusing lens to achieve the
tapered sidewalls. Laser machining is accomplished with an 80 W excimer laser with a 100
µm focal spot size directed using an x-y translation stage (Trotec, Speedy 100). The wafer
is then metalized with 100 nm of Au by evaporation and bonded to a blank PMMA wafer
using dichloromethane. The PDMS seal is then applied.

For the silicon-based chip, hole array fabrication is accomplished using a faster, cheaper
set of processes than conventional MEMS etching, as first described for a different
application by our laboratory [6]. The array is created by microelectrode discharge
machining (microEDM). A plunger is fabricated first using wire EDM (Charmilles
Technologies, Robofil 1020SI), and then the hole array is die-sunk through a 500 µm thick,
highly doped (0.008-0.02 -cm) silicon wafer in <1 min using a microsink EDM
(Charmilles Technologies, Roboform 30). The holes are spaced 1 mm apart, 700 µm and
400 µm wide at top and base, respectively, with process variation of approximately 10 µm.
The plunger can be reused dozens of times with minimal degradation. This process and a

Figure 2. Buffer well array (a) cross-section and (b) process for silicon-based device.
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comparison to anisotropic silicon etching are presented in Fig. 2b. After plunging, the
wafer is cleaned, chemically-mechanically polished (CMP), metalized with Ti/Au (10
nm/100 nm) by evaporation, anodically-bonded to a borosilicate wafer, and PDMS sealed.

2. EXPERIMENTAL
To test DNA loading capability, a 20-base primer fluorescently-labelled with

Fluorescein (FITC) at 16.6 nM concentration [7] and water control were electrokinetically
injected from both an eppendorf tube and the silicon-based micro-well array into a 125 mm
long, 75 µm ID, 360 µm OD capillary (Polymicro Technologies, TSP075375) pre-filled
with a fluid polyacrylimide matrix (Spectrumedix). Detection was performed using side-
column laser-induced fluorescence with a 100 mW Argon-Ion laser and photo-multiplier
tube (PMT) while the DNA was under electrophoresis at 100 V/cm. To inject from the
micro-well array, the capillary end was plugged through the PDMS layer into a pre-filled
well. A 10 s injection at 2 µA loaded 108 molecules [7].

Detection and collection of DNA exiting the capillary into the micro-wells were
performed for both the PMMA and silicon-based micro-well arrays. In preparation, the
polyimide coating was removed from the tip of the capillary (as shown in Fig. 2a), and the
capillary was plugged into the micro-well array through the PDMS seal. DNA was again
injected electrokinetically, and then the optical detection system shown in Fig. 1 was used
to interrogate the contents of each buffer solution-filled micro-well simultaneously and
continuously during electrophoresis.

3. RESULTS AND DISCUSSION
For the DNA loading experiments, results in Fig. 3a indicate that DNA can be

successfully loaded from the 250 nL micro-wells as compared to a traditional eppendorf
tube containing 5 µL. Figs. 3b and 3c show the intensity of the CCD pixels covering the
lenslet area versus time during electrophoresis for the PMMA and silicon-based micro-well
arrays, respectively. In both cases, a peak with signal-to-noise ratio (SNR) >7 is observed,
illustrating successful collection and detection of 108 primers using the micro-well.

The silicon-based device was created to avoid PMMA processing challenges. PMMA
fabrication variation of approximately 100 µm combined with poor adhesion in the
presence of the buffer solution led to unacceptable leakage between wells. The SNR for
the micro-well detection could likely be improved with better capillary-lenslet alignment
and a reduction in lenslet autofluorescence, both of which are being aggressively pursued
to meet the detection threshold requirement of 106 molecules.

Figure 3. (a) Detection of 108 primers loaded from the buffer micro-well array into a
capillary compared to conventional loading from an eppendorf tube. Detection of primers

collected into buffer well array using (b) PMMA and (c) silicon-based devices.



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

144

These results show that an electrode discharge fabricated micro-well array can serve as a
platform for interfacing to a tightly packed array of capillaries. DNA injection, detection,
and collection—technologies essential for ultra-high throughput electrophoresis—were
shown with 108 biomolecule manipulation.

4. CONCLUSIONS
To manipulate DNA, we have utilized both a PMMA and silicon-based bioMEMS

design platform for interfacing to an array of tightly-packed separation channels, thus
simultaneously enabling electrokinetic biomolecule loading, detection, and fraction
collection of 108 molecules in independent wells. The silicon-based micro-well array is
simple and cheap to fabricate, while meeting the design functional requirements. This
device is an integral subsystem of the ultra-high throughput mutational spectrometer which
will ultimately enable population-wide pangenomic analyses to uncover the genetic causes
of common diseases.
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ABSTRACT
We have developed an ‘array PCR-CE chip’ which incorporated ‘passive plug’ microvalves
and a unique chip reusability technique. A salinization method was utilized to tailor the
surface properties of the glass hydrophobic to retard adsorption thus enabling successful
PCR amplification. We further harnessed the method with a ‘stripping and salinizing’
(SRS) technique to enable reuse of the reaction chambers without carryover cross-
contamination concerns associated with PCR. The effectiveness of the SRS approach was
verified by positive and negative PCR, using plasmid DNA and siRNA samples.
Keywords: Integrated, CE, Polymerase Chain Reaction, Valves, Reusable
1. INTRODUCTION

Development of microfluidic based genetic analysis systems that leverage polymerase
chain reaction (PCR) for genetic amplification and capillary electrophoresis (CE) for
detection purposes is gaining wide spread acceptance. However, there has been limited
progress on the integration of PCR-CE systems on a single chip. In this regard, Mathies
and coworkers have pioneered with evolutionary demonstrations[1] while Hong et al.[2],
Kho et al.[3], Ramsey and coworkers[4], and also our earlier demonstrations[5-7] on non-
integrated platforms has made significant contribution to this field. Glass has excellent
compatibility with CE and is extensively used in integrated PCR-CE[1, 2, 4] devices.
However, virgin glass is hydrophilic and result in causes excessive adsorption of PCR
components on to the surfaces [5]. Furthermore, carryover cross-contamination (CXC)
concerns in PCR chips prevent reuse, defying much of the advantages of miniaturized
systems developed using expensive MEMS processing. Reusability of (high-density) PCR-
CE chips without CXC is critical in implementing cost-efficient clinical protocols that often
demand numerous genetic tests. Hence we present our ‘array PCR-CE’ chip (Fig 3) with a
unique approach to reuse glass PCR chambers. This was accomplished by salinizing the
surface of the glass PCR chamber to alter the surface from virgin hydrophilic to
hydrophobic so as to enable successful genetic amplification; to then reuse the reaction
chamber, a ‘stripping and re-salinizing’ (SRS) technique was implemented between
successive PCR runs. This SRS technique ensures a new coating and a clean hydrophobic
chamber surface prior to each PCR run and thereby preventing CXC. Another significant
hurdle in realizing an integrated device is the incorporation of valves within the
microfluidic device. Here we also present a simple and efficient PDMS ‘passive plug’ (PP)
microvalves for the PCR-CE chip.

2. MATERIALS AND METHODS
2.1 ‘Stripping and Re-salinizing’(SRS) for chip reuse: Hydrophobic surfaces elude
problems associated with adsorption of PCR reagents and DNA. In this work, we have
utilized a single step non-hazard glass salinizing chemical (lot # A10707, Safety Coat, J. T.
Baker, USA) and configured the virgin hydrophilic surface (Fig 1a) of the PCR chamber to
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hydrophobic (Fig 1b). To extend this method as a unique chip reusability technique, we
strip the salinization coating by treating with 10% NaOH for 30 min and then flush with
coupes amounts of de-ionized water. This stripping method re-exposes the clean (virgin)
hydrophilic glass surface (Fig 1c). Prior to a successive PCR run, the glass PCR chamber is
again salinized which results in a fresh hydrophobic surface coating (Fig 1d). This unique
‘stripping and re-salinization’ (SRS) process can be repeated for as many times between
PCR runs and eliminates PCR CXC.

2.2 ‘Passive plug’ (PP) microvalves: The passive plug microvalves were fabricated with
PDMS polymer and were incorporated in the PCR-CE chip (Fig 2). Conceptually, the PP
microvalve is an air-tight plugging mechanism to seal open-to-ambient access ports in the
chip. This enables fluid retention and prevents vapour loss during the heat cycling PCR,
which are highly critical for a successful PCR genetic amplification. The PP microvalves
are made functional by an upward/downward displacement in the access ports.
3. EXPERIMENTS

The protocol for the 25 l PCR master mix was as follows (of which 3 l was loaded in the
PCR chamber (Fig 3)): 1 l of each primer (1 pM/ l), 2.5 l 10X PCR buffer (Tris HCl 200
mM (pH 8.5)), 2 l MgCl2 (25mM), 1 l
dNTPs (10mM), 1 l Taq Polymerase (5
U/ l), 2 l template (50 ng/ l), and 14.5 l
water (Sigma-Aldrich). For positive
controls, purified plasmid (ENE) DNA
(primers: 5'-GCCAGGGTTTTCCCAGTCACGA-3'
and 5'-CAGGAAACAGCTATGAC-3') and siRNA
cloning vector (System Bioscience, USA)
(primers: 5'-
CTGGGAAATCACCATAAACGTGAA-3' and 5'-
GCTTACCGTAACTTGAAAGTATTTCG-3') were
used as templates to amplify a ~500bp and
~340bp sequence specific PCR product,
respectively. In the case of negative
controls, the PCR master mix was used with
the primers but excluding the templates.
PCR thermal cycling and CE analysis was
similar to prior work[7].

4. RESULTS

Figure 4 shows PCR data reusing a single
PCR chamber in the integrated ‘array PCR-
CE’ chip. Prior to each PCR experiment,
the SRS process was implemented to
demonstrate and verify the effectiveness of
the technique to prevent CXC. Initially a
positive plasmid DNA PCR was performed
to successfully yield a ~500bp product (Fig
4b). This was followed by a negative
plasmid DNA PCR and as expected it failed
to yield a product (Fig 4c) because of the

PDMS passive plug
(PP) microvalves

Etched
channel

PCR
chamber

Stub

Stem

GLASS

Access
port

Flow
control

platform

PCR to CE
fluidic channel

Figure 2 The PP microvalves enables fluid
retention and prevents vapor loss during PCR.
The PP microvalves also control pressure driven
fluid flow
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lack of templates in the PCR protocol and any residual DNA in the chamber from the
previous run. To demonstrate robustness of chip reuse in typical clinical environments
using the SRS technique, a positive siRNA PCR was then performed and it successfully
yielded a ~340bp product (Fig 4d). When this was followed by a negative siRNA PCR
experiment, again as expected, it failed to yield a product (Fig 4e), suggesting the lack of
any residual siRNA from prior run. These PCR experiments demonstrated that the SRS
technique is a robust method and facilitates the reuse of PCR chambers without CXC.

5. CONCLUSION

Harnessing a salinizing method, we implemented a unique ‘stripping and re-salinization’
(SRS) technique to enable PCR chip reusability in hydrophobic surfaces that retard
adsorption. We furthermore demonstrated and verified using positive and negative PCR
that the SRS technique is a practical and effective approach in eliminating CXC issues
associated with PCR. We also presented a valving technique using PP microvalves that
enables array PCR.
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DEVELOPMENT OF A STABLE CHEMICAL GRADIENT
USING A CONVECTION-FREE PLATFORM

Vinay V. Abhyankar and David J. Beebe
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University of Wisconsin – Madison, USA

ABSTRACT
This paper describes a diffusion based microfluidic system that produces a stable

chemical gradient without requiring fluid flow. Convective motion is limited by placing a
high resistance polycarbonate membrane in the fluid path. The high resistance membrane
reduces fluid flow caused by pressure differences in the system, but allows diffusive
transport of a chemical species into the channel. A large volume sink region at the end of
the microfluidic channel helps to maintain a stable gradient. The gradient remains stable
(less then 11% change) for 24 hours. We present the theory, design and operation of the
convection-free gradient generating system.
Keywords: Diffusion, gradient, microfluidics

1. INTRODUCTION
The ability to create stable chemical gradients provides a technique to investigate

the cellular response to exogenous chemical stimuli. Laminar flow based devices generate
gradients using diffusive mixing of a chemical species across the interface between
flowing fluid streams. The gradient characteristics are easily modified by changing the
flow rates and the initial concentrations of the input streams. This type of device has
successfully been used to perform biochemical analysis and investigate cellular responses
to stimuli in vitro [1-3]. While these devices provide excellent gradient control, the
presence of continual flow make them unsuitable for addressing many biological questions.

Cells can respond to chemical cues in their environment by secreting signaling
factors that can either affect the secreting cell itself (autocrine), or affect surrounding cells
(paracrine) [4]. In flow based systems, autocrine/paracrine factors cannot accumulate
because the flowing fluid streams immediately carry away secreted factors. In situations
where cell-cell communication plays a critical role in controlling gene expression profiles,
the removal of secreted signaling factors may lead to observations that are distinctly
different than if the factors were allowed to accumulate.

This paper describes a simple microfluidic device that creates a stable chemical
gradient without requiring fluid flow. The gradient generator is strictly diffusion based,
and can be used to study cell-stimuli interactions while allowing secreted factors to
influence cell behavior.

2. THEORY
The volumetric flow rate (Q) in a system is proportional to the pressure gradient

along the fluid path (∆P) and inversely proportional to the fluidic resistance (R). The ratio
between the maximum pressure head possible in the system (~20 Pa) and the fluidic
membrane resistance (~2*109 Pa*hr*µL-1) becomes negligibly small (1E-8 µL*hr -1) when
using 100 nm pore membranes. The small value of Q indicates that the flow rate due to
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the maximum possible pressure difference in the system is not significant. Microchannels
also eliminate other sources of convective flow because liquid-solid interfaces are stable.

A source/sink concept is used to create stable gradients in the system. The
diffusing chemical species enters the channel from the source region and creates a
concentration gradient along the length of the channel. A mass balance shows that the
gradient remains stable as long as the chemical flux entering the channel equals the flux
leaving the channel. The flux into the channel is constant, and the flux leaving the
channel is constant because the concentration is diluted by the large fluid volume of the
sink. In time, the gradient is lost because the sink becomes saturated and the system
reaches chemical equilibrium. The length of the stable period can be modified by
changing the volumes of the source and sink regions.

3. EXPERIMENTAL
The device is created from (poly)dimethylsiloxane (PDMS) using soft lithography

and rapid prototyping [5] (Figure 1). The device is created from two layers of PDMS; a
bottom channel layer, and a top fluid reservoir layer. Aligned access ports are punched in
the two layers using blunted coring tools (2.5 mm and 7 mm diameter). The access port in
the source region of the bottom layer is covered with a 100 nm pore diameter
polycarbonate membrane (Osmonics K01BP02500). The top and bottom PDMS layers are
then aligned and permanently bonded together using oxygen plasma treatment. The
membrane is sealed in between the layers of PDMS and provides a porous barrier between
the top and bottom access ports in the source region. Channel dimensions are 7 mm long,
1 mm wide and 0.05 mm in height. The device is filled with a pH 8 buffer using a
syringe, and FITC solution is loaded into the source region above the membrane. Glass
cover slips are used to seal the ports after loading to avoid evaporation.

4. RESULTS AND DISCUSSION
To characterize the gradient stability, 5 µL of 250 µM FITC solution is placed in

the access hole above the membrane (source region) and allowed to diffuse into the
channel. The concentration profile is characterized by imaging the FITC gradient along
the channel as a function of time. Figure 2 shows images of the gradient near the sink
region. Figure 3 shows the concentration of FITC in a representative 0.5 mm region
(highlighted in Figure 2a) measured at 0, 6, 10 and 24 hours. After 24 hours, the
concentration gradient in this region shifted by 11% from the initial gradient, while after
10 hours the gradient shifted only 5%. The length of the stable period can be modified by
changing the volume of the source/sink regions.

(a) (b)
Figure 1 Schematic representation of top (a) and side views (b) of the device showing the
PDMS layers sandwiching the polycarbonate membrane and detailing the source, sink
and gradient regions.
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(a) (b) (c) (d)
Figure 2 Images of FITC concentration near the sink region of the microfluidic channel at
(a) 0 hrs (b) 6 hrs (c) 10 hrs (d) 24 hrs. Scale bar = 0.5 mm

Figure 3 Plot shows the concentration of FITC along the axial direction of the highlighted
region shown in Figure 2a. The concentration gradient varies by a maximum of 11%
(between t=0 hrs and t=24 hrs) and a minimum of < 1% (between t = 0 hrs and t = 6 hrs).
The gradient from t = 0 hrs to t = 10 hrs varies by 5%.

5. CONCLUSIONS
We describe a convection-free system (negligible bulk fluid movement) that

creates stable chemical gradients. This device can be used to compare cellular responses
in flowing and stationary gradient systems to help researchers understand the role that
cell-cell communication plays in guiding cell behavior. This information can be used to
help determine the conditions when autocrine/paracrine effects should be considered, and
when they can be neglected.
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IMAGING SURFACE PLASMON RESONANCE FOR
MONITORING BIOMOLECULAR INTERACTIONS IN

MICROFLUIDIC DEVICES
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ABSTRACT
Surface plasmon resonance (SPR) is suited for fast and sensitive detection of

(sub)mono-molecular layers of surface-bound species. Recently, IBIS Technologies
(Hengelo, the Netherlands) launched an imaging SPR (iSPR) instrument for real-time
monitoring of many biomolecular binding processes in parallel. In this paper preliminary
results are shown demonstrating the potential of iSPR in combination with microfluidic
devices. The technology enables controlling biomolecular interactions and contactless multi
analyte measurements on a chip and is expected to revolutionalize diagnostics in the life
sciences.

Keywords: surface plasmon resonance imaging, SPR, label-free detection, microarray

1. INTRODUCTION
In the past 15 years surface plasmon resonance (SPR) based instruments has proved to

be suited for fast and sensitive detection of (sub)mono-molecular layers of surface-bound
species without requiring labeling. Most available SPR instruments can simultaneously
monitor only a few (~ 4) biomolecular interactions. Recently, IBIS Technologies (Hengelo,
the Netherlands) launched an imaging SPR (iSPR) instrument which can ultimately be used
for real-time monitoring of hundreds of biomolecular binding processes in parallel. The
instrument (Figure 1) is developed for high throughput screening in proteomics, genomics
and drug discovery. For the first time, the enormous sensing capability of such an SPR
imaging system is shown for studying biomolecular interactions in combination with
microfluidic devices. Array technology is in the focus of attention for high throughput
screening in life sciences [1], here a combination with SPR imaging is demonstrated.

Figure 1. Imaging SPR instrument suited for simultaneous measurement of many
biomolecular interactions.
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2. EXPERIMENTAL
An IBIS iSPR apparatus was used for the simultaneous monitoring of multiple binding

interactions on one sensor combined with various microfluidic devices. In the 'basic
configuration' the liquid system of the IBIS iSPR consisted of a syringe pump, a drain pump
and an autosampler with a double needle. The basic configuration was used with a one-
compartment cuvette, as a 1-channel instrument for measuring microarrays in combination
with a negative pressure flow-cell. Various sensors were acquired from IBIS Technologies:
apart from standard gold sensors, P-type sensor discs with amine or carboxylic acid
functional groups, G-type sensor discs where the functional groups are present in a
hydrogel-like layer of linearly grafted polymer offering a higher binding capacity. Array
spotting was carried out using TopSpot technology (HSG-IMIT, Freiburg, Germany) and a
home-made perpendicular address flow device (Figure 2) (see for details [2, 3])

Figure 2. Schematic representation of the
iSPR measurement showing positioning of a
microfluidic device on the hemisphere of the
iSPR instrument, the discrete spots on the
sensor surface and the measured signal per
spot.

Figure 3. Any spot position can be defined
by the user of the iSPR instrument for
measuring the SPR characteristics of
individual patches at the patterned gold
surface in a microfluidic device.

3. RESULTS AND DISCUSSION
All tested methods were suited for the preparation of arrays. Top Spot technology

generates 1 nl drops in a 24-96 array at a density of 9 per mm2. Array deposition at a higher
density is envisaged using perpendicular flow [3] where the spot density matches the lateral
resolution of SPR imaging as the propagation length of a surface plasmon reaches about 10
micrometer. Schematically, the SPR imaging of arrays is shown in Figure 2. The
microfluidic device is placed on top of the optical unit of the iSPR instrument. The sensor
surface is divided to smaller areas (spots) as shown in Figure 3. Each individual area can be
simultaneously monitored in real-time during the iSPR measurement. In Figure 4
preliminary results are shown of simultaneously monitoring 8 spots of a sensor surface. In
figure 5 the image in the reflection mode (top) and in the resonance mode is shown
(bottom). The resolution of the machine is better than 1 mdegree shift on an area smaller
then 0.01 mm2 per spot, which corresponds with an amount of protein of less than 100
femtogram/spot.
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Figure 4. Fully automated measurement of 8
biomolecular interactions obtained
simultaneously in the iSPR apparatus.

Figure 5. Immunoglobulin G (IgG)
immobilized in channels of 40 µm
width, at a pitch of 100 µm. Top:
reflection image. Bottom:
corresponding image in resonance.

4. CONCLUSIONS
Microfluidics has opened up vast opportunities for life sciences. SPR in combination

with microfluidics provides a powerful tool for the study of relatively unstable protein
complexes. Novel, microfluidic spotting devices are under development at our group which
form a closed system guaranteeing that the array spots are never exposed to air and drying.
The first preliminary results indicate that the combination of imaging SPR and microfluidic
devices can have an enormous impact in multianalyte diagnostics in the life sciences and
will provide a tool for unraveling biomolecular interactions.
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A CHRONIC DRUG-DELIVERY PROBE
WITH ON-CHIP CORRUGATED MICROVALVES
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Department of Electrical Engineering and Computer Science
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ABSTRACT
This paper reports the first chronic drug-delivery probe with integrated microvalves. The
probe enables the delivery of pico-liter fluid volumes to spatially-localized areas of the
brain to modify electrical activity there while minimizing the external fluidic lead count.
The probe reported here consists of embedded drug-delivery channels [1], pneumatic
actuation channels (Fig. 1), and normally-open valves capable of gating drug flow to
particular locations in tissue. For diaphragm radii of 180, 200, and 220µm, the measured
leak rates are 23.4, 18.7, and 17.3pL/sec at the actuation pressure of 22kPa, indicating that
the valve structure produces an adequate seal.

KEYWORDS: Drug-Delivery, Microfluidics, Microvalve, Neuroprosthesis

1. INTRODUCTION
Microelectrode arrays capable of
electrically stimulating and recording
from biological neural networks are
important for studying the central
nervous system and are the basis for
emerging prostheses for a variety of
neurological disorders. Chemical
delivery channels, microvalves and
flowmeters [1] are being added to these
probes to significantly extend their
functionality by controlling drug
delivery in quantity and time. The
location of drug injection can be
controlled using valves to open or block
the flow channels in the presence of an
injection pressure pulse. Flowmeters
placed within the channel monitor the
dose being delivered, and circuitry placed on the back-end of the probe could be used stop
the injection when the appropriate dose level is reached. The dual chamber microvalve
structure as shown in Fig. 2, with the top chamber passing the fluid, and the bottom
chamber acting as an actuator. The fabrication process for the microvalve is upward
compatible with a standard buried-channel microprobe process [2] that allows electrical
recording and stimulation as well as integrated readout circuitry on the same substrate.
Although the present microvalve is driven pneumatically, it has been designed for use in-

Fig. 1: A drug delivery probe with integrated
microvalve
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vivo with on-chip thermopneumatic actuators that
can be driven at a few volts and produce
negligible temperature rise in the surrounding
tissue.

2. FABRICATION
The basic microvalve structure is shown in Fig. 2
and is realized using a 13-mask process.
Fabrication of the microvalve takes only two
masks in addition to the normal probe with
microchannels. Following the formation of the
microchannels in the probe substrate [2], the
space between the substrate and the valve
diaphragm is formed using a 4µm-thick sacrificial
polysilicon layer. Stress-compensated 1µm-thick
oxide/nitride/oxide dielectrics are then deposited
to form the corrugated diaphragm itself (Fig. 3a).
Etch access holes are formed around the perimeter
of the diaphragm (Fig. 3b) to allow removal of
this first sacrificial polysilicon layer. After
diaphragm release using tetramethyl ammonium

hydroxide (TMAH), the etch holes are filled by depositing additional dielectric (Fig. 3c). A
4µm-thick sacrificial polysilicon layer is now deposited to form the flow path through the
valve and is beveled along 20µm of its outer edge to improve the ability of the diaphragm
to seal to the valve cap. After the second sacrificial layer is etched by TMAH, a 7µm-thick
oxide/nitride/oxide stack is now deposited and patterned to form the cap.

Fig. 2: A diagram of the pneumatic
microvalve

3. RESULTS
The pressure difference across the microvalve and its series microchannel has been
analyzed to understand the drug delivery rate as a function of drive pressure. For a flow rate
of 500pL/sec, FLUENT simulations predict a pressure drop across the 4mm-long buried
channel of 7200Pa and a drop across the 400µm-diameter microvalve of 1210Pa. At this
flow rate, the measured pressure drop across this drug-delivery system is 9750Pa, which
agrees reasonably well with simulations. ANSYS simulations (Fig. 4a) show the diaphragm
deflection as a function of diaphragm size for various drive pressures. For a center
deflection of 3.2µm, an actuation pressure of 22kPa is needed to force the diaphragm up

Fig. 3: (a) Corrugated Diaphragm made of 1µm –t
1 µm diameter etch access holes to allow removal o
the etch holes filled by depositing additional dielectric.

hick oxide/nitride/oxide dielectrics; (b)
f first sacrificial polysilicon layer; (c)



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

156

against the valve cap and stop the flow. Other studies [3] have shown that this drive
pressure can be generated using pentane phase-change for an input power of about 7mW
while heating the surrounding environment by less that 0.5oC. The flow is driven using a
volume flow controlled syringe pump (WPI UltraMicroPump) and a micro syringe
(Hamilton 0.5µL). Pressure is measured with a differential pressure transducer (Omega
P26). For diaphragm radii of 180, 200, and 220µm, the measured hydraulic resistances of
the microvalve are 5.6x1018, 7x1018, and 7.6x1018Pa•s•m-3. The measured leak rates are 23.4,
18.7, and 17.3pL/sec at the actuation pressure of 22kPa (Fig. 4b), indicating that the valve

CONCLUSIONS

structure produces an adequate seal.

masks in addition to those required for a normal probe with drug-
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Fig. 4: (a) Diaphragm deflection as a function of diaphragm size for various drive pressures;
(b) Leak rate measured as a function of diaphragm size at an actuation pressure of 2kPa.

Corrugated pneumatically-driven microvalves have been successfully integrated on a neural
probe with only two
delivery microchannels. The hydraulic resistances and leak rates of different sizes of
microvalves have been measured and verify that the valve structure can be used to control
the location of drug delivery. This valve represents an important step forward in
instrumentation for use in neuroscience, neuropharmacology, and neural prosthetics.
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A DEVICE INTEGRATING PARAFFIN
MICROACTUATOR, FLUIDIC COMPARTMENT AND
MICRONEEDLE ARRAY FOR FLUID INJECTION OR

SAMPLING

H. Yousef1, M. Lehto1, T. Jäderblom1, I. Enculescu1,2 and K. Hjort1
1Department of Engineering Sciences, Uppsala University, Sweden

2 National Institute of Material Physics, Romania

ABSTRACT
We demonstrate a system integrating a hollow microneedle array fabricated by ion track

template replication with a fluid reservoir, and a polymer-based paraffin actuator. The
device merits in its low-cost fabrication technology, using an actuator capable of delivering
large displacements at high forces. The function is demonstrated with DI-water showing
filling of reservoir an ejection of fluid. The system could preferably be used for suction,
injection, dosage of fluidics in range of nl up to few µl.

Keywords: Fluid injection, fluid suction, microneedle array, paraffin actuator

1. INTRODUCTION
Drug delivery through the skin by way of microneedles allows minimally invasive and

painless delivery of drugs that are otherwise problematic or impossible to deliver. A review
of the work done on microneedles is found in [1]. Hollow microneedles enable pressure
driven drug delivery similar to a hypodermic needle, increasing delivery rates. The hollow
structures can also be used for fluid sampling. To further increase flow rates, arrays of
needles are used, and by choosing the appropriate dimensions and number of microneedles,
the amount and the flow rate of the fluid to be delivered or sampled can be determined.

By integrating microneedle arrays with an actuator, fluid flow can be further controlled
[2]. Integrating the microneedle array with a dosage unit as well as a pumping unit, a
complete transdermal drug delivery system is possible. In this paper we present a system
with a hollow microneedle array, fluid reservoir, and a paraffin actuator for control of flow
using low-cost materials and processes.

2. DEVICE DESIGN
The device consists of a copper microneedle array, a Polydimethylsiloxane (PDMS)

layer defining the fluid reservoir of 3 µl, and a paraffin actuating unit fabricated by casting
[3]. The paraffin is passively heated causing a volume expansion when melting. The
reservoir and actuating unit are encapsulated in epoxy (Fig. 1).

3. FABRICATION AND ASSEMBLY
In this process, foils of 100 µm thick polycarbonate (PC) (Makrofol®, Bayer) are

irradiated with stochastically distributed Xe ions with a density of 5·104-1·105 ions/cm2. As
each ion leaves a track that can be preferentially etched, the foil becomes porous after
etching. The tracks are etched into cylindrical pores with a diameter of 10-15 µm in a
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solution of 50% sodium hydroxide (9M) and 50% methanol at room temperature. After
etching, the foil serves as a template for electroless deposition of copper, forming
microneedles [4]. One side of the foil is masked with low residue tape (SWT 20, Nitto
Europe), and copper deposition is restricted onto the pore walls and onto the other side of
the foil. A layer of about 300 nm is deposited in three steps: a conditioner bath (DS-280, J-
KEM) microetches the surface for better adhesion, an activator bath (DS-500, J-KEM)
creates a uniform distribution of activated-sites for copper deposition, and finally, an
electroless copper bath (Electroless copper 7260, J-KEM) for deposition on the surface.

The needles and the base layer are thickened by galvanostatic electrodeposition of
copper for mechanical strength, cf. [5]. To prevent clogging, electrolyte is flowed through
the membrane (Fig. 2). To strengthen the base layer, a high flow rate is used and deposition
is restricted onto the base layer. By decreasing the flow rate, deposition will occur on the
needle walls. The final needle wall thickness is 1.5-2 µm.

The needle array is then glued onto a 1 mm thick layer of PDMS containing a 2 mm in
diameter circular hole that serves as fluid reservoir. The total displayed orifice area of the
needle array is 0.1-0.3 mm2. After gluing, the PC is dissolved in dichloromethane, resulting
in freestanding microneedles (Fig. 3). A prefabricated paraffin wax pill with volume of ten
times greater than the reservoir is mounted onto the backside of the PDMS layer and
encapsulated in epoxy (Fig. 4).

4. RESULTS AND DISCUSSION
The device is demonstrated using DI-water (Fig. 5). After the paraffin is melted, using a

hot-plate as external heat source, a droplet of water is placed over the needles. Allowing the
paraffin to cool, the water is sucked into the reservoir. The excess water is removed with a
cloth. When reheating the paraffin the water is ejected.

The presented system is manufactured by use of low-cost processes and materials. The
process contains no lithographic or dry etch steps that are common in micromachined
systems. Irradiation of PC foils is a fast technique that can be done by continuous roll
technology, reducing costs. By adjusting ion fluency and etch duration, pore distribution
and size can be chosen to fulfil requirements. In addition, commercially available porous
ion track plastic membranes, used for ultrafiltration purposes, can also be used as templates.

The height of the needles is defined by the thickness of the PC film, and the thickness of
the needle wall is adjusted in the electrodeposition step. These parameters can be adjusted
and optimized to meet penetration and mechanical strength specifications.

As the actuator unit is integrated with the needle array the all-over size of the component
is small. An external heat source was used for simplicity, but a heater layer could easily be
integrated [3]. The actuation principle of melting the paraffin can be achieved with a few
volts, making it possible to drive the unit by use of commercial batteries. Paraffin exhibits a
volume expansion of 10-20% and can sustain large expansions even at several MPa.

5. CONCLUSION
A system containing a hollow microneedle array fabricated by plastic template replication,

a fluid reservoir, and a polymer-based paraffin actuator has been successfully fabricated and
demonstrated.
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Figure 1. A schematic of the device. The
microneedle array is glued onto a PDMS layer
containing the fluid reservoir. The paraffin is
mounted on the backside of the PDMS layer.

Figure 2. The two-electrode electrodeposition
setup: the height of the electrolyte at the inlet is
varied relative to the height at the outlet to
control flow rate.

100 µm100 µm

(a) (b)
Figure 3. (a) SEM image of a copper needle array seen from above. Each black circle corresponds
to a needle tip. (b) Close-up of a microneedle. The sample is tilted 20º. (c) A cross-section of the
device.

(a) (b) (c)
Figure 4. (a) Cross section of the device showing the microneedle array, the fluid reservoir (1), the
actuated paraffin (2) and the epoxy (3). (b) A top view of the microneedle array and the device.

(a) (b) (c)
Figure 5 (a) A drop of DI-water is placed onto the needle array while the paraffin heated (activated).
(b) Upon cooling, the water is sucked into the reservoir. (c) Upon reheating, the water is ejected.
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A NOVEL HIGH ENERGY DENSITY DIELECTRIC
ELASTOMER ACTUATOR

FOR MICRO ANALYSIS SYSTEMS
J. Loverich, I. Kanno, and H. Kotera

Department of Mechanical Engineering, Kyoto University, Japan

ABSTRACT
Although micro-scale electromechanical actuation is a mature research field,

improvements in efficiency and energy density and a reduction in device fabrication cost
are needed in order to expand the capability and improve the performance of micro
actuators. This paper addresses these issues by presenting a new dielectric elastomer micro
actuator that uses electro-static Maxwell stress to compress a thin layer of a high Poisson
ratio elastomer. High actuation strains (similar to those of muscle tissue) and an estimated
actuation energy density of a factor of four higher than that of PZT are demonstrated in this
work. Dielectric elastomer actuation has potential applications for many different
components in micro analysis systems, including micro-valves, switches, pumps, and cell-
separating mechanisms.

Keywords: micro actuator, dielectric elastomer, Maxwell stress

1. INTRODUCTION
During the past few years, dielectric elastomer actuation and the broader field of electro-

active polymer (EAP) actuation has received attention for macro-scale robotics applications
[1,2]. Various researchers have characterized dielectric elastomer actuation with
demonstrating strains of 215%, actuation efficiencies of 80-90%, and an energy density of
3.4 MJ/m3 [3]. The basic principle of dielectric elastomer actuation is shown in Figure 1.

Because the bulk modulus of the elastomer is much greater than its Young’s modulus,
compression of the elastomer in the transverse direction produces large in-plane
deformation.

The work presented here is novel and significant because the impressive actuation
performance characteristics of dielectric elastomers are applied on a micro-scale. Other
small-scale EAP research work includes a 1 mm actuator that uses an electrostrictive
copolymer for the active layer [4].

V_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Figure 1. Dielectric elastomer actuation producing area strains up to 215% [3]

Highly compliant carbon-impregnated
glycerol-based electrode

Thin layer of dielectric elastomer

~1-100 µm

Electrostatic Maxwell stress compresses a
high Poisson’s ratio elastomer to produce
very large in-plane actuation strain
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2. ACTUATOR DESIGN AND FABRICATION
In this work, planar dielectric elastomer actuation was demonstrated by preparing a 450

µm in diameter and 36 µm thick patch of 3M acrylic 4905 dielectric elastomer (Figure 2).
The elastomer is bi-axially pre-strained to 300% and carbon grease is used as compliant
electrodes. The actuator’s peak relative area strain of 190 % with an applied electric field of
136 V/µm is shown in Figure 2 and 3.

Figure 2. a) Relaxed elastomer patch
and b) elastomer patch experiencing
190 % area strain with the application Figure 3. Relative % area strain of the
of a 136 V/µm electric field elastomer versus the applied voltage

In order to demonstrate out-of-plane actuation, a diaphragm structure was fabricated. In
this configuration (Figure 4), the dielectric elastomer is pre-displaced by the application of
a constant bias pressure to one side of the diaphragm.

The diaphragm is 220 µm in diameter and its initial unstrained thickness is 36 µm. The
diaphragm achieved a peak center deflection of 35 µm with a 136 V/µm electric field. The
deflection of the elastomer was modeled using Ogden elastic deformation theory, which is
based on a material strain energy density function of the form

2321213211 /)3(/)3( 222111 αλλλαλλλφ αααααα −+++−++= uu (1)

where 1α , 2α , 1u , and 2u are material constants and 321 ,, λλλ are principle material

stretches [5]. The effective compressive pressure produced by the electrodes on the film is
given by

2
0Ep rεε= (2)

Figure 5. Diaphragm center
displacement versus applied voltage
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where rε is the relative permittivity of the polymer (dielectric constant), 0ε is the

permittivity of free space, and E is the applied electric field (because the electrodes are
compliant, the elastomer pressure is double that of a charged parallel plate capacitor). The
nonlinear system of equations that describe the diaphragm deformation was numerically
solved using a shooting method. The model predictions for the deformation of the
diaphragm (shown in Figure 5) agree with the experimental results. The small discrepancy
between the model and the experimental results is like due to electrode migration during
actuation.

3. DISCUSSION
The key features of dielectric elastomer actuation that make it potentially superior to

conventional micro actuation techniques include its high energy density, large displacement,
high electromechanical coupling, and simple fabrication. The electromechanical coupling is
high because losses are only accrued in the electrode resistance and negligible material
hysteresis. High energy density actuation is possible because the dielectric elastomer has a
high electric breakdown strength (~200V/ µm).

An important consideration in the application of this actuation method is the large
electric field required for operation. However, it may be possible to reduce the actuation
voltage requirement by using very thin films and by improving the elastomer material
properties. For example—based on the proportional relationship between electrostatic
compressive force and dielectric constant—if the permittivity of the elastomer is increased,
the electric field required to achieve high actuation strains is reduced.

4. CONCLUSION
A new dielectric elastomer micro actuator was proposed that uses electro-static Maxwell

stress to compress a thin layer of a high Poisson ratio elastomer. A diaphragm structure was
fabricated to demonstrate out-of-plane actuation. The 220 µm in diameter diaphragm
achieved a peak center deflection of 35 µm with a 136 V/µm electric field. Model
predictions using Ogden elastic deformation theory accurately predict the diaphragm
displacement.
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A SIMPLE TWO TERMINAL LONGITUDINAL
HOTWIRE SENSOR FOR MONITORING THE POSITION

AND SPEED OF ADVANCING LIQUID FRONTS IN
MICRO CHANNELS

K.S. Ryu, K. Shaikh, E. Goluch, P.Mathias, C. Liu*

University of Illinois at Urbana-Champaign, USA

ABSTRACT
We report a simple and practical sensor for monitoring both the absolute position

and advancing speed of liquid front in a microfluidic channel. The sensor consists of a
longitudinal hot wire element – a two-terminal electrical device, with its length spanning
the entire channel. The design, materials, fabrication method, and use of this sensor are
extremely simple. Characterization results are presented.

KEYWORDS: Mirofluidics, Position, Sensor, Speed

INTRODUCTION
To confidently operate a microfluidic system and carry out complex biochemical

protocols, it is imperative to incorporate sensors for feedback control and process
monitoring/verification.

In this work, we focus on the task of identifying the position and speed of
advancing liquid fronts in a plug flow situation, which is often encountered in lab chip
applications. In macroscopic and manual bench-top assay protocols, the volume of liquid
reagents is often large enough for direct visual observation. However, as the size of
microchannels and volumes of reagents shrink, it becomes increasingly more difficult to
measure the position of advancing liquid fronts and the speed of its movement. Such
measurements are vital information to verify the functioning of a system. In order to
continuously and accurately monitor the position of fluid fronts in a micro channel,
conventional practice requires embedding a series of sensors with electrical output along
the entire length of the channel with given intervals.

We have designed a sensor that measures the absolute position and advancing
speed of liquid front movement. The operation principle, fabrication and packaging method,
as well as testing results are discussed in the following.

DESIGN
The schematic diagram of the sensor is illustrated in Figure 1. A resistive element

made of a thin metal film traverses the length of the channel section of interest. We select a
metal that offers finite temperature resistive sensitivity, i.e., its resistance is a function of
the temperature. Many metal thin films satisfy this requirement, including gold, which is
used in this case. For small temperature fluctuations, the resistance of the resistive element,
R, is related to its temperature T according to

0 0[1 ( )]R R T T (1)
where R0 is the nominal resistance under a reference ambient temperature T0 (e.g., room
temperature), and is the temperature coefficient of resistance (TCR) of the thermal
element.
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Figure 2. (left) Bridge circuit used (right) Infrared microscope image of the
resistive sensor with bridge voltage of 2V.

When a channel is in its initial
unfilled state, the resistive element is
surrounded on three sides by air and on one
side by the substrate. The wire is slightly
heated by passing a DC electric current.
The temperature of the resistive element
reaches an equilibrium point above the
ambient (T0+ T). If the media in the
channel is homogenous (i.e., completely
filled with air), the temperature of the wire
is assumed to be uniform along the length of
the channel (L).

As a liquid enters the channel from
one end, air is displaced by liquid (Figure 1).

The liquid provides an increased rate of heat transfer (conduction as well as convection)
compared to the ambient air, therefore changing the temperature of the resistive element
locally. Specifically, the segment of the resistor overlapped with liquid will be cooler than
the segment surrounded with air (assuming the liquid is at the room temperature).

Referring to Figure 1, the resistance R for the sensor can be modeled as following

0 0 0[1 ( )]x L x
x L xR R R R R T T
L L

(2)

provided that the liquid being filled is at room temperature T0. From the equation (2), the
resistance R changes linearly from

0 0[1 ( )]R T T to R0, as the liquid traverse the entire
length of the channel (from x=0 to L).

By measuring the resistance of the two-terminal device, the length of the liquid
body, x, can be easily found. Further, by monitoring the change of the position x with
respect to time, the advancing speed of the liquid front can be accurately determined.
FABRICATION

The fabrications processes are simple as follows. First, 0.2- m-thick Au layer is
thermally evaporated on a substrate. The sensor is then patterned with photolithography.
0.2- m-thick Si3N4 is then deposited to passivate the sensor. For the microfluidic channel, a
10- m-thick AZ4620 photoresist layer is lithographically patterned to create molds for
PDMS. The cured PDMS is peeled off the substrate and aligned to the sensor element as
shown in Figure 3.

Figure 1. Longitudinal hot-wire sensor
in a fluid channel.
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TESTING AND RESULTS
Figure 2 shows the setup for the sensor

and infrared microscope image with the bridge
voltage of 2V. The heat slightly increases the
temperature by 2ºC. Colored water is pushed
through the microfluidic channel by pressure.
The response time of the sensor was measured at
4 ms, which is sufficiently fast enough for
measuring the range of flow tested. Typical
sensor output is shown in Figure 3 when the
liquid front is moving at a constant speed of
1.4mm/s. The output voltage linearly decreases
as the liquid fills the channel. As shown in
Figure 4, the flow speeds measured from the
sensor is accurate within the range of optical

measurement error range of 30ms. The sensor can be also used to extract information for
liquid flow that is being filled intermittently as shown in Figure 5. From the voltage output,
it can be seen that the flow front reaches state (a) with velocity 750µm/s and stays there for
1.3s before it moves to state (b) with velocity of 560µm/s.

Figure 3. Voltages output drops linearly as the liquid fills the entire section of
the channel. The slope in the graph between t=1.2s and t=1.9s indicates the
liquid is moving at a constant speed.

Figure 4. Various flow speed
values were measured with the
sensor and compared with optical

Figure 5. Voltage output trace associated with an intermittent filling process,
reaching positions a, b, and c successively.
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A THREE-DIMENSIONAL SUBSTRATE FOR CARDIAC
MYOCYTE ORIENTATION AND CONTRACTION

FORCE MEASUREMENTS
Yi Zhao and Xin Zhang

Laboratory for Microsystems Technology, Department of Manufacturing Engineering,
Boston University, Boston, MA 02215, USA

ABSTRACT
In this paper, we report on a three-dimensional polymeric substrate for cell alignment and

mechanical force measurement. Such a substrate was manufactured using a pressure-
assisted micro molding process. The adhered cardiac myocytes were found being aligned by
the elevated polymeric sidewalls. Meanwhile, the contraction force was in situ monitored
from the deflection of embedded polymeric pillars. Since the cells resemble the
morphology as those in vivo, the force evolution is expected to reflect the mechanical
interaction in physiologic situation, and to provide some insight in artificial cardiac tissue
construction.

Keywords: Cardiac myocytes, pressure-assisted micro molding, Cell alignment

1. INTRODUCTION
The limited ability of regeneration and the scarcity of donors contribute to the need for a

large pool of transplantable cardiac tissue. After being transplanted, the tissue needs to
coordinate with the host both mechanically and electrically, for serving in whole or as part
of the driving source for blood pumping. The contractility is thus a vital concern. Although
dramatic progress has been made on contractility study of suspending cells and attaching
cells, mechanical behavior of in vivo-like myocytes, as those in artificial tissues, still
remains unknown. In this paper, we demonstrate a three-dimensional polymeric substrate
for cell alignment and force measurement (Figure 1). This substrate provides more area for
cell adhesion by building elevated sidewalls and extra polymeric posts [1], guiding all the
adhered cells to expand in a certain direction, so as to resemble the morphology with those
in vivo.

Figure 1 The three-dimensional substrate is made up of parallel sidewalls that are
separated by an embedded array of micro pillars. Posts with larger diameters are also
embedded to provide additional vertical surfaces for cell adhesion. (a) is the top view and
(b) is the perspective view; (c) is the schematic view showing the cell attachment with the
sidewall (in dark gray), posts as well as the embedded pillars (in light gray).

2. FABRICATION PROCESS
The three-dimensional substrate was manufactured by using a pressure-assisted micro
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molding process (Figure 2). A silicon mold was fabricated from a 4 inch (100) wafer via
standard microfabrication processes. The patterned photoresist served as a mask and the
exposed silicon surface was etched using deep reactive ion etching. A mold was thus
formed with deep single-spaced holes. PDMS prepolymer (Sylgard® 184, Dow Corning)
was mixed 10:1 (base solution to curing agent) and stirred thoroughly to ensure the
uniformity. It was poured on top of 25mm 75mm glass slides, and spun at a low rate to
create a flat surface. Afterwards, the prepolymer was placed on top of a hotplate for initial
thermal curing (or “precuring”) at 65°C. The curing time was carefully controlled so that
the prepolymer would not fully crosslink. At the completion of the precuring, the silicon
mold with deep holes was slightly dipped onto the prepolymer and a light weight was
applied on the top. The glass slide was put under vacuum again. The prepolymer was then
thermally cured for a second time. Upon removal of the master mold, PDMS structures
were formed on the base substrate.

Figure 2 Fabrication process for our three-dimensional substrate: (a) PDMS prepolymer
was precured on a glass slide; (b) The mold was slightly dipped into the partially cured
prepolymer; (c) Some of the trapped air escaped under a certain vacuum; (d) The polymer
was brought into the mold by the differential pressure when the pressure was raised back to
atmosphere; (e) Complete curing was conducted, and (f) Structures are formed upon mold
removal.

Theoretical and experimental study has been conducted to describe the relationship
between the resulting heights of the polymeric microstructures and the operation parameters
[3]. The result shows that the polymer elevation depends on the precuring duration, applied
vacuum, the lateral dimension, and the depth of the holes in the template. The three-
dimensional polymer structures were thus fabricated by changing the lateral dimension and
tuning the operation parameters (Figure 3).

Figure 3 SEM pictures of the three-dimensional substrate.

Embedded Pillars Sidewalls

Posts

10 m

10 m
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3. RESULTS AND DISCUSSIONS
Cardiac myocytes isolated from Wistar rats were cultured on the substrate. After 7 days

culture, observation was conducted using an optical microscope and the images were
captured using a video camera. As seen, most cells accomplished the remodeling and had
stretched out along the sidewalls, differing from the randomly oriented ones cultured on a
plain substrate (Figure 4). Meantime, the micro pillars were deflected dynamically upon
cell contraction. The deflection map was achieved by comparing the deflected array with a
reference array and the mechanical force distribution was obtained by multiplication with a
predetermined spring constant (Figure 5).

Figure 4 The phase contrast image (a) indicates that the cardiac myocytes being cultured
on the substrate were aligned along the sidewalls. This alignment was validated by
comparison of the fluorescence images of actin filaments in an aligned myocyte (b)
(cultured on our three-dimensional substrate) and in a nonaligned myocyte (c) (cultured on
a plain PDMS substrate).

Figure 5: Displacement and force maps derived from relaxation (a) and shortening (b) of
the same cell reveal the mechanical interaction under physiologic condition.

4. CONCLUSION
A three-dimensional polymeric substrate manufactured using a pressure-assist micro

molding process successfully aligned the adhered cardiac myocytes. The contraction forces
of the cells were in situ monitored. This substrate offers an in vivo-like environment for the
cardiac cells, and is expect to reveal the mechanical interaction between the cells and
extracellular substrate.
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CONTACTLESS ELECTROCHEMICAL ACTUATOR
FOR PRECISE SAMPLING ON MICROCHIP

Lynda Metref, Fernando Herrera*, Daniel Berdat, Martin A. M. Gijs
Institute of Microelectronics and Microsystems, Ecole Polytechnique Fédérale de Lausanne

1015 Lausanne, SWITZERLAND

ABSTRACT
The scope of this work has been the design of a mechanical actuator in polydimethyl-

siloxane (PDMS) / glass for precise liquid sampling, based on the electrochemical generation
of O2. The device is composed of two chambers separated by a PDMS membrane. In the first
chamber, the generated gas bends the membrane, actuating a precise volume of a liquid sam-
ple in the second chamber. The linear relationship between the number of transferred charges
and the number of gaseous O2 molecules allows a very accurate control of the dispensed
volume.

Keywords: microfluidic, contactless, actuator, electrochemistry

1. INTRODUCTION
Böhm et al. [ 1, 2] suggested an electrochemical actuation method based on the hydro-

lysis of water. A liquid is pushed out from a reservoir by the hydrolytic gas generation.
Lewandowski et al. [ 3] proposed a system, where an electrochemical reaction creates a
bubble in the liquid, the volume of which corresponds to the displaced fluid.

Figure 1 (a) shows the principle of our actuator microsystem. It is composed of two cavities
without any fluidic contact. The generated gas in cavity B creates an overpressure and the
pressure difference between the two sides of the membrane creates a deflection, pushing a
precise volume of sample liquid out of cavity A. In this work we test the actuation principle,
for which the device shown in Figure 1 (b) was fabricated. It allows to determine the relation
between the transferred charge and the PDMS membrane deformation. For a typical actuation
time of 30 s and an applied potential of 1.6 V, we obtain a deformation volume of an order of
10 µl.

(a) (b)
Figure 1. (a) Principle of the electrochemical actuator: cavity B contains a CuSO4 solution. When a
potential is applied between the electrodes, gas generation takes place and the membrane moves up,
pushing the sample out of cavity A (b) Device realized to characterise the actuator: only the electro-
chemical cavity B is present allowing characterisation of the relation between the transferred charge and

the deformation of the membrane.

The advantage of the double chamber principle is that the sample liquid is not in contact
with the electrodes due to the presence of the PDMS membrane. In such a way, sample
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contamination risks are minimised, its conductivity and its composition are not an issue and,
most important, analytes won’t be electrochemically modified. As volume control is made
via an applied potential, this system promises to be more robust than an external pressure
source controlled device.

2. THEORY
The work required to achieve the membrane displacement is given by a volume expansion

in the electrochemical cavity. The pressure difference needed is function of the maximum
deflection of the membrane w, the radius of the membrane r, the membrane thickness t, the
Young modulus E and the Poisson’s ratio ν of PDMS[ 4]:

∆P =
16Et3w

3(1 − ν2)r4
(1)

The electrochemical reaction below was preferred instead of water hydrolysis:

Cathode: 2 Cu2+(aq.) + 4 e− � 2Cu(s) E0,c = 0.34V

Anode: 2 H2O(l) � O2(g) + 4 H+ + 4 e− E0,a = −1.23V
(2)

It does not need the separation of the two gas products of the reaction as necessary in water
hydrolysis. The standard potential E0=E0,c-E0,a=1.56 V.

Thus, one could determine the volume of the membrane’s deformation as a function of the
charge transferred.

3. EXPERIMENTAL
The Sylgard 184 PDMS from DowCorning and the CuSO4 from Fluka were used as re-

ceived. The experiments were carried out with an EG&G Princeton Instruments 263A poten-
tiostat controlled via a computer interface.

The PDMS membrane was realized by soft lithography. The Pt interdigitated electrodes
were fabricated by lift-off on glass using clean room facilities. The PDMS was bonded up on
the glass by oxygen plasma activation.

Figure 2. Characterisation of the membrane displacement as a function of the transferred charge. The
last picture corresponds to a 16 µl volume displacement and a transferred charge around 0.35 C.

The device is filled with 1 M aqueous CuSO4 solution. The access channels are sealed and
a 1.6 V potential is applied.

To measure the membrane’s deformation, an optical setup was designed to follow up dy-
namically the experiment. Image treatment was carried out by mean of ImageJ open source
software. The applied current is recorded for data treatment by means of PowerSuite software
(Princeton Applied Reasearch).

4. RESULTS AND DISCUSSION
Figure 3 (a) shows the impact of the electrodes geometry on the volume evolution rate.

In the first design the electrode surface was underestimated and the reference was taken via
the counter electrode. In the new design, the area was optimised, the electrode size was
increased and a separated reference electrode was micropatterned, increasing the reaction



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

171

rate in approximately ten times.
In Figure 3 (b), the volume vs. the charge is plotted for three different devices A, B and

C. The experiment was repeated for the device C. A linear behaviour can be observed after a
charge of 0.12 C. The flat behaviour could be the consequence of the PDMS viscoelasticity
and hyperelasticity.
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Figure 3. Characterisation of the membrane displacement: (a) Volume evolution for two different elec-
trode design (b) Volume vs. the transferred charge for four experiments made with the new electrode

design

5. CONCLUSION
This work has proven the feasibility of an actuator based on the displacement of a PDMS

membrane by the electrochemical generation of gas. We demonstrate a contactless electrode
sampling system, which allows to preserve the analytes of degradation by the electrochemical
reaction. The dispensed doses are precise and modular. Moreover, PDMS soft lithography
technology allows producing cheap and disposable actuation devices.
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SWITCHABLE STIFFNESS NANOSCANNING PROBE
FOR BIOLOGICAL APPLICATIONS

C. T. Mueller-Falcke, S. D. Gouda, S. Kim and S-G Kim
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

ABSTRACT
A switchable stiffness scanning probe for imaging and sensing soft biological specimen

is developed. For better integration of multiple functions into a MEMS device, the
conventional cantilever-type design of AFM probes has been replaced with an in-plane
design. Switching stiffness of the probe is accomplished by engaging or disengaging
auxiliary flexures to the compliant beam structure by means of electrostatically actuated
clutches. A scaled-up proof-of-concept model is manufactured and tested.

Keywords: Nanoscanning probe, switchable stiffness, MEMS

1. INTRODUCTION
Atomic force microscope (AFM) has been sought to be useful as a manipulation tool to

push, pull, cut and indent specimens [1]. Despite its success as an imaging tool for
nanostructures, the major drawbacks of commercially available AFM are slow imaging
speed as well as poor compatibility of tip and surface of the scanned specimens [2]. In the
current AFM practice, adjustment of the stiffness of the probe to different surface hardness
values can only be accomplished by manually changing the probe. This, however, would
imply a change of probes in the middle of a measurement and therefore a loss of positional
information. This paper explains how the shortcomings of current AFM probes with respect
to speed, versatility, functional integration, fabrication and tip have been addressed by
redesigning the device with a systems design approach. It features a switchable stiffness
which adopts itself to the changing surface hardness of the sample. Actuation in the z-
direction and sensing can easily be integrated into the coplanar MEMS structure. A single
strand carbon nanotube (MWNT) is used as a high-aspect-ratio tip [3].

2. DEVICE DESIGN
Figure 1(a) shows the design of the entire device. As the probe scans the surface, the tip

moves up and down according to the surface topography. The amount of displacement is
measured by the capacitive sensor whose output signal is fed back to the comb drive
actuator. Based on the closed loop control, the actuator moves the whole system in the
vertical direction to maintain a constant force between the tip and the sample. By applying a
voltage between the plates of two electrostatic actuators, two additional beams can be
attached to the main compliant structure, thus increasing the overall stiffness of the system.
The device is surface micromachined with the carbon nanotube (CNT) tip to be assembled
afterwards. The metal for the actuators and the sensor as well as for the electrical
connections can easily be deposited via e-beam evaporation.

3. STIFFNESS MODEL
The stiffness of the entire device has been calculated by approximating the structure

with a lumped model of ideal elastic beams (figure 1-b). The stiffness of flexure 1, flexure 2
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(representing the device with the two clutches engaged), and flexure 3 (representing the
base of the device ) as shown in figure 1-b, can be modeled as

3
1

1 3 3
1

Ewtk 2
L 2L

=
+

;
3
2

2 3
2

Ewtk 2
L

= ;
3
3

3 3
3

Ewtk
L

= (1)

Target values for the final design are a stiffness of 0.01 N/m in the soft mode (k1+k3) and
0.1 N/m in the hard mode with the clutches closed (k1+k2+k3). To achieve these values, a
beam width of 1-2 !m is necessary and the overall size of the system has to be 500 !m by
650 !m. The proof-of-concept design, which has been fabricated first, whose limited
resolution results in a minimum beam width of 14.5 !m. It has a calculated stiffness of 53.7
N/m in soft mode and 122 N/m in high stiffness mode.

Figure 1. (a) Device design (A Electrostatic clutch, B High-aspect-ratio CNT tip, C
Capacitive sensor, D Comb drive actuator); (b) Flexures 1,2,3 and their lumped models

4. FABRICATION
SU-8 is chosen as structural material because it allows easy and reliable fabrication of

any shape without additional etching. SU-8 is spun onto the wafer substrate to the desired
thickness. It is then exposed, baked and developed. In the next step the device undergoes a
timed XeF2-etch which selectively etches the silicon base. This creates a slight undercut to
release the metal layer which is deposited. A series of five layers of thick lift-off resist is
spun on and patterned to create a mask for the metal layer (figure 2-a). Gold is deposited
via e-beam evaporation to form the actuators on the sidewall of the SU-8 structure as well
as to form the electrical connections (figure 2-b). To improve adhesion of the metal to the
SU-8, a 20nm thin chromium layer is deposited between the gold and device. The release
layer is then dissolved in acetone to lift off the excess metal. The device undergoes a
second XeF2-etch to release the moving parts of the structure from the silicon wafer.

5. DEVICE TESTING AND RESULTS
The performance of the electrostatic actuation and the clutch is examined with a

conventional micro-probe station. In order to verify the results from the lumped element
model, the device is tested with the Hysitron Triboindenter® nanoindentation transducer.
According to the test results an average stiffness of klow = 56.8 N/m (clutches disengaged) is
obtained, which is close to the calculated value of 53.7 N/m from the therotical model. An
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average stiffness of khigh = 97.3 N/m (clutches engaged) is obtained, which differs slightly
from the calculated value of 122 N/m from the therotical model (stiffness model).

Figure 2. (a) Top view of the unreleased AFM probe; (b) Top view of the SU-8 structure
with gold electrodes

6. CONCLUSIONS
This paper discusses the requirements of scanning probes for biological applications, as

deduced from current AFM practices and their shortcomings with regard to the special
challenges presented by in vivo sampling of living cells. Based on this, a novel in-plane
AFM probe has been designed. It features a switchable stiffness which makes adaptive
scanning of the varying hardness surface of biological samples possible. A manufacturing
process with standard MEMS fabrication steps has been conceived and optimized. The
clutch performance has been tested successfully. The dual stiffness, measured via nano-
indentation, agrees well with the predicted values.
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A SHADOW-MASK TO MAKE HALF MILLION
SUBMICRON SQUARE PATTERNS AT ONCE

M.C. Tarhan(1), A. Tixier-Mita(2) and H. Fujita(1)

(1) CIRMM/Institue of Industrial Sciences, The University of Tokyo, JAPAN
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ABSTRACT:
We proposed a technique to make half-million of square particles at once, by deposition

through holes in a shadow-mask. The particles can serve as bases for selective molecular
attachment or as labels for cells. The dimensions of the apertures of the shadow-mask are
adjusted by anisotropic etching in TMAH and can reach sub-micron dimensions. Patterns
until 500nm could be obtained. But the quality of the square shape increases with the
increasing dimensions.

Keywords: Anisotropic etching, shadow-mask, square patterns, UV lithography

1. INTRODUCTION:
Going towards smaller patterns dimensions is one of the main goals of electronic and

biological devices. By reducing the dimensions from microns to sub-microns a better
integration can be obtained. However, for fragile devices or systems with 3D structures, a
resistless patterning process is essential.

Several techniques already exist for resistless patterning [1-4]. Among them, the
shadow-mask technique is advantageous for depositing a wide range of materials
simultaneously, through many holes made in the shadow-mask, onto a wide range of
surfaces. This is a no-contact technique, which does not require any chemical process and
shadow-masks are re-usable. Patterns with dimensions down to 100 nm could be obtained
[4]. However, shadow-masks for sub-microns patterning consist into a thin (500 nm)
suspended nitrate membrane, where patterns are created. They are quite fragile, because
of the thin nitride membrane and then susceptible to break during re-usage. The
shadow-mask presented here is not fragile as the holes are processed in a 20 microns thick
crystal silicon layer. It can then be easily re-used to obtain more particles.

2. EXPERIMENTAL:
The fabrication process, described in Figure 1, is deriving from the process that was

presented by the authors previously [5], where etching in TMAH to obtain sub-micron
structures follows standard UV lithography. The key of the technique is to take advantage
of the slow silicon-etching rate of the {111} planes in TMAH, to control precisely the
sub-micron dimensions of the patterns. Etching rate of {111} plane is 35 nm/min in %15
of TMAH at 90℃ [6]. This slow etching rate allows controlling the dimensions of the
aperture at about 100 nm. The patterns are designed in a way that etching of {111} planes
in TMAH is necessary to obtain a through – hole in the 20 microns silicon layer. The
dimensions of the patterns are not dependent on the patterns design, but on the etching time
in TMAH, which is easily controllable and allowed to reach sub-micron dimensions.

The designed density of the holes is around 60000 holes/cm2. This number can be
increased significantly by using thinner SOI wafer. Note that, thinner wafer will be more
fragile. The substrate to be deposited and the backside of the shadow-mask are etched by
ICP-RIE in order to place the substrate close enough to the bottom of the holes on the
shadow-mask. Once the substrate is placed to the backside holes of the shadow-mask,
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gold evaporation is performed (Figure 3). The shadow-mask, substrate and the patterned
gold can be seen in Figure 4.

3. RESULTS AND DISCUSSIONS:
Figure 4 and 5 show the results after deposition. More than half million particles are

deposited at once on an area less than 10 cm2. On this whole area, the opening dimensions
of the corresponding holes in the shadow-mask are changing of about 1 micrometer, due to
the thickness non-uniformity of the SOI wafer. That difference can be seen on the
obtained gold particles. The diffusion of gold on the substrate, during deposition creates a
halo around the patterns. The spacing between the shadow-mask and the substrate, which
is more than 1 micron, leads to two consequences: 1) not well-defined squares, 2) increase
in dimension. This factor is also dependent on the place of the shadow-mask relative to
the boat containing the gold for evaporation. Because of these effects, a nice square shape
cannot be obtained for patterns with dimensions less than 1 micron. Sub-microns patterns
of more than 500nm can be obtained with a roughly square shape (Figure 5). But patterns of
smaller dimensions can be hardly obtained.

Figure 1: Process chart of the
shadow-mask and the substrate
for deposition fabrication.
Scheme of the
accommodation of the substrate
in the shadow-mask. A special
substrate was made to be located
in the backside of the
shadow-mask. The substrate
arrives then against the bottom
aperture of the shadow-mask,
which has precisely controlled
dimensions.

Figure 2 : The patterns are designed in a way
that etching of {111} planes in TMAH is
necessary to obtain a through - hole in the top
silicon layer of the shadow-mask.

Figure 3: a) Principle of gold
deposition through the
shadow-mask and b) result of
the deposition
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4. CONCLUSION:
A technique is proposed to obtain more than half million square patterns in an area about

10 cm2. By changing the design or the thickness of the wafer, this number may be
increased significantly. The dimensions of the apertures in the shadow-mask are well
controllable, thanks to the slow etching rate of {111} planes in TMAH. The diffusion of
gold on the substrate, during deposition creates a halo around the patterns. Not-well
defined shapes were observed due to the spacing between the shadow-mask and the
substrate. Square-like patterns of more than 500nm can be obtained. But the quality of
the square shape increases with the increasing dimensions. For smaller dimensions a nice
square shape cannot be obtained. The shape can be improved by reducing the spacing.
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CONTROLLED OUT-OF-PLANE POSITIONING OF
MICROFLUIDIC COMPONENTS IN SU-8 DRIVEN BY

PLASTIC STRAIN
Daniel Haefliger and Anja Boisen
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We present a method to tailor intrinsic stress in soft SU-8 membranes by using plastic strain
induced on the substrate surface by stress-loaded, evaporation-deposited metal films. The
evaporation process heats the polymeric substrate and reduces its viscosity. This enables
yielding of the polymer by aluminium, gold and titanium films that develop intrinsic stress
during deposition. After metal etch the residual stress keeps the SU-8 membrane in a
defined out-of-plane position. The plastic strain is employed for controlled positioning of 8-
µm-thin and 400-µm-long SU-8 membranes used e.g. for valves and sensors integrated in
microfluidic systems. Plastic deflections of 100 µm were reproduced within about 5 µm.

Keywords: 3D microfabrication, polymers, plastic strain, valve

1. INTRODUCTION
SU-8 is widely used in microfluidic design due to its outstanding 3D-fabrication

capability. For example, we used this resin for the fabrication of thin cantilevers fully
integrated into microchannels for on-chip diagnostics [1] or autonomous biosensors based
on flapper microvalves [2]. Both devices depend on well-defined soft and sensitive
membranes. Microprocessing of SU-8 membranes of < 10 µm thickness, however,
generally results in considerable deformation of the structure due to intrinsic stress (16-19
MPa [3]). While intrinsic stress can be well controlled in semiconductor technology today
[4] stress control in resins is still at its beginning. We propose here the use of stressed metal
films deposited on the substrate to mechanically yield the soft polymer and induce plastic
deformation. Upon metal removal the residual stress corrects for membrane warping
originating from processing (Fig. 1) or it raises membranes out-of-plane. Due to low
stiffness polymeric resists thus offer novel ways for stress control, which are difficult to
realise for semiconductor materials.

2. EXPERIMENTAL
The cantilever and flapper valve structures were fabricated in SU-8 (SU-8 2000 series,

MicroChem Corp., Newton, MA, USA) using standard procedures [2,5]. For intrinsic stress
tailoring individual SU-8 chips were mounted onto an aluminium support and loaded into
the metal evaporation device (SCM 600 e-beam evaporator, Alcatel, France). There was no
cooling of the support during the metal deposition. We deposited aluminium, gold and
titanium. After deposition the metal was etched away from the yielded SU-8 membranes
using 0.5M NaOH for aluminium, a KI-based gold etch for gold and 5% HF for titanium.

3. RESULTS AND DISCUSSION
The deposition of gold and titanium onto SU-8 at rates between 2-10 Å/s produced

tensile stress bending the SU-8 membrane towards the coated surface. Aluminium
developed tensile stress only at deposition rates < 3 Å/s. At higher rates the intrinsic stress
proved to be compressive, bending the substrate away from the coated surface. Fig. 2 shows
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the maximum tip deflection of a 400-µm-long and 8-µm-thick SU-8 beam coated with a
250-nm-thick metal film at various deposition rates (dashed lines). After etching the metal
film away the membranes keep a permanent plastic deformation, illustrated by the solid line
in Fig. 2. Depending on the metal and deposition rate this plastic deformation measured 40-
70 % of the initial beam deflection induced by the metal film. A deflection of 100 µm could
be effectively reproduced within a range of about 5 µm using gold and aluminium.

At room temperature deflections of several 100 µm induced mechanically by an
indenter generally do not lead to plastic deformation of these membranes. The yielding of
the SU-8 membranes during metal deposition is effectively promoted by heating of the
material due to metal condensation and due to radiation from the evaporation source. The
heat reduces the viscosity and thus the yield strength of the SU-8. Based on analytical
calculations we estimate that the SU-8 substrate is heated to a temperature of up to 90 °C
during the evaporation. At this temperature considerable material reflow has been regularly
observed during hard-baking of SU-8 films on hotplates.

The stress tailoring method was used to level a flapper to fabricate a closed valve as
shown in Fig. 3. After SU-8 processing and release of the chip from a silicon handling
wafer the 8-µm-thick flapper initially bent upwards due to intrinsic stress as shown in Fig.
3a. This undesirable bending led to an open valve. By depositing about 100 nm Ti on the
bottom side and etching it away afterwards the flapper is flattened, efficiently closing the
valve as shown in Fig. 3b.

The flapper can also be used as a platform for an integrated flow/drag sensor or to
guide liquid for mixing. For this purpose, a 400-µm-long flapper was raised 200 µm into
the microfluidic channel as shown in Fig. 4. The plastic deflection was achieved by
depositing 250 nm gold on the top surface and subsequent etching of the metal.

4. CONCLUSIONS
This novel 3D-fabrication process is simple and fast, avoiding destructive high

temperatures, the use of magnetic fields [6] or tedious application of jigs [7] to induce out-
of-plane deformation. It can be used for defined raising of microstructures and correcting
of unwanted, intrinsic-stress-induced bending of membranes in a large variety of
applications such as cantilever-based sensors and microfluidic components.
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Figure 1. Principle of out-of-plane
positioning by plastic strain. The
images show a schematic cross-
section along a cantilever. The graph
along the cantilever thickness depicts
the stress distribution. (a) Initial bent
cantilever. (b) Controlled plastic
deformation of the cantilever by a
evaporation-deposited metal film.
(c) Cantilever flattened by residual
stress after metal etch.

Figure 2. Deflection of the tip of a 400-µm-long
and 8-µm-thick SU-8 cantilever at different
deposition rates of 250-nm-thick (a) aluminium,
(b) gold and (c) titanium films. The deflection is
measured relative to the initial beam position as
depicted in Fig. 1a. The dashed lines show the
deflection of the beam after metal deposition as
illustrated in Fig. 1b, the solid lines show the
residual plastic deformation after metal etch as
depicted in Fig. 1c.

Figure 3. Controlled out-of-plane positioning of a
flapper. (a) Flapper valve integrated in a microfluidic
channel after release of the SU-8 chip from the handling
wafer. Bending of the flapper due to intrinsic stress from
processing is clearly visible. (b) Flapper leveled to the
channel bottom by plastic deformation as outlined in
Fig. 1. This state corresponds to a closed flapper valve.

Fig. 4. Flapper raised into the
microfluidic channel. If the
flapper is equipped with
electrodes or strain gauges it
can be used as a hot-wire
anemometer or drag/flow
sensor.



FULLY-DRY FABRICATION OF MONOLITHIC
HIGH-ASPECT-RATIO EMBEDDED PARYLENE

MICROCHANNELS
Po-Jui Chen, Damien C. Rodger, and Yu-Chong Tai

Micromachining Laboratory, California Institute of Technology, USA

ABSTRACT
This paper presents the first microfabricated monolithic high-aspect-ratio (HAR)

embedded channels. Based upon implementing a novel two-step complementary etching
technique and conformal structural layer deposition, quasi-rectangular embedded channels
with internal aspect-ratio (internal channel height / internal channel width) greater than 20
are successfully fabricated in one silicon wafer. This proposed process can produce
high-efficiency microfluidic columns and flexible channels for bioMEMS applications.

Keywords: Embedded channel, high-aspect ratio, monolithic, parylene

1. INTRODUCTION
High-performance channels/columns are a key technology for microfluidics and

bioMEMS devices. Among different geometrical designs, HAR rectangular channels have
a remarkable capability of combining strong fluid/wall interactions and high volumetric
flow rates for separation analysis [1][2], while their current fabrication methods all involve
wafer bonding [3][4] which increases the complexity of on-chip integration with other
surface micromachined elements. On the other hand, conventional
surface-micromachined channels have a crucial step of stripping sacrificial photoresist layer
[5] that brings issues such as long process time, possible channel contamination, and
limited reaction channel length. Therefore, this work introduces a novel technology to
monolithically fabricate bulk-micromachined embedded channels. The fabrication is
completely compatible with further lithographic CMOS/MEMS process, and produces
high-efficiency columns that promote chemical interactions between sample fluids and
walls in micro-total-analysis systems for micro gas-chromatography ( GC) and capillary
electrophoresis (CE) [1][2][3]. Additionally, flexible structures incorporating thin-walled
HAR channels can be built to improve mechanical performance of devices, such as
sensitivity of micromachined spiral-tube intraocular pressure sensors [6].

2. DESIGN CONCEPT
The fabrication of HAR channels is a fully-dry process based on the buried channel

technique [7][8]. Before depositing a conformal structural layer to form rectangular
embedded channels, HAR trenches with uniform sidewall undercut are necessary, for which
the fabrication is difficult because the mass-transport limitation in successive sidewall
etching results in a non-ideal “vase-like” undercut profile [6]. Thus, as illustrated in Fig. 1,
a simple two-step complementary etching technique has been developed. First by
controlling time-multiplexed periods of SF6 etching and C4F8 polymerization in the Bosch
process of deep reactive ion etching (DRIE) (Fig. 2), reentrant (negative-tapered) trenches
can be etched with a designated slope [9]. The trenches are then dry-etched with a
positive slope to complement the quasi-rectangular profile for the following enclosure by
conformal deposition of structural layer. Parylene C (poly-para-xylylene C) is here selected
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as the structural material because of its flexibility, chemical inertness, biocompatibility, and
CMOS-process-compatible room-temperature conformal deposition.

3. RESULTS AND DISCUSSION
Experimentally, the process begins with 0.5 µm wet oxidation on a standard 4-inch

silicon wafer. After oxide patterning, the modified Bosch process is performed in a
PlasmaThermTM DRIE system to create the reentrant HAR trenches. For 6.5 µm openings,
the plot in Fig. 3 indicates the linear-fitted relationship of the negative trench slope and the
etch rate as a function of SF6 etch time during one Bosch loop. After 200 loops of
multiplexed 14-second SF6 etching, 155-µm-deep trenches with 3.5-µm-wide undercut are
fashioned. SF6 plasma etching and XeF2 gaseous etching are then used to perform the
complementary etching. Results in Fig. 4 show that both etching methods are able to
accomplish quasi-rectangular (90o within 1o variation) trenches with an oxide overhang.
An 8 µm parylene C coating finally seals the trenches to construct embedded channels (Fig.
5). One advantage of this process is that there is no critical liquid process step to release
channels, implying they are able to be fully-dry fabricated. These channels show their
great potentials in terms of high internal aspect-ratio (~ 23) while remaining equivalent
fluidic resistance to existing semi-circular embedded channels [8] by calculations.

4. CONCLUSION
A novel process technology has been developed to fabricate monolithic HAR embedded

microchannels which have breakthrough mechanical and physical properties for specific
employments. The fabrication is greatly compatible with consecutive lithographic process,
further advances the incorporation with multi-layer surface micromachining to implement
high-performance integrated microsystems in microfluidics and biomedical applications.
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(a) (b) (c)

Figure 1. Schematics of quasi-rectangular
HAR embedded channel process flow: (a)
Reentrant (negative-slope) DRIE trench
etching; (b) Complementary positive-slope
dry etching; (c) Conformal structural layer
deposition.

Figure 2. Time-multiplexed sequence of
SF6 etching and C4F8 polymerization in
Bosch process. Aggressive trench etching
and the corresponding lateral etching is
done by extending time of SF6 flow.
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Figure 3. Linear-fitted relationship of the
negative trench slope and the etch rate as
a function of SF6 etch time in the modified
Bosch process.
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Figure 4. Quasi-rectangular HAR trenches
with oxide top overhang after the following
complementary dry etching: (a) SF6
plasma etching; (b) XeF2 gas-phase
etching.

Figure 5. SEM images of fabricated
monolithic HAR embedded parylene
channels and their close-up.
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MICROFLUIDIC POLYETHER ETHER KETON (PEEK)
CHIPS COMBINED WITH CONTACTLESS
CONDUCTIVITY DETECTION FOR µTAS

Holger Mühlberger1, Andreas E. Guber1 and Werner Hoffmann2

1Forschungszentrum Karlsruhe, Institute for Microstructure Technology, Germany
2Forschungszentrum Karlsruhe, Institute for Instrumental Analysis, Germany

ABSTRACT

This paper details an initial approach towards polyether ether keton (PEEK) based µTAS
by introducing PEEK capillary electrophoresis (CE) chips combined with contactless
conductivity detection (CCD). Difficulties in PEEK processing which have been limiting
until now have been overcome by a new plasma enhanced thermal bonding process. A
significant decrease in electroosmotic flow (EOF) was found using PEEK. Initial CE
experiments demonstrated the analytical suitability of these new PEEK chips.

Keywords: Polyether ether keton (PEEK), capillary electrophoresis chips,
contactless conductivity detection, low-cost devices

1. INTRODUCTION

Although PEEK shows outstanding material features for applications in analytical
chemistry, such as extremely high chemical resistance and mechanical stability, high
temperature resistance, very low adsorption and absorption etc., no adaptation of
microchannel structures to the µTAS world have been found until today, mainly due to
difficulties in processing. Furthermore, PEEK microparts are opaque preventing the use of
established optical detection methods. But, CCD utilizing capacitive high frequency
electrical signal transfer can be used for broad non-specific detection of any charged
species in CE where the intrinsic property of ion mobility is essential for the separation
process itself [1]. It does not need sample labelling, and because external detection
electrodes outside the microchannel are used in CCD, any sample contamination and
electrode degradation are prevented. Therefore, advancing PEEK chip processing
technology and combining these chips with CCD might be a substantial contribution to
µTAS development.

2. EXPERIMENTS AND RESULTS

To find optimal conditions for PEEK bonding - which is one of the most critical
fabrication steps - several pretreatments with respect to resulting bonding strength were
optimized. Nitrogen plasma proved to be superior compared to other plasma or UV
pretreatments (Fig. 1). Bonding was so strong that fractures predominated in the bulk
material. Additionally, the wetting contact angle was reduced by N plasma treatment from
77° to 26°. Using this technique, we were able to bond standard cross shaped
microchannel CE structures (cross section 50 x 50 µm2), prepared by hot embossing, with
a 25 µm cover foil. Additional Au electrodes for CCD were sputter deposited on the
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channel cover. Three pairs of such electrodes can be seen in Fig. 5 near the CE separation
channel outlet.
Although a small increase in the surface charge caused by the plasma pretreatment was
observed, a significant decrease of electroosmotic flow (EOF) was found using PEEK
compared to other conventional polymer materials such as poly (methyl methacrylate)
(PMMA), polypropylene (PP), polycarbonate (PC), polystyrene (PS) and cycloolefine
copolymer (COC), cf. (Fig. 2). These results may be attributed to specific inert surface
properties of PEEK. Some initial separation experiments were performed in PEEK CE
chips using a model mixture of KCl-NaCl-LiCl in MesHis background electrolyte solution
(Fig. 3). Compared to a PMMA CE chip, longer migration times were observed for PEEK.
Furthermore amino acids could be separated at pH 2,25 (Fig. 4)

Fig. 1: Maximum tension of thermal bonded Fig. 2: Electroosmotic mobilities
PEEK samples with and without various measured in different
pretreatments polymer CE-chips

Fig. 3: Electropherograms obtained with PEEK and PMMA CE chips (LiCl, NaCl, KCl,
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each 1 mM, back ground electrolyte 10 mM MesHis)

Fig 4: Electropherogram of amino acids obtained with PEEK chip at pH 2,25 (1 to 11 each
0,4 mM, 12 and 13 each 0,8 mM)

Fig. 5: PEEK CE-chip with sputtered external Au electrodes (chip size 16 mm x 95 mm)
B: buffer reservoir, S: sample reservoir; further holes necessary for positioning
purposes can be seen; channel structures not visible because of opaque PEEK.

3. CONCLUSIONS AND OUTLOOK

Using a new plasma enhanced thermal bonding process PEEK CE chips combined with
CCD were established. Compared to other polymers a low EOF was observed. Initial
separations, including mixtures of amino acids, were demonstrated. In further experiments
the outstanding material features of PEEK will be used.
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FABRICATION OF A HOLLOW METALLIC
MICRONEEDLE ARRAY USING SCANNING LASER

DIRECT WRITING
Hui Yu1, Kosaku Shibata1, Biao Li2, and Xin Zhang1

1Boston University, 2Fraunhofer USA Center for Manufacturing Innovation

ABSTRACT
This paper presents a novel fabrication process for a hollow metallic microneedle array

with a fluidic revervior using backside exposure of single-layered SU-8. It contributes to
the growing MEMS based biotechnologies that aim to deliver medicine into body without
pain and infection.

Keywords: Hollow metallic microneedle, scanning laser direct writing, SU-8

1. INTRODUCTION
A novel fabrication process for a hollow metallic microneedle array with a fluidic

revervior using backside exposure of single-layered SU-8 is developed. Our method is
based on a scanning laser system that we recently developed for rapid processing single-
layered microbeam and microvalve [1] and multi-layered electrostatic regulator [2]. In
contrast to the existing methods that require complex fabrication [3], our process involves
only a few simple fabrication steps without the use of masks.

2. THEORY
An important feature of our scanning laser system is its controllability on the

polymerization depth of SU-8. Specifically, the polymerization depth can be controlled by
quantifying the laser power in relation to the penetration depth.  For this purpose, a
theoretical model has been proposed to quantify this relationship [1].
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Figure 1. (a) The in-depth distribution of laser intensity with respect to
different repetition rates (the pump diode current is 14 A and the focus level is
fixed at the distance of 1 mm away from the focal point for all the cases). (b)
The in-depth distribution of laser intensity with respect to different out-of-
focus depths (the pump diode current is 14 A and the repetition rate is 30 kHz).
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To verify our theoretical model, we obtained the polymerization threshold points
(where a monomer volume unit has absorbed a certain number of photons) from
experimental samples and found that the experimental results matched well with the curves
derived from our theoretical model as shown in Figure 1. Our theoretical model guides us
to fabricate microneedles with a wide range of specifications.

3. FABRICATION AND CHARACTERIZATION
The manufacture of metallic microneedle arrays start with spin-coating a SU-8 release

layer on a glass substrate as illustrated in Figure 2. A thick SU-8 film is spin-coated, soft-
baked and exposed to scanning laser pulsing from the backside of the glass, which resulted
in a tapered SU-8 pillar array due to the Gaussian-like spot profile and loss of energy as
SU-8 absorbed light. The second exposure of SU-8 is then applied to the form a base.

conformably deposits on the top of patterned single-layered SU-8 pillar array. Nickel
electroplating is carried out in a nickel sulfamate bath at 45o with a current density of 10
mA/cm2. In order to open tips of the microneedle array, an additional thick SU-8 layer is
blanket deposited, soft-baked and mechanically polished until the microneedle tips are
opened. The unexposed SU-8 layered is developed and the SU-8 release layer is stripped
off resulting in the separation of electrodeposited nickel coated single-layered SU-8 pillar
array from the glass substrate. Finally, the single-layered SU-8 structures are dry etched
away using O2/CF4 plasma. The SEM images of a SU-8 pillar array with a base and a
hollow metallic microneddle array are shown in Figure 3.

Figure 2. Fabrication of a hollow metallic microneedle array.

Gaussian-shape laser pulses

Unexposed SU-8

Glass

Exposed SU-8
Cr-Cu

Ni

(d) Nickel electroplating

(f) Polishing to open
microneedle tips

(h) Removal of SU-8

(g) Removal of 2nd SU-8 layer
and separation of microneedle
array from glass substrate

(b) 2nd exposure of SU-8

(a) 1st exposure of SU-8

(e) Blanket deposition of 2nd

SU-8 layer

(c) SU-8 developing and Cr-
Cu seed layer deposition by
sputtering

A microneedle needs to be mechanically strong enough to penetrate the skin without
mechanical failure. Analytic solutions of the critical bulking force of the metallic
microneedle are presented. Figure 4 shows the critical bulking force decreases with needle

After SU-8 developing, a double-layer (150 Å chromium and 1000 Å copper) is
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height for a single hollow cylindrical microneedle made of electroplated nickel with fixed
wall thickness, tapered angle and tip diameter. It was found that a single 170 m tall
microneedle with a wall thickness of 15 m, a tapered angle of 10.01o and a tip inner
diameter of 50 m has a critical buckling force of 12.11 N.

(b)(a)

Figure 3. SEM images of (a) a SU-8 pillar array with a base and (b) a
hollow metallic microneddle array (the top view is shown at the corner).

Figure 4. The critical buckling force vs. microneedle height.

4. CONCLUSION
A tapered hollow electroplated microneedle array with a fluidic reservoir was realized

by backside exposure of single-layered SU-8 through a glass substrate. Since the process
is rapid, simple and relatively inexpensive in mature, it may be used in the manufacturing
of commercial metallic microneedles for painless drug delivery and body fluid sampling.
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FABRICATION OF ADDRESSABLE MICROSTRIP AS
COMPONENTS FOR THE BIOANALYSIS OR

MICROACTUATION
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ABSTRACT

In this paper, we report a novel technique for the manufacture of polymeric barcoded
strips having diverse characteristics such as sensing with biocatalysts or pH responsive
actuation using a microfluidic platform and ‘on the fly’ photopolymerization. This method
is a very simple, cost-effective means for mass production, and diverse materials sensitive
to hazardous environments such as enzymes, DNA, or antigens are expected to be
immobilized stably, as the fabrication process does not need any hazardous environments.
On the basis of this technology, we fabricated enzyme-immobilized barcoded strip for
multiple bio-analysis and programmable microactuation components just by using different
materials.
Keywords: microstrip, micro-actuation, bioanalysis, programmable actuator

1. INTRODUCTION
Recently, microfluidic devices have been applied as tools to fabricate various

microstructures (e.g. microfiber, microsphere, et al.) using photopolymerization [1-2]. In
this paper, we report new methods for fabricating polymeric microstrip as component for
the multiple bioanalysis by addressable immobilization of biological materials or for the
programmable actuator.

2. PRINCIPLE OF FABRICATION
To make microstrip, the PDMS-based microfluidic (MF) chip was constructed using our

pre-reported methods [1] and its schematics is illustrated in Figure 1. The MF chip has
multiple inlets for the sample solution (6, 22 number of inlets) and two inlets for the sheath
flows. By using the monomer solution mixed with coenzyme, we have generated multiple
stream ,where coenzymes are mixed regionally, in the outlet channel. Due to the microscale
phenomena (e.g. laminar flow), all the injected flows are separated and keep flowing
through the outlet ports. At the end of outlet channel, the UV (365 nm) light was
continuously radiated on a moving liquid with the intensity of 300 mW/cm2. Then, the
sample flows were solidified, and microstrips immibilized with coenzymes regionally was
extruded out the microfluidic channel. And, by adding acrylic acid(AA) instead of
coenzymes, we fabricated programmable actuation components responsive to pH variation,
and the principle of actuation is illustrated in Figure 2.

3. EXPERIMENTAL
The PEG-DA (Poly ethylene glycol diacrylate (81.605wt%,Sigma-Aldrich)) solutions

mixed with coenzymes (glucose oxidase(GOX) + horseradish peroxidase(HRP)/
lactateoxidase(LOX) + HRP), crosslinker (ethylene glycol dimethacrylate
(1.138wt%,Sigma-Aldrich)) and photo-initiator (2,2’-dimethoxy-2-phenyl-acetonphenone
(3.415 wt%, Sigma-Aldrich)) are used as a photo-polymerizable solution. On the other
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hand, the non-polymerizable sheath fluid (PEG-DA only) is employed as a sheath fluid,
and both the sample and sheath flows travel to the end of outlet channel due to the laminar
flow. For the glucose detection, the aqueous solutions containing both 50 mM glucose and
64 M amplex red were dropped onto the strips. In the presence of glucose and O2, GOx
generated H2O2, and this peroxide oxidized the amplex red, transforming it into fluorescent
resorufin in the presence of HRP. We detected the appearance of fluorescence by using a
confocal microscope (LSM 510 META, Carl Zeiss).

4. RESULTS AND DISCUSSION
Figure 3(a) demonstrates the optical microscopic images of colored sample fluids with

rhodamin, and Figure 3(b) shows the polymerized flat fiber. This optical image involves
that flat fiber is continuously produced without diffusion at the interface of sample flows.
The scanning electro microscopic (SEM (S-4300, Hitachi)) image of polymerized flat
fibers is demonstrated in the Figure 3(c), and its surface is flat and smooth. We detected the
appearance of 585 nm of fluorescence, which means the reaction of coenzymes with
glucose or lactate, by using a confocal microscope upon 543 nm excitation, and the
fluorescence micrograph is illustrated in Figure 4, and this result show that the coenzymes
can be stably immobilized at the addressable position. Figure 5 shows strip having 22 codes
and its corresponding 3 dimensional intensity graph. We expect that other biological
materials such as DNA or antigen can be immobilized. We have fabricated the
programmable actuation components by same method using different material, and the
results are demonstrated in Figure 6. At the appearance of basic (pH 13) solution, the
regions having AA were swelled rapidly, and the swelled components show diverse shapes.
We expect that this component can be applied as diverse microactuation module having
diverse actuating shape just by changing the material and relative flow rate (this means that
the width of actuating region can be changed).

5. CONCLUSIONS
The methods demonstrated here provide a new approach to fabricate the addressable

microstrip using hydrodynamic phenomena. Proposed method enables multiple addressable
bio-analysis or programmable actuation by integrating with microfluidic device. In addition,
diverse microactuation modules having a diverse actuating shape can be fabricated, and we
expect that they will be used as good actuation components through their integration with
microscale pumps, valves, or other actuation systems.
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Figure 1. Schematic view of addressable strip
fabrication apparatus

Figure 2. Principle of regional characterization
Blue regions do not have AA, while red

regions have AA. Then red regions swell at the
appearance of base solution (pH 13) as

depicted

(a)

(b) (c)
Figure 3. (a) Laminar flows in the strip fabrication

apparatus, (b) Fluorescent micrograph of
polymerized microstrip (yellow areas show the

fluorescence by rhodamin), (c) SEM image of strip
(strip is cut with laser)

Figure 4. a) co-enzyme immobilized strip, b)
fluorescence at the glucose and amplex red
solution, c) fluorescence at the lactate and

amplex red solution.

Figure 5. a) Polymerized strip having 22 codes, b)
3-D intensity graph (rhodamin fluorescence)

Figure 6. Swelled strips according to the
coded materials (AA) at the base solution

(pH 13)
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ABSTRACT 
We present a novel technique to rapidly produce low-cost epoxy-based mold inserts which
are used for injection molding of polymer microchips. This approach eliminates the costly 
fabrication of electroplated metal masters by simple casting of metal-filled epoxy resins
from thick SU-8 photoresist structures. Tapered side walls are made by backside exposure
of the photoresist, allowing a smooth removal of the molded piece. We replicated typical 
microfluidic channel geometries in various polymers. The results show excellent fidelity
between master and replica. No degeneration is found on the epoxy-based mold insert, even
after more than 200 replications. 
Keywords: injection molding, tooling, epoxy, master tools 

1. INTRODUCTION
The trend to use polymer chips for lab-on-a-chip applications is strongly driven by cost-
efficient mass production techniques such as injection molding [1]. However, expensive 
and time-consuming fabrication of conventional metal masters limits its use for 
prototyping. Labor-intensive hot embossing techniques [2] cannot compete with the short
cycle times of automated injection molding. Our novel approach makes this high-end
technology also available to prototyping and pilot series, thus delivering a seamless transfer 
to subsequent mass production. 

2. EPOXY-BASED MOLD INSERTS 
Mold inserts for injection molding made from low-viscosity epoxy resins have great
potential to eliminate complex and time-consuming forming of conventional metal masters
by electroplating. Convenient SU-8 lithography was applied to generate high-precision
structures which were cast into epoxy masters (Fig. 1). The high pressures (up to 8 MPa)
and temperatures (up to 200∞C) of the molten polymers typically associated with injection 
molding imposed challenging demands on the mechanical and thermal stability of the 
epoxy master. 
We discovered that low-viscosity resins (25000 mPa s) containing aluminum powder (10%
by weight) provide excellent filling of microcavities together with adequate mechanical and
thermal stability (Tmax = 220∞C) after curing. In order to obtain positive structures on the
epoxy master, the positive SU-8 structures were first cast into a negative PDMS structure 
(Elastosil RT 607, Wacker Chemie, Germany) and subsequently into the final epoxy resin 
(Fig. 1). The PDMS mold could easily be peeled-off from the epoxy masters. The master
could be used both, in hot embossing and injection molding.
A smooth removal of epoxy masters from molded polymer requires tapered structures with
sloped sidewalls. However, standard front-side illumination tends to form undercuts in the 
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negative SU-8 2100 resist [3] due to the loss of energy as the photoresist absorbs the light
(Fig. 2). During injection molding, the polymer material tends to interlock with undercut
structures on the mold insert which can then hardly be removed without damage. In our 
novel fabrication method, we exposed the resist from bottom to top through a transparent
Pyrex wafer [4]. This way the undercutting reversed, forming structures which are tapered 
towards the top, i.e. suitable for the critical demolding step (Fig. 2). The optimum taper 
angle of 6∞ in our experiments could be adjusted by the exposure dosage (Fig. 3).  

Figure 1. Fabrication process for epoxy
masters. Structures were patterned on a 
Pyrex wafer by backside SU-8 lithography, 
cast in PDMS and subsequently cast in a
mechanically and thermally stable epoxy 
resin. More than 200 polymer chips were 
replicated by injection molding without
observable degrading of the epoxy master. 

Figure 2. (Top) Standard front side 
exposure of  negative resist formed undercut
structures at underexposed sidewalls. 
(Bottom) Backside exposure reversed the 
effect to form tapered sidewalls (taper angle 
! = 6∞) which allowed  facile demolding. 

Figure 3. Experimental graph showing the 
control of taper angle ! by exposure dosage
for optimum demolding for a given 
polymer. COC and PS polymers were 
deformed best at taper angels of 6∞.

Figure 4. Epoxy master featuring a 
microfluidic structure with 160 µm wide 
and 150 µm deep channels. Note the 
slightly tapered sidewalls and the good
surface quality. 

optimum dosage  
for demolding

of  COC and PS 
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3. INJECTION MOLDING
We replicated various microfluidic structures of typical geometries (channel height 160 µm, 
width 150 µm) on the footprint of a microscope slide (width 26 mm, length 76 mm, 
thickness 1 mm) from polystyrene (PS) and cyclo-olefin-copolymers (COC). The cycle
time of replication remains below 5 s. By optimizing the injection protocol, excellent
dimensional conformance was achieved between epoxy master (Fig. 4) and replicated
polymer (Fig. 5) at low surface roughness (<1 µm). The mold insert showed no wear, even 
after more than 200 cycles of replication. Investigations of replicated polymer surfaces by
energy dispersive X-ray spectrometry provided no evidence for abrasion from the epoxy
master (Fig. 6).  
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Epoxy
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Figure 5. Microscope slide featuring the
microstructure replicated in COC (cyclo-
olefin-copolymer). The cycle time of 
injection molding is 5s, only. 

Figure 6. Energy dispersive X-ray
spectrometry (EDX) from surfaces of 
replicated COC slide and epoxy master. The
spectrum of the replicated surface shows no 
abrade aluminum from the epoxy master. 

4. CONCLUSION 
Our technique allows competitive, rapid and precise structuring of epoxy masters for 
injection molding within less than two days. This approach appreciably lowers the costs of
tooling and polymer replication at the prototyping and pilot phase level, thus easing the 
progress from prototyping to pilot series and later mass production.
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PHASE-CHANGING SACRIFICIAL MATERIALS FOR

THE FABRICATION OF MICROFLUIDIC ANALYSIS

SYSTEMS IN POLYMERS

R.T. Kelly, P.H. Humble, M.L. Lee, and A.T. Woolley
Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah, USA

ABSTRACT

We have developed a new fabrication approach for the formation of polymer

microfluidic systems and their interfacing with ion-permeable membranes. A material that

has a melting point near room temperature serves as a phase-changing sacrificial layer to

protect microchannels during solvent bonding or hydrogel polymerization. The phase-

changing sacrificial layer method can provide microchip devices for rapid, high-

performance capillary electrophoresis, as well as for electric field gradient focusing. Phase-

changing sacrificial materials offer a general fabrication tool for constructing a wide range

of polymer microfluidic systems.

Keywords: capillary electrophoresis, electric field gradient focusing, polymer

microchips, sacrificial layers.

INTRODUCTION

The use of polymeric substrates to form miniaturized chemical analysis systems is

becoming an increasingly attractive alternative to the initially developed glass platforms.

Polymer microfluidic arrays offer important advantages relative to glass with respect to

device fabrication ease, speed, and cost. However, polymer microdevices generally lack the

robustness typically offered by their glass counterparts. Thus, glass microchips are still

preferred for rapid or high-performance electrophoretic analyses. Glass microdevices are

also advantageous in terms of their electrical insulation properties and the ability to utilize

well-established silane chemistry for surface functionalization to modulate electrokinetic

transport or prevent adsorption of biomolecules. On the other hand, glass microchip

systems are disadvantageous in that each must be patterned photolithographically and

etched in a cleanroom environment, and a high-temperature (~600 °C) annealing step is

required to affix a cover plate to form enclosed microcapillaries from etched channels.

Hence, alternatives to glass microdevices that can still provide excellent separation

performance are needed.

We have recently developed a novel approach for creating enclosed arrays of

microchannels in polymeric substrates by using phase-changing sacrificial layers (PCSLs)

[1]. In this method, channels in an imprinted polymer substrate are filled with a heated

liquid prior to device enclosure; the liquid then solidifies at room temperature to form a

sacrificial layer. The solid PCSL protects the embossed channels from solvent and

dissolved polymer when a top piece is affixed to the substrate. After microchannel

enclosure, the PCSL is melted and flushed from the system, leaving hollow microcapillaries

in the substrate. Poly(methyl methacrylate) (PMMA) pieces bonded in this manner do not

delaminate, even at internal pressures up to 2,200 psi, a factor of ten higher than what will

separate thermally sealed devices. Solvent-bonded PMMA microchips have been evaluated

in capillary electrophoresis (CE) of amino acid and peptide mixtures. Separation times of
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~10 seconds and efficiencies of over 40,000 theoretical plates have been achieved in 2.5-

cm-long microchannels in these systems [1]. We have carried out separations with electric

fields as high as 1.5 kV/cm in solvent-bonded devices without any adverse effects, and over

300 CE runs have been performed on individual microchips with no decline in separation

quality [1]. These results indicate the very promising nature of the PCSL approach in

making high-quality polymer microfluidic arrays for chemical and biochemical analyses.

EXPERIMENTAL

We have recently applied the PCSL technique in making microdevices for electric field

gradient focusing (EFGF) [2], as outlined in Figure 1. Briefly, in EFGF an electric field

gradient is opposed by laminar flow, allowing analytes to be focused into discrete bands

according to their electrophoretic mobilities. Electric field gradients are created in a

microcapillary interfaced with an ion-permeable hydrogel of changing cross-sectional area.

The composition of the ionically conductive polymer has been described previously [2]. A

photograph of a PCSL-fabricated EFGF microchip is shown in Figure 1G. Two natively

fluorescent analytes, green fluorescent protein (GFP) and R-phycoerythrin (R-PE) were

separated by EFGF in these devices. Detection was achieved using wide-area laser-induced

fluorescence imaging with 488 nm excitation from an argon ion laser source.

Figure 1. Microchip EFGF device fabrication. (A) An elastomer piece is sealed to an

imprinted PMMA substrate, enclosing microchannels. (B) The assembly is filled with liquid

PCSL. (C) The PCSL solidifies, the elastomer is removed, and a shaped PMMA substrate is

placed atop the assembly. (D) The shaped region is filled with prepolymer solution [2]. (E)

The ion-permeable hydrogel is polymerized. (F) The PCSL is melted and removed. (G) Top-

view photograph of a microchip EFGF device; scale bar is 1 cm.

PMMA

elastomer slab

channel

A
PCSL

B

C prepolymerD

E polymer F
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RESULTS AND DISCUSSION

A fluorescence micrograph of an EFGF separation of GFP and R-PE in a microchip

device is shown in Figure 2. The two bands are well resolved and have peak breadths in the

range of one hundred to a few hundred microns. Importantly, the resolution in this

separation is ~4 fold higher than what we reported recently for EFGF in a capillary-based

system [2]. We attribute the improved resolution in microchip EFGF to the smaller focusing

channel cross-sectional dimensions (~30 µm depth, compared to ~120 µm diameter in

capillary-based EFGF), which decrease band broadening due to laminar flow. Importantly,

PCSL fabrication coupled with planar micromachining can be utilized to construct EFGF

channels with ~10 µm cross-sectional dimensions, which should further enhance separation

performance.

Figure 2. Fluorescence image of a microchip EFGF separation of R-PE and GFP. The

dashed white lines outline the focusing channel, and the scale bar is 200 µm.

CONCLUSIONS

We have developed a straightforward, enabling approach for the construction of

microfluidic systems in polymers. PCSL-fabricated microdevices provide excellent

performance in CE and improved separation in EFGF of proteins. The simplicity of the

PCSL method combined with the excellent robustness of the resulting microchips should

allow the application of polymer microdevices in an increased range of chemical and

biological analyses. Indeed, we are presently working to generalize the PSCL approach for

use with other polymer substrates.
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SCANNING LASER PRODUCES
FUNCTIONAL MICROFLUIDIC STRUCTURES

AT A SINGLE SU-8 LAYER
Aurelien Gueit, Andre Sharon, Biao Li

Fraunhofer USA Center for Manufacturing Innovation,
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ABSTRACT
We present the manufacturing of a three-dimensional microfluidic system with a

functional microvalve in a single SU-8 negative photoresist layer. Patterning the
photoresist material is achieved by selective exposure to a radiation source such as a
scanning UV-laser system. This technique combines the best features of photolithography
techniques in multi-layer processing with the versatility of existing 3D prototyping
technologies. It enables spot-by-spot laser pulsing for both in-plane and in-depth
processing. With this technique, a large number of 3D microstructures with mechanical,
optical, and/or biological functionalities can be achieved.

KEYWORDS: microfluidic, SU-8, scanning laser

1. INTRODUCTION
SU-8 has been widely used in miniaturized total analysis systems because of its

chemically resistance, biologically benign and its ability of defining layers with thicknesses
between 1 m and 1000 m. Chemically SU-8 resin is a fully epoxidized bisphenol-
A/formaldehyde novolac co-polymer. Combined with the appropriate photo acid generator,
it becomes a thick film negative photoresist capable of producing high aspect ratio features
with vertical profiles. In reference [1] and at MEMS’05 [2], we reported a three-
dimensional manufacturing approach to rapid processing of versatile SU-8 structures. This
paper will show microfluidic systems with a functional microvalve at a single SU-8 layer.

2. EXPERIMENTAL SETUP
The experimental setup consists of a nanosecond-pulse-duration Nd:YAG laser (emitting

at 355 nm) which exposes SU-8 through a two-axis scan head. ScanWare software
developed by Nutfield is used to direct in-plane laser processing. Out-of-plane processing
is achieved by controlling the current to the pump diodes and/or by varying the focus level
to yield the desired exposure energy from the Nd:YAG laser at the appropriate spot in the
photoresist.

Figure 1. Scanning laser apparatus

Laser

Control unit

Expander
lens

2-axis
Scan Head

x-y-z-
stage
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3. PROCESS
Figure 2 shows the process steps. A transparent glass substrate with a ~1mm diameter

drilling hole was glued to a handle glass and then ~300 m thick SU-8 photoresist was spin-
coated (Figure 2a). After pre-baking, the specimen was mounted on the x-y-z- stage with
the photoresist layer facing to the laser beam. The anchor was first selectively patterned
with high dose, on-focus frontside laser pulsing (Figure 2b). Low dose, out-of-focus laser
pulsing was then applied to write the cantilever beam and membrane (Figure 2c). The laser
energy and focus levels were further tuned to pattern the valve flange (Figure 2d).
Consequently, the specimen was flipped with the glass surface facing to the laser beam.
The channel was then formed using low dose, out-of-focus backside laser pulsing (Figure
2e). After developing the photoresist, a microfluidic system with a cantilevered micro-
valve was realized on a single SU-8 layer (Figure 1f).

Figure 2. Fabrication sequence of a one-layer microfluidic system

4. RESULTS AND TEST
Since each spot in the SU-8 layer is subjected to nanosecond laser pulsing, the bottom

part of the thick photoresist is always under-exposed. As a result, the anchored structures
peel-off after long-time developing (Figure 3a). Additional backside laser pulsing
significantly alleviates this problem (Figure 3b). Figure 4 shows a fabricated device. The
specific design of the cantilever beam consists of a microvalve and a membrane. The
membrane is located on top of the gas channel outlet; while the microvalve is positioned in
the middle of a fluidic channel. Due to the compressive stress of the SU-8, the microvalve
is normal closed.

(d) Patterning valve flap (e) Backside patterning
microfluidic channel

(a) SU-8 coating (b) Patterning anchor

(f) Structure release

(c) Patterning beam
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A test apparatus was implemented to evaluate the feasibility of the fabricated device in
microfluidic application (Figure 5). The external compressed air blows up the membrane,
the micro-valve is then lifted open. The maximum deflection of the cantilevered
microvalve with respect to the compressed air pressure was measured. As shown in Figure
6, small pressure (~6psi) results in large deflection (~80 m). The flow through the fluidic
channel can therefore be modulated by adjusting the gas pressure.

5. CONCLUSION
In this paper we investigated the rapid three-dimensional manufacturing process of a

specific microfluidic structure using a scanning UV-laser system. We successfully
attempted to fabricate a functional micro-valve using a single SU-8 layer. Considering the
fact that most microvalves require electrical connection for actuation [3], our device
provides an alternative method to regulate microfluidics.
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ABSTRACT
This paper reports experimental results on chemical structure, contact angle, and

mechanical property of PDMS films with different volume ratios of base polymer and
curing agent for the surface modification, the mechanical property control, and the
permanent bonding process for rapid manufacturing process of micro fluidic devices in
MEMS and micro TAS. This paper also presents a simple fabrication process of all PDMS
peristaltic micro pump by taking advantages of proposed strategy. The proposed bonding
method and material properties of PDMS are considered to be a useful approach for rapid
manufacturing process of micro device without specific skills for micro fabrication,
expensive apparatus, and clean room facilities.

Keywords: Chemical structure, material properties, multi-layer bonding, PDMS

1. INTRODUCTION
PDMS has been widely used to fabricate passive structures on silicon, glass, and polymer

because of its outstanding material properties and rapid prototyping process. Oxygen
plasma treatment method has been also utilized broadly for PDMS bonding process.
However, there are two major drawbacks in the use of oxygen bonding method. The first is
associated with the alignment time for successful bonding process. Since the oxidized
surface of PDMS film is time-dependent, its available bonding time is very limited.
Especially, in the case of a precise alignment of thin PDMS film with fine pattern or a
wafer-level alignment with large area, this method is not so effective. The second one is
highly related with the bonding strength of the bonded structures. According to our effort
in developing all PDMS micro finger
with large out-of-plane motion [1], the
maximum bonding strength of oxygen
plasma bonded structure was less than
100 kPa while the tensile strength of

are changed, an excess of vinyl group or
one of silicon hydride group exists in
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Figure 1. Measured FTIR spectra of PDMS
films with different mixing volume ratios.

In addition,PDMS is about 2.2 MPa.
there are many RIE process parameters for

carefully controlled such as chamber
beginners in MEMS fabrication to be

pressure level, RIE power variation, and

ratios of base polymer and curing agent

exposure time.

PDMS film [2]. These phenomena are

According to Ref. [2], if the volume
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confirmed through the measurement of
FTIR (Fourier Transform Infrared
Spectroscopy) spectra of PDMS films
as shown in Figure 1. A 20:1 mixture
of PDMS shows strong peaks of vinyl
groups while 5:1 one have one of
silicon hydride group which form a
covalent bond each other through the
sequential hard curing process.
However, the acceptable pressure level
in Ref. [2-3] was about 100 ~ 300 kPa
even though they insisted that the
bonding strength was expected to be the
same level of bulk strength of PDMS.
According to our experience on the
pneumatic test, the maximum internal
pressure of the bonded PDMS structure
of this paper is larger than 500 kPa.

Obtained results of this paper can
back up the previous reports [2-3]
dealing with qualitative understanding
on the bonding process of PDMS mixed
with different volume ratio. Their
material property is expected to be
different from the normal case of
PDMS (10:1) such as viscosity,
Young’s modulus, and surface energy.
Thus, our study also provides additional
quantitative information of the contact
angle, surface roughness, and
mechanical property of each PDMS
films. Finally, manufacturing process
for three-layer bonded PDMS micro
pump is proposed as one of specific applications.

2. MATERIAL PROPERTIES OF PDMS
Figure 2 shows Young’s modulus of PDMS film estimated with a load-deflection test [4-

5]. Compared with previous work for 10:1 PDMS [6], a 5:1 PDMS is ten times rigid and a
20:1 PDMS has similar value. The mechanical behaviour of 20:1 PDMS film seems to be
changed from the elastic region to super-elastic region if the pneumatic pressure exceeds
around 150 kPa. This phenomenon may be most effective for the micro actuator with large
deformation to overcome the scale effect in MEMS devices fabricated with rigid material.

Figure 3 shows the measured contact angles of water on six-month old PDMS films and
captured AFM images of two PDMS films which are used for FTIR measurement in Figure
1. As the volume ratio of base polymer increases, the contact angle increases and the
average surface roughness decreases because their chemical structure near the surface of
PDMS film are different as shown in Figure 1.
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Figure 3. Contact angles of water on PDMS
films and AFM images of PDMS films.
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3. MANUFACTURING PROCESS
In this section, all PDMS peristaltic micro pump with three actuators is fabricated by

using PDMS-to-PDMS bonding mechanism as shown in Figure 4. Firstly, a 5:1 mixture of
PDMS is used for the micro channel with hydrophobic surface and rigid actuator chamber.
A 20:1 mixture of PDMS is used for flexible actuator diaphragm layers as dynamic valves.
The diameter of circular actuator diaphragm is 1 mm and its thickness is 37 µm. For three
layers bonding, the actuator diaphragm layer coated on a Petri-dish is cured at 75°C for 5
minutes. The actuator chamber layer is lowered onto the actuator diaphragm layer. After
the soft curing process of stacked two PDMS layers for 5 minutes at 75°C, the bonded
structure is peeled off and aligned with the prepared pump channel layer. Finally, the entire
PDMS layers are cured again at 120°C over 60 minutes. Compared with thermo-pneumatic
action method [7], the choice of pneumatic actuation will improve the mechanical response
time of actuator diaphragm, large volume stroke, and reasonable dynamic valve action at
low frequency.
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Figure 4. Photographs of manufactured all PDMS micro pump. (a) SU8 mold patterns
for actuator chamber and fluidic channel and 5:1 PDMS cured at 75 °C for 15 minutes,
(b) three-layer bonded structure at 120 °C over 60 minutes (5:1/20:1/5:1 PDMS), (c)
backside view of micro pump, (d) enlarged top view of one actuator.
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ABSTRACT 

This paper reports a wafer-scale technique to fabricate a unitary thermoset 3-D high-
aspect-ratio microstructure (HARMS) with simultaneously-formed functional metal surface 
by means of metal transfer reactive casting from lithographically-defined mold masters.  Such 
unitary structures are particularly suited to function as “daughter molds” in subsequent 
aggressive replication environments.  This wafer scale approach spans five orders of length 
scale, from a 100mm wafer to molded 1µm dimple features.  The fabricated unitary structure 
is mechanically rigid and robust, and the transferred gold layer functions as a wetting 
enhancement layer as well as a good separation layer both during the daughter structure 
fabrication step and for subsequent cell scaffold fabrication.  

 
Keywords: Cell-culturing, Metal transfer, Replica molding, Wafer-scale 
 
1. INTRODUCTION 

Micromolding is an attractive approach to achieve complex 3-D scaffolds at low-cost and 
high-volume, with the advantage that both microtexturing and the use of tissue-friendly 
materials are preserved [1].  One of the key steps in successful micromolding is the 
fabrication of a suitable mold master.  Mold masters should be sufficiently robust to withstand 
the multiple usages that are required for mass-manufacturing.  However, due to different 
thermal and mechanical properties of the structural material and the substrate, the mold-
master often experiences mechanical failure after only a few uses.  This paper describes a 
wafer-scale technique to fabricate a unitary thermoset mold master with simultaneously 
formed functional metal surface.  The initial micromachined master can be preserved and 
reused, which leads to faster turnaround time and the potential for cost-effectiveness.  

 
2. EXPERIMENTAL 

Figure 1 illustrates the fabrication process flow. An SU-8 master for a cell-culturing 
scaffold has been fabricated by using a double-layer photolithography technique [2].  As 
shown in Figure 2, the master contains 10, 5, and 2 µm protrusion features on top of 150 µm-
tall columns with small salient features of 10, 5, and 2 µm along the column sidewall, 
respectively.  Polydimethylsiloxane (PDMS) is cast against this master and then cured (Figure 
1a).  The PDMS mold is then placed on top of a glass plate, and a 60 nm-thick gold layer is 
deposited on the PDMS mold (Figures 1b and 3).  Polyurethane (PU) and crosslinker are 

Figure 1. Process flow for unitary mold masters with functional metal surface 
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mixed and cast into the PDMS mold (Figure 1c) and cured. Upon separation of the cast PU
part from the PDMS mold, the deposited gold layer is completely transferred to the PU side
(Figure 1d). Figure 4 shows the molded PU structure bearing 10, 5, and 2 µm features on 150
µm snow-flake transferred from PDMS mold with high fidelity. Figure 5 shows the different
length scale of the PU structures (from left): a 4 inch wafer scale, a unit array of 15 mm in
diameter, a magnified snow-flake array, and a single snow-flake with salient features of 5 µm
on the sidewall and protrusions on the top surface.

Figure 2. SU-8 master structure on silicon substrate: 150µm-tall columns with 10µm, 5µm,
and, 2µm salient features on sidewall and protrusions on the top surface (from left)

Figure 3. Elastomeric PDMS mold coated with 60nm Au: column wells with 10µm, 5µm, and
2µm salient features on sidewall and dimples on the bottom (from left)

Figure 4. PU structure from Au coated PDMS mold with metal transfer with 10, 5, and 2µm
salient features on sidewall and protrusions on the top surface (from left)

Figure 5. Unitary PU daughter master structures in 4-inch wafer scale
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4. RESULTS AND DISCUSSION
Due to the extremely low viscosity of the cast oligomer (160 cps), complete filling of the

high-aspect-ratio structure can be achieved. Moreover, by virtue of the 100% solid material
being used in the reacting system, excellent dimensional fidelity can be obtained. Gold layer
deposition as a way to alter the hydrophobicity of PDMS surface is an attractive alternative to
either chemical modification, surface treatment by plasma, or UV/ozone, since it does not
increase the adhesion between the casting material and the PDMS surface. Figure 6a shows a
wafer-scale replica utilizing the Au technique and following the mold master with high
fidelity, while Figure 6b shows an unsuccessful PU structure from a bare PDMS mold with
poor wettability, resulting in only partial replication of the columns. This metal transfer

technique can be considered an extension of previous 2-D metal transfers from PDMS to
polymer surfaces (e.g., nanotransfer printing as shown in [3]) to the third dimension. The
transferred Au film shows good adhesion to PU and withstands a ScotchTM tape adhesion test.
We chose to fabricate these masters out of thermoset polymers to take advantage of ease of
molding, varieties in choice of material, low cost, and solvent resistance. In addition to
PDMS and PU, other thermoset polymers that are potential candidates for metal transfer
reactive casting include unsaturated polyesters, epoxies, polyurethane acrylate, etc.

5. CONCLUSIONS
In this work, a wafer-scale metal transfer micromolding technique was demonstrated to

fabricate unitary thermoset mold masters for cell-culturing scaffold. The advantage of the
thermoset mold master as an alternative to the photopatterned or Si micromachined mold
master are: 1) its mechanical robustness with which it withstands subsequent aggressive
replication environments; 2) its easy wettability with the cast material; and 3) its easy
separation from the cast material upon completion of the molding step.
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A SIMPLE TECHNIQUE FOR INCORPORATING
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INTO MICROREACTORS
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ABSTRACT
A range of microfluidic devices with inbuilt metallic catalysts was produced by

sputtering metals into the channels of etched microfluidic channels prior to bonding. The
catalytic activities of these devices were then investigated by performing hydrogenation
reactions. With the appropriate selection of metal catalyst and reactant, high conversion
rates and yields could be obtained.

Keywords: Catalysis, Hydrogenation, Microfabrication, Sputtering.

1. INTRODUCTION
Microfluidic reactors offer numerous advantages over macroscale systems for organic

synthesis and there is an ever increasing interest in the exploitation of microreactor
technology [1]. Unfortunately, the widespread application of microreactors is often held
back by the difficulties involved in incorporating heterogeneous catalysts into microfluidic
structures. Previous attempts to incorporate catalysts into microstructures have included
“packed bed” chambers filled with particles or catalytic membranes [2,3]. More recently,
chemical deposition methods have been investigated [4,5]. However, these methodologies
tend to be costly and relatively difficult to fabricate, or suffer from poor catalyst
immobilization. In this work we demonstrate how these difficulties can be overcome by
adding a single, extremely simple step to the conventional chip fabrication process.

2. EXPERIMENTAL
Serpentine microfluidic channel patterns with two inlets and one outlet were fabricated

in sodalime glass using conventional laser lithography and HF etching [6]. Before
removing the chromium mask layer, the structures were placed into a sputtering chamber
and metal catalysts (e.g. Pt, Pd or Rh) were sputtered into the exposed channels. The nature
of the catalyst was altered as desired by sputtering different metals and/or by changing the
gas environment. Following sputtering, access holes were drilled and the chromium layer
was removed. The chip structures were then cleaned sequentially with methanol and DMF
before being immersed in concentrated sulphuric acid for one hour. After washing in high
purity water, the channel structures were thermally bonded to flat pieces of sodalime glass
(figures 1 and 2). The oxidised metal catalysts were activated by heating the completed
devices to 60 °C, while back flushing with hydrogen gas. This reduced the oxides back to
the metallic state.
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Figure 1: The chip fabrication
process was adapted slightly
by incorporating a metal sputtering
step after etching of the substrate.
Access holes were drilled and
subsequently the chromium layer
was removed, resulting in lift off
of any catalyst metal outside
of the channel structure.

Figure 2: Photograph of a chip
sputtered with Pt.

4. RESULTS AND DISCUSSION
To test the activity of the catalysts, hydrogenation reactions were performed using these

microfluidic devices. Hydrogenation is an extremely important reaction that is notoriously
dangerous when performed at macroscales [7]. For the palladium coated microdevices, the
hydrogenation of benzylaldehyde to benzyl alcohol was investigated (figure 3). This
involved pumping hydrogen gas and 5 % benzaldehyde in xylene through the microreactor
at 80 °C. For the platinum and rhodium coated microdevices, the hydrogenation of
butyraldehyde to butan-1-ol was performed at 100 °C (figure 4). The results of these
reactions are shown in figure 5 and table 1. It can be seen that significantly higher
conversion rates could be obtained using these devices when compared to a typical
macroscale system, whilst still achieving relatively high yields.

5. CONCLUSIONS
This work demonstrates that by a simple modification to the conventional fabrication

process it is possible to produce low cost and yet highly effective microreactors with
incorporated metallic catalysts.
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Figure 3: Reduction of Benzaldyhyde to
Benzyl alcohol.

Figure 4: Reduction of Butyraldehyde Figure 5: GC traces of (a) chip effluent for the
to Butan-1-ol. reduction of benzaldehyde to benzyl alcohol in

the palladium chip, (b) benzaldehyde
standard, (c) benzyl alcohol standard.

Table 1. Comparison of residence times, conversion rates and yields for catalytic
hydrogenation performed on-chip and on the macroscale.

method residence
lifetime in s

yield
in %

conversion rate
in 10-7 mol s-1

relative conversion
in % s-1

Pd-chip 125 64 12.5 0.51

Pt-chip 77 55 3.9 0.71

Rh-chip 265 74 1.12 0.28

Macroscale [7] 36000 97 7.64 0.0027
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ABSTRACT
The paper presents various modules made in Low Temperature Cofired Ceramic

(LTCC) technology for microsystem applications. We demonstrated the possibility of the
fabrication: open-microchannel structures, a LTCC sensor platform with ion selective and
reference microelectrodes, a fibre optic microdetector for flow measurements. To our best
knowledge, this is the first paper presenting the possibility of irreversible bonding of
modified ceramic layers with PDMS.

Keywords: LTCC (Low Temperature Cofired Ceramics), fiber optics microdetector
solid state microelectrode, ceramic - PDMS bonding

1. INTRODUCTION
LTCC technology has been used in microelectronics since the end of 1980-ies [1,2] and

it is well established both for high performance (military, space) and low cost (portable
wireless, automotive) applications. A typical LTCC multilayer module consists of dielectric
(alumina filled glasses or glass-ceramic) tapes, connecting vias, external and internal thick
film conductors and passive components. Having done printing, the green sheets are stacked
together, laminated and then cofired at 850oC. After the fabrication, very good electrical and
mechanical properties, high reliability and stability as well as the possibility of making three
dimensional microstructures can be obtained.

2. EXPERIMENTAL
The LTCC structures were made using a few layers of DP 951 A2 foil. The thickness of

each foil was equal to 137 m after firing. The vias, fluidic microchannels and channels for
optical fibres positioning were made inside the green LTCC foils using Nd-YAG laser. The
sealing of the open-microchannel plate made in LTCC (Fig. 1) can be performed in two
ways: (i) by cofiring of another flat green tape, but then there is no possibility of introducing
any which is not resistant to high temperature (850oC) into the microstructure, (ii) by an
elastomer e.g. PDMS plate squeezed or irreversibly bonded to the microchannel plate in
room temperature. For this purpose ceramic surface was glazed using glass paste FO34.
After drying, the plate was fired at typical for thick film technology firing profile. It was
found that the glazed ceramic surface can be oxidized by the plasma treatment and it keeps
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the “bonding to PDMS activity” at least 20 minutes. It is extremely important and very
useful for the next steps of microsystem fabrication – e.g. microchannel packing, liquid
polymer membrane deposition on the microelectodes etc. All those processes are not
resistant to high temperatures required in LTCC technology but still ceramic structures with
electrochemical microdetectors, packed microchannels, or designed for microscopic
observation can be sealed.

Figure 1. LTCC plate with mixing micromeander

3. RESULTS AND DISCUSSION
LTCC solid-state microelectrodes. The thick film 16-microelectrode platform (Fig. 2a)

was made by screen printing method from the PdAg DP 6146 ink on the bottom layer of the
module. Each microelectrode has got an individual electrical contact so it can serve as an
independent microtransducer. In figure 2b the calibration curves of PdAg microelectrodes
coated with K+-sensitive and reference membranes were showed. Both types of the
electrodes work properly and their measurement parameters correspond well to the results
obtained using other signal transducers [3,4].

a) b)
Figure 2. a. LTCC microelectrode array; b. calibration curves of pairs of K+-sensitive and

reference microeletrodes fabricated on the LTCC array.

LTCC fiber optics microdeterctor. The LTCC enables also fabrication of optical
microdetectors. Two standard 500 m polymer optical fibres were positioned to ensure 1
cm optical path length and then glued to the cofired structure (Fig. 3a). During sequence
introduction of bromothymol blue solution and water into the microstructure it was found
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that the measured signal was very stable and repeatable (Fig. 3b). The integrated (mixing
and single quartz fiber optic detection system) LTCC microsystem allowed to perform
measurements of transmittance and fluorescence intensity was also manufactured. The
spectrofluorimetric detection system was evaluated by fluorescein test measurements [5].

Figure 2. a. LTCC spectrophotometric fibre optic microdetector; b. repeatability test of the
detector using bromothymol blue (BTB) solution.

5. CONCLUSIONS
The electrochemical and optical detection systems in LTCC modules allow to perform

measurements of various analytical signals. Because of easiness of microchannel geometry
modification the LTCC micromodule can be adopted for different analytical methods. The
designed structures are found to be very useful devices for biological and chemical
applications, especially in case of online monitoring of examined compounds.
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ABSTRACT
An integrated microfluidic processor is developed for performing DNA computations

using single nucleotide polymorphisms (SNPs) to represent binary bits. Fluorescent input
DNA “answers” are captured by hybridization to complimentary oligonucleotides bound to
magnetic beads in the microfluidic device. The beads are suspended within the processor
by a magnetic field, and integrated microfluidic valves and pumps circulate the input DNA
through selected bead suspensions. Input DNA remaining after a series of capture/rinse/
release steps provides the solution to a Boolean logic problem. The improved capture
kinetics and single-base specificity enabled by microfluidics make our processor well-suited
for performing larger-scale DNA computations as well as haplotyping assays of disease
traits.

Keywords: DNAcomputing, hybridization array, single nucleotide polymorphisms, haplotyping

The monolithic membrane valves and diaphragm pumps developed previously by our
group [1] have catalyzed the development of complex integrated sample preparation and
analysis systems for DNA sequencing [2], pathogen and infectious disease detection [3],
automated evolution of RNA catalysts [4], and amino acid analysis for space exploration
[5]. In the work presented here, these membrane valves and pumps are used to route DNA
“information” through a series of capture and release computing operations [6]. The
microfluidic processor shown in Figure 1 includes sixteen 1.1 µL capture chambers
connected to common fluid bus channels by 32 bus valves. Magnetic beads derivatized
with 11-base capture oligonucleotides are pumped into the chambers (Figures 2B and 2C)
and held in suspension within each chamber by an external magnetic field. Complementary
11-base fluorescein-labeled “input” oligonucleotides are synthesized with polymorphic
bases at positions 3, 6, and 9. The identity of each biallelic polymorphic base (A or T) is
used to encode the value of a binary bit (TRUE or FALSE), and the complete population of
input oligonucleotides represents all possible solutions to a three-bit Boolean logic problem.

The computation consists of a series of four capture/rinse/release steps. In each step,
perfectly-complementary input oligonucleotides are captured during circulation through the
selected bead suspension (30 min., ~22 cycles through the suspension). Mismatched input
oligonucleotides remain in solution and are eliminated when rinse buffer is pumped through
the bead suspension. Fluorescence images of beads following SNP-specific hybridization
are shown in Figure 3. The capture chamber is then heated and the released
oligonucleotides are circulated through the next bead suspension on the opposite side of the
device (Figure 2D). The four back-and-forth capture/rinse/release steps correspond to the
four clauses in the Boolean satisfiability problem in Figure 4. If two or more different input
oligonucleotides are captured in the same step, they must satisfy the Boolean OR of the
requirements of the different capture oligonucleotides in the chamber. Similarly, input
oligonucleotides retained through a series of capture/rinse/release steps must satisfy the
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Boolean AND of the requirements in each chamber. Fluorescence imaging of the capture
beads after each step verifies the elimination of incorrect answers (Figure 4). Input
oligonucleotides remaining at the end of the computation represent the solution to the
satisfiability problem. By circulating the remaining oligonucleotides simultaneously
through pairs of bead suspensions with capture oligonucleotides that differ only at a single
polymorphic base, the final values of each bit are read out (Figure 5).

The improved capture kinetics, step-to-step transfer efficiency, and single-base
specificity enabled by microfluidics make possible this first use of single nucleotides as
binary bits in a hybridization-based DNA computation. Our microfluidic processor can
detect SNP mismatches with only 1% error. Step-to-step transfer efficiencies of 92% are
observed while still maintaining SNP specificity. Thermodynamic calculations suggest that
an 8-bit, 10-clause problem could be solved using SNPs and our microfluidic processor.
Additionally, by performing AND- and OR-like operations on genomic DNA fragments, we
anticipate that our processor could be used to perform SNP haplotyping assays of complex
disease traits.

Figure 1: The microfluidic processor (A) and an oblique view of a single capture chamber
containing a bead suspension (B). The polydimethylsiloxane (PDMS) membrane sandwiched
between the fluidic and pneumatic wafers seals the capture chambers from the fluid bus channels.
Applying a vacuum via the pneumatic access holes deflects the membrane away from the fluidic
wafer and opens the bus valves. By selecting capture chambers on the left and right sides of the
device, a 5.8 µL recirculating loop is formed.

Figure 2: Schematic of fluid flow within the microfluidic processor (A) when chambers on the right
(B) or left (C) sides of the device are being loaded and when DNA “answers” are being transferred
from one chamber to another (D).
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Figure 5: Fluorescence images of the three “readout”
steps. The pattern of fluorescence indicates that the
remaining input oligonucleotides encode B0 = FALSE,
B1 = TRUE, and B2 = FALSE, the correct answer to
the problem in Figure 4.

Figure 4: Fluorescence images of capture beads after each of the four computation capture/rinse/
release steps (T = TRUE and A = FALSE for biotinylated capture DNA). The observed decrease in
fluorescence corresponds to the elimination of input DNA representing incorrect answers to the
problem.
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FABRICATION OF MICROCANTILEVER
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ABSTRACT
This paper presents fabrication of microcantilever with nano-interdigitated electrodes

(nano-IDEs) for DNA binding protein analysis. The nano-IDEs are located near the base of
the microcantilever, which maximize the microcantilever deflection induced by
conformational change of DNA bridges due to interaction of biomolecules such as DNA
hybridization and DNA-protein binding. The 100 nm line and spaced gold (Au) nano-IDEs
are delineated near the stem of the 0.5- m-thick, 15- m-wide, and 300- m-long low stress
silicon nitride (SiNx) microcantilever. Streptavidin is selectively immobilized on one side of
nano-IDEs by electro-polymerization and confirmed by AFM and fluorescence microscope.

Keywords: DNA binding protein, electro-polymerization, microcantilever, nano-IDEs

1. INTRODUCTION
Protein-DNA interactions are essential to cellular processes such as replication,

transcription, recombination, and DNA repair. DNA binding proteins bind to DNA as
activators or repressors to recruit other proteins, to carry out various catalytic activities.
Because of their great importance, protein-DNA interactions have drawn much attention
from biochemical researchers [1].

Microcantilever has been used as mechanical transducers for bio-sensing applications. It
is based on a microcantilever deflection by the surface stress change of a microcantilever
due to living cell binding, antigen-antibody interaction and DNA hybridization [2-4]. This
method offers several merits such as small waste volume of biomolecules, label-free
detection, and high-throughput analysis.

We describe a novel device for DNA binding protein analysis utilizing taut DNA bridges
formed between nano-interdigitated electrodes (nano-IDEs) fabricated on a microcantilever.
Figure 1 shows a schematic diagram of the device utilizing stretched DNA bridges between
nano-IDEs on a microcantilever. The gold (Au) nano-IDEs are delineated near the stem of
the 0.5- m-thick, 15- m-wide, and 300- m-long low stress silicon nitride (SiNx)
microcantilever. Figure 2 illustrates the two steps for DNA bridges formation. One side of
the nano-IDEs is selectively coated with the strepavidin by electro-polymerization of
scopoletin [5]. A DNA, which carries a 5 -thiol group at one end and a 5 -biotin at the other
end, is fixed at both ends by streptavidin-biotin coupling and by thiolated DNA attachment
on unmodified Au nano-IDEs.

2. EXPERIMENTAL
Figure 3 shows the fabrication process. A 0.5- m-thick low stress SiNx thin film is

grown by low pressure chemical vapor deposition on a 4 Si N (100) wafer. After the
backside SiNx reactive ion etching, SiNx membrane is formed by anisotropic etching of
silicon using 90oC TMAH solution. Au/Cr electrodes for pads and alignment marks for e-
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beam lithography are patterned, followed by e-beam lithography for 100 nm line and
spaced nano-IDEs. E-beam exposures for nano-IDEs are carried out at 30 keV energy and
100 C/cm2 dose using 950K 2 wt.% PMMA as a resist. After the SiNx microcantilever
reactive ion etching, the device is released. Figure 4 shows SEM photomicrographs of the
fabricated microcantilever with nano-IDEs. Various designs to reduce the microcantilever
stiffness and the Au reflector at the apex of the microcantilever for the optical detection are
also shown in Figure 4. The 100 nm line and spaced nano-IDEs are located at the clamped
end of a 15- m-width microcantilever, which maximize the microcantilever deflection
induced by conformational change of DNA bridges. Asymmetric electrochemical
modification of Au electrode is performed in a PDMS reservoir with a silver wire reference
electrode dipped into a solution. The Au electrodes are used for working and counter
electrodes that range from 80 nm to 3 m. 1 mg/ml streptavidin and 2 mmol/l scopoletin are
dissolved in 0.1 mol/l NaCl for the electro-polymerization solution.

3. RESULTS
The electro-polymerization is carried out using a cyclovoltammetric potential scan

(between –0.2 and 0.7 V, 0.1 V/s, and four cycles). Figure 5(a) and (b) show cyclic
voltammograms of ferricyanide in KCl solution and solution mixture of streptavidin and
scopoletin, respectively. In Figure 5(b), the reduction of current after each scan cycle
indicates the electron transfer on the working electrodes is decreased due to the deposition
of scopoletin. The successful immobilization of streptavidin is confirmed by fluorescence
microscope images after labeling of modified electrodes with fluorescein-biotin conjugate
as shown in Figure 6. Figure 7 shows the AFM image of modified electrode compared to
untreated electrode. The thickness of strepavidin-biontin conjugate is estimated to about 47
nm. It shows that streptavidin, which is embedded within the electro-deposited polymer, is
selectively immobilized on one side of electrodes.

4. CONCLUSIONS
We have fabricated a microcantilever device with nano-interdigitated electrodes for DNA

binding protein analysis. Microcantilevers with various dimensions to reduce the
microcantilever stiffness are fabricated and the 100 nm line and spaced nano-IDEs are
located at the clamped end of a 15- m-width microcantilever, which maximize the
microcantilever deflection induced by conformational change of DNA bridges. Streptavidin,
which is embedded within the electro-deposited polymer, is selectively immobilized on one
side of nano-IDEs and confirmed by AFM and fluorescence microscope.
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DNA bridges
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Figure 1. Schematic view of the device utilizing
DNA bridges between nano-IDEs on a
microcantilever.
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Figure 2. Schematic view (a) of selective
deposition of streptavidin using electro-
polymerization, and (b) of DNA bridges
formation by strepavidin-biotin coupling.
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Figure 3. Fabrication process of a
microcantilever with nano-IDEs.
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Figure 4. SEM photomicrographs of fabricated
microcantilever with nano-IDEs.
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Figure 5. Cyclic voltammograms (a) of
ferricyanide in KCl solution, and (b) of
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Figure 6. Fluorescence microscope images after
labeling of modified electrodes with fluorescein-
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ABSTRACT
Numerous challenges remain in the development of controlled drug delivery

systems. A versatile “top-down” method for the fabrication of monodisperse nanoparticles,
Particle Replication In Non-wetting Templates (PRINTTM), is described which affords
absolute control over particle size, shape, and composition. This technique is versatile and
general enough to fabricate particles with a variety of chemical structures yet delicate
enough to be compatible with biological agents. As an example, we demonstrate that
PRINTTM permits straightforward encapsulation and modification of poly (ethylene glycol)-
derived (PEG) nanoparticles with diverse bioactive agents. The ability to independently
control particle characteristics makes PRINTTM uniquely suited to fabricate particles for the
next generation of “smart” delivery.

Keywords: Drug delivery, organic nanoparticle, encapsulation

1. INTRODUCTION
Researchers have continued to search for optimal delivery vectors for drug

delivery, gene therapy and antisense applications. The success of in vivo drug, gene and
antisense therapies hinges on the implementation of effective delivery systems that
overcome numerous biological barriers. Non-viral systems have become increasingly
desirable in both basic research laboratories and in clinical settings. One of the key and
intrinsic problems of all of the non-viral approaches is that the carrier particles intrinsically
possess distributions in their sizes and shapes. Such systems having distributions in sizes
and shapes can be considered as mixtures. Delivery systems comprised of mixtures have
unique sets of challenges derived from their distributions in efficacy.

Particle devices that possess programmed responses to external stimuli and recognition
events (i.e. “smart” particles) are necessary for many advanced delivery, targeting, and
recognition applications. [1] Furthermore, the morphology of the particle (i.e. size and
shape) needs to be engineered according to the function of the particle agent. Most current
techniques for particle fabrication are inherently incompatible with this seamless integration
of form and function. Self assembly techniques using liposomes and heterogeneous
polymerizations involving surfactants are limited by surface tension effects that create
spherical structures. The assembly of these structures is sensitive to the chemical
composition of the particle and making it difficult to incorporate cargo or functional group
necessary to attach cargo. [2]

To date, no single approach has allowed for the fabrication of completely monodisperse
nanoparticles with total control over size, shape, and chemistry [3]. Chemical self-assembly
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techniques [4] and other methods [5] have been used to control the dispersion in shape and
size of inorganic nanocrystals from the angstrom scale to the nanometer scale and are even
somewhat capable of controlling shape. While these important methods for controlling
particle size and shape have found some success, they all have significant limitations with
regard to the range of applicable materials, especially as it pertains to organic materials.

Here, we report a very general technique, Particle Replication In Non-wetting Templates
(PRINTTM), for the fabrication of monodisperse particles with control over structure (i.e.
shape, size, composition) and function (i.e. cargo, surface structure) in the incorporation of
biological materials for the development of “smart particles.”

2. RESULTS AND DISCUSSION

The PRINTTM Technology is the first demonstration of soft imprint lithographic techniques
to generate discrete nanoscale objects [6]. As shown in Figure 1, PRINTTM enables one to
mold isolated or “scum-free” objects at the nanoscale by having fluorinated, low surface
energy materials comprising the internal surfaces exposed to the liquid. As such, a
reversible seal can be formed between the mold and the substrate as slight downward force
is applied, and the organic liquid to be molded is either confined within the shaped cavities
of the mold or forced out due to the low surface energy of both the mold and the surface.
The polymeric mold is formed by casting the liquid prepolymer on a silicon master with the
desired feature size and shape and curing with UV light.

Figure 1. An illustration of the PRINTTM process; (Right) A SEM micrograph showing
200 nm trapezoidal particles harvested with a doctor blade.

PRINTTM is the first general, singular method capable of forming organic particles that: i)
are monodisperse in size and uniform shape; ii) can be molded into any shape; iii) can be
comprised of essentially any matrix material; iv) can be formed under extremely mild
conditions (and therefore is compatible with delicate cargos); v) is amenable to post
functionalization chemistry for the bioconjugation of targeting ligands; and vi) which
initially fabricates particles in an addressable array (which opens up combinatorial
approaches since the particles can be “bar-coded” using methods similar to DNA array
technologies). As an example, Figure 2 demonstrates the ability to create monodisperse
arrow shaped particles from a silicon template master composed of either poly(ethylene
glycol), (PEG), well known for its use as a biomaterial, or poly(pyrrole), a conducting
polymer.
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a b c
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a b c
Figure 2. Arrow shaped particles fabricated using the PRINTTM process. A) SEM image of
the original arrow silicon master (3 µm feature size) used to generate the PFPE molds that
was used to generated the 3 µm arrow particles; B) SEM image of 3 µm poly(ethylene
glycol) arrow particles; C) SEM image of 3 µm conductive polypyrrole arrow particles

PRINTTM is delicate and gentle enough to be
compatible with a wide variety of important
nano-biomaterials targeted for advanced
understandings and therapies in disease
prevention, detection, diagnosis and
treatment. To date, we have fabricated
monodisperse particles from a wide range of
particle matrix materials including
poly(ethylene glycol), poly(D-lactic acid),
poly(pyrrole), and a triacrylate resin. We
have also used PRINTTM to produce
monodisperse, nanometer scale PEG
particles in a variety of shapes by molding
PEG-diacrylate liquid monomer followed by
room temperature photopolymerization. Because the morphology of the particles is
controlled by the master, it is possible to generate complex PEG particles on a variety of
length scales. The compatibility of PRINTTM with fragile biological cargos allows for the
encapsulation of biological agents, such as viruses, oligonucleotides, and proteins (Figure
3). This technique also enables agents such as viruses to be molded, creating a template
that can be used to fabricate particles of any material while retaining the fine structure of
the agent that was molded. These innovations indicate that PRINTTM may be used to
fabricate novel delivery agents.

A)A)

Figure 3: Confocal microscope image
of conical PEG particles (500 nm at
base, 50 nm at tip) containing
fluorescently tagged avidin (68,000 Da)
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FORMATION AND STABILITY OF A SUSPENDED LIPID
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n array of micron and
submicron pores which acts as a scaffold for suspending a lipid bilayer. We
successfully deposi ted a lipid bilayer by the Langmuir-Blodgett method. AFM
characterization shows a higher stability of the bilayer supported on smaller pores.
This stability is critical for signal transduction mimetics of the cell membrane and in
developing a biosensor.

Keywords: Biosensor, Nanopore, Langmuir-Blodgett, Atomic Force Microscopy

Native membrane proteins recognize and bind small molecules such as hormones,
neurotransmitters, chemokines, pheromones and metallic ions with high specificity and
sensitivity. These natural biosensors offer performances several orders of magnitude higher
than those of the best man-made sensors available today [1]. For this reason, a goal in
biosensor R&D is to create a synthetic environment able to accommodate functional
membrane proteins in which binding of a ligand can be transduced directly to the outside
world [2-4]. The general strategy is to create first a stable lipid bilayer on a synthetic
substrate and incorporate natural or bioengineered membrane proteins while maintaining
their functional activity. Lipid bilayers can be supported by a flat surface or reconstructed
over a pore scaffold [5-7]. The latter format gives access to both sides of the membrane,
offering more versatility in the composition of the buffers on each side of the membrane,
and the possibility to rapidly add agonists inhibitors or drugs. Such an architecture is
particularly adapted to ion channel incorporation with important extra-membranous
segments and recordings under electrical fields using standard electrophysiology equipment
(Fig 1).

We describe here the fabrication of a 300nm thick silicon membrane bearing arrays

Fig 1. Schematic representation of a single
nanopore with assembly of a thin silicon membrane,

the lipid bilayer hosting reconstituted membrane
proteins.

of pores with sizes of 1000nm,
650nm and 300nm. The lipid
bilayer is deposited by the
Langmuir-Blodgett technique.
Membrane characterization and
stability were probed using Atomic
Force Microscopy (AFM) and we
show that the stability of the lipid
bilayer is inversely proportional to
the pore dimension.

RESULTS
Thin silicon membranes with pore arrays were obtained by DeepUV lithography and

back etching of polished p-type (100) SOI (Silicon On Insulator) wafers. Before back-
etching, characterization of pore distribution and depth was carried out using contact AFM
in the constant-force mode. Figure 2 (left panel) shows an image of an array of 300nm

We repor t the fabrication of a thin silicon membrane with a
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pores. The depth evaluation by AFM is limited by the conical shape and the size of the
AFM tip. .In the 1 µm pores, the pore depth obtained by AFM is approximately 300 nm,
which is close to the expected value of 330 nm. In the case of the substrate with 300 nm
pores, the tip could only descend 140 nm into the pore, and the accurate estimation of the
pore depth could not be made. However, this result confirms that the upper side of the
substrate was etched successfully to give uniform pore configurations, for each pore size.

The lipid bilayer was deposited using the Langmuir-Blodgett technique. A
biomimetic lipid film was prepared by mixing 1 mM dimyristoyl-L- -phosphatidic acid
(DMPA) solution in CHCl3:CH3OH (2/1) and 1 mM dimyristoyl- L- -
phosphatidylcholinecholine (DMPC) solution in CHCl3:MeOH (9/1) (molar ratio: 2:1).
Monolayers of DMPA:DMPC were formed on the subphase and the transfer of the
interfacial film was performed using a vertical Langmuir- Blodgett film deposition
procedure [8]. The quality of the Langmuir-Blodgett film was estimated by controlling the
transfer ratio. The substrate covered with the bilayer was maintained in the subphase
solution at 4 °C until characterization by AFM. Images were compared to previous AFM

Figure 2: AFM images of the 300nm pore array before (left) and
after (right) lipid bilayer deposition. Image size is

2µmx2µmx200nm.The inset presents an overlay of height profiles
measured along three pores

observations (Fig 2).
After lipid deposition,
substrates present a flat
continuous aspect on
which pores are still
visible but with a
smaller indentation
when compared to the
bare substrates.
Defect-free topo-
graphies show that the
bilayer spans the pore,
whatever its size.
Under a minimal load
(0.5 nN), the tip
descended 144nm into
the bare substrate and
only 12 nm in the 300
nm pores with a
suspended bilayer.

Unsurprisingly, the lipid bilayer gets more indented over 1000 nm pores than over 300 nm
pores. When attempting to calculate an average angle of lipid bilayer deformation (tan =
2 x indentation / pore size) we find angles of 4, 7 and 10° respectively for the 300, 650 and
1000 nm pores. These average angular values are coherent with the hypothesis of a
stabilizing effect of the smaller pore array.

Lipid membrane resistance to mechanical stress was then characterized by applying
higher forces on the AFM tip. When a higher load (10 nN) is applied by the AFM tip on
the same area, a higher indentation was observed whatever the pore size. The substrate was
then scanned a third time back at the minimal load. Fig 3 shows overlays of the three
height profiles for 1 µm pores and 300 nm pores. For the lipid bilayer suspended on 1 µm
pores, the indentation measured at high load corresponds to the value of the pore depth for
the bare substrate. The indentation obtained back at minimal load corresponds to an
intermediate value. The bilayer appeared therefore to still span the pore but was
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irreversibly deformed. In the case of a bilayer suspended on 300 nm size pores, the
observed indentations at high load were smaller than those observed on the bare substrate.
The lipid bilayer therefore appears to resist much better to the force exerted by the tip and
whatever the force exerted on the tip, we could not reach the indentation observed on the
bare 300nm pore (28 nm versus 144 nm on the bare substrate). Moreover, unlike the
suspended bilayer on 1 µm pores, the indentation observed back at minimal load is close to
the first indentation at same load. It was necessary to apply three cycles of load-unload to
observe an irreversible deformation of the bilayer (data not shown). Under the lowest
mechanical stress, the bilayer appears thus to have an elastic behaviour over 300 nm pores.

Fig 3 : Height profile of suspended bilayers as a function of the applied load on 1 µm pores
(left) and 300 nm pores (right). F1 and F3 are minimal loads (0.5 nN) applied whereas F2

is a higher load of 10 nN applied by the AFM tip.

CONCLUSIONS
This study presents the fabrication of thin silicon membranes with controllable

micron and submicron sized pores. The membrane acts as a scaffold for suspending a lipid
bilayer. By comparing AFM observations, we establish that the lipid bilayer is stabilized
by smaller pore sizes and that the lipid bilayer retains an elastic behaviour when supported
by the smaller 300nm pores. The results encourage us to believe that a substrate with an
array of submicron pores which acts as a scaffold for a suspended lipid bilayer is the most
adequate architecture for developing biosensors integrating suspended lipid bilayers. Our
next goal is to reconstitute membrane protein function in the suspended bilayer and record
electrical signatures of protein dynamics in response to its environment.
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ABSTRACT
We report a novel method to selectively functionalize small groups of resonant NEMS

cantilever based biosensors in an array of devices. This work presents a solution to the long
standing problem of device functionalization where it is desirable to treat different subsets
of devices on a single chip or array with different compounds. Using a microarray spotter,
small volumes (spots) of an oligonucleotide solution were dispensed onto released devices
with the intent to hybridize these small DNA strands and detect the additional bound mass
through resonant frequency shift. Preliminary data suggests that additional mass selectively
bound to the spotted devices.
Keywords: NEMS, Spotter, Biosensor, Cantilever

1. INTRODUCTION
Progress towards making an on-chip biosensor has been promising. Recently, biological

analytes, including bacterial [1], viral [2], protein (BSA) [3], and DNA [4] specimens were
detected using resonant NEMS devices which detect bound mass through resonant
frequency shift. Deflection based devices, utilizing the surface stress created through
binding events, have also been successful in detecting analytes such as prostate specific
antigen (PSA) [5] and DNA [6]. Each of these methods usually involves first fixing
functional biorecognition molecules, such as antibodies or oligonucleotides, to the surface
of the sensor.

An ideal MEMS/NEMS based on-chip bioassay would have the ability to detect multiple
analytes on a single chip. This would require sets of devices to be functionalized differently
from their neighbors. As device dimensions shrink, and sensitivity increases, it becomes a
challenge to selectively functionalize small sets of devices. To address this challenge, this
work presents a method to deliver small volumes of liquid the surface of a NEMS based
biosensor.

2. THEORY
The bound mass on a resonator’s surface can be determined through a shift in resonance

frequency. Using a cantilever shaped device as an example and assuming a small change
when compared to the natural frequency of a cantilever, the frequency shift is given below
[1]. I is the geometrical moment of inertia of the cantilever, E is the Young’s modulus for
the device material, mbound is the additional mass bound to the cantilever at a distance x from
the clamped end, L is the length of the cantilever, m0, w and are the mass, width and
density of cantilever, respectively.
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For a uniform coating, this shift is given by the right most equation, where is the mass
per unit area of the film. The right most equations assume a cantilever with rectangular
cross-section. These equations assume that the change in the moment of inertia due to the
mechanical properties of the added mass is negligible.

3. EXPERIMENTAL
The fabrication of the devices has been previously documented as has the optical

actuation and measurement methods [7]. The presented device was designed so as to keep
much of the surrounding device layer intact in order to provide a large contact area for the
spotting pins, which come into physical contact with this layer during the spotting process.
The design was successful and the devices were shown to survive the spotting process. The
low-stress silicon nitride cantilevers were 5 to 12 m long, 2 m wide and 220 nm thick.
They showed resonant frequencies between 2 and 11 MHz. Their fabrication process is
outlined in figure 1.

Nitride

Figure 1 (left): Cross section of device at fabrication steps. a) Silicon nitride layer deposited on
thermal oxide, b) Lithography and RIE definition of device geometry, c) Release after HF etch.

Figure 2 (right): Cantilever (2 m wide, 7 m long) arrays with spotted oligonucleotide solution.
The discoloration of the spotted area is due to dried salts in the solution that are present to promote
spot adhesion. The scale bar is 60 m long.

DNA was spotted onto cantilever arrays using a custom-built microarrayer. After
spotting, the positions of spotted devices were optically recorded. Free amines present on
the silicon substrate were blocked by post-processing in a succinic anhydride solution. The
remaining salts from the spotting solution were then rinsed off in PBS (pH 7.4) buffer and
deionized water. The samples were dried in a stream of high purity nitrogen and mounted in
a vacuum chamber. The chamber was evacuated to 10-6 Torr to remove viscous damping
losses. The baseline frequency of both spotted and clean devices were measured followed
by application of target DNA to the cantilever array in a hybridization solution consisting of
50% formamide, 3 SSC, 0.2% SDS, 20 mM Tris pH 8.5, 0.1% BSA, and 100 g/ml poly
(A). Arrays were hybridized for 18 hours at 45 C, washed and dried. Frequency
measurements were made again and resonance shifts indicated the binding of mass to the
devices.

The spots were approximately 60 m in diameter and were dispensed onto groups of
three to six cantilevers per spot. Figure 2 shows an optical micrograph of a device array
with spots.
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4. RESULTS
The device design was successful in that the NEMS cantilevers survived the spotting

process. Through resonance frequency shifts, data suggests that additional mass selectively
bound to the spotted devices due to hybridization events. Neighboring unspotted devices
showed a less severe shift, likely due to nonspecific binding of salts or blocker proteins
from the hybridization solution (see figure 3). Future work will include confirmation using
fluorescence measurements and a more detailed study of surface chemistries to reduce
nonspecific binding.
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Figure 3, Left: Drawing depicting the amount of calculated bound mass (equation 1) in attograms
on two cantilever arrays, similar to figure 2. Spots placements are indicated by the large circles. Blank
sites in the array are due to nonworking devices. Right: Baseline (right) and post processed (left)
spectra of a specific resonator from a spotted area.
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ABSTRACT

Rapid and reversible angular velocity control of a single F1-ATPase, a rotary
biomolecular motor, was achieved by altering the temperature. Precise temperature
detecting method enabled us to achieve quantative correlation between angular velocity and
temperature. The rapid controlling of the temperature enabled the rotation assay at
temperatures higher than 50 ºC, which revealed that the torque of F1-ATPase seems to
increase at higher temperatures.

Keywords: single molecular observation, F1-ATPase, micro heater, biomolecular
motor

1. INTRODUCTION
In the field of single molecular observation, rapid and precise control of the temperature

realizes activity measurements of a single molecule depend on temperature. This may
reveal the highly interesting scientific knowledge such as molecular mechanisms. Therefore,
controlling the motion of biomolecular motor, which corresponds to the activity, is required.

A micro heater and a micro thermo sensor were integrated by patterning nickel on a glass
plate (Figure 1) and used in various kinds of biochemical experiments [1, 2]. This device
can control the temperature in the response speed of 71.5 K/s and 56.9 K/s, for temperature
rise and fall, respectively. Four terminal measurement realized the accuracy of the micro-
thermo-sensor, 1 ºC, better than the preivious report (Figure 2). Temperature distribution
inside the circular heater was calculated by using Rhodamine B solution as a temperature
detector and the temperature distribution inside the heater was proved to be less than 2 ºC
[3]. Since all the rotation assays were carried out inside the circular heater, we could detect
the peripheric temperature of a single molecule in accuracy of 3 ºC. This precise
temperature detecting method enabled us to acheive much quantative data in rotation assay.

0 4 mm

heater

sensor

0 400 µm0 4 mm0 4 mm

heater

sensor

heater

sensor

0 400 µm0 400 µm

Figure 1. Ni-patterned glass plate, which is placed on the pitch conversion board to
connect to lead wire (left). Microscope view of integrated micro-heater and micro-
thermo-resistive-sensor (right).
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2. EXPERIMENTAL
Protocal of the rotation assay is as follows [4]. A flow cell for microscopic observation

was constructed from a Ni-patterned glass plate and a cover glass ( mm1818 2 ;
Matsunami) separated by two greased strips of Parafilm coversheet, around one hundred
micrometers in thickness. Infusion and washings were repeated as follows: infusion of 0.16
nM~0.8 nM F1 in buffer (10 mg/mL BSA, 10 50 mM Mops KOH, 50 mM KCl, pH. 7)
(5 min), washing with the buffer, infusion of microbeads (Bangs Laboratories, Inc: CP01N
Streptavidin Coated Microspheres, mean diameter: 0.49 µm) in buffer (10 min), and
washing with the buffer. The last wash was carried out with a buffer containing 2 mM ATP
and 2 mM MgCl2. The rotation of a single F1 molecule can be measured by observing
the revolution of the attached microbeads under the optical microscope (Olympus IX70).
Images were taken with a CCD camera (Hamamatsu: IR-CCD), and recorded on a digital
video cassette (Sony: MiniDV).

3. RESULTS AND DISCUSSIONS
Angular velocity change of F1-ATPase rotation was successfully observed by altering

the temperature (Figure 3). When the temperature is increased gradually, the velocity
increased gradually but stopped at temperature lower than 50 ºC since the enzyme cannot
survive at high temperatures for a long time. To measure the velocity at higher
temperatures, the temperature should be altered rapidly as shown in Figure 3, because the
enzyme can tolerate higher temperatures for a short period.

Acceleration of angular velocity while raising the temperature can be associated with
two factors. One is decrease of viscous drag of water. The other is torque increase in F1-
ATPase itself. Torque dependence on the temperature has not been revealed yet. However,
the decrease of viscous drag vs. the temperature can be calculated. If the torque is constant
at any temperature, the angular velocity is expected to increase in inverse proportional to
the viscous drag coefficient.

(T: torque, : angular velocity, : the coefficient of viscosity of water, C: constant).
The velocity increase degree of measured value at higher temperatures was larger than that
of calculated value in torque constant condition. The calculated increase in rotational speed
from the decrease of water viscosity can only explain 80 % of the measure increase; this
suggests that a rotating F1-ATPase has a tendency to show higher torque at higher
temperatures.
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4. CONCLUSIONS
The micro temperature control device enabled the rapid and reversible angular velocity

control of a single F1-ATPase. Precise temperature detecting method enabled us to achieve
quantative data in the rotational assay. The rapid controlling of the temperature enabled the
rotation assay at temperatures higher than 50 ºC. Consequently, torque of F1-ATPase
showed a tendency to increase at higher temperatures. This method and knowledge for
controlling the biomolecular motor can also be applied to future hybrid organic-inorganic
nano-systems, which use biomolecular motors as nano-actuators.
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Figure 3. Time course of the rotation of F1 while switching the temperature. (Left):
Angular velocity changed from 2.5 rps to 7.1 rps. (Right): Angular velocity changed
from 1.2 rps to 4.4 rps and back to 1.7 rps. This means ATP hydrolysis speed was
changed from 3.6 molecules per second to 13 per second and to 5.1 per second.
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CHEMICAL REACTION BY MIXING IN
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ABSTRACT
We developed a pressure-driven flow control system for chemical reaction in

nanochannel. In this system, back pressure regulating was utilized to prevent the high
pressure loss, which is usually occured in nanochannel. We evaluated the back pressure
regulating system by investigating the flow rate in nanochannel. By utilizing the flow
control system, chemical reaction in nanochannel was demonstrated. Two different
solution for chemical reaction were simultaneously introduced into Y-shaped nanochannel
and chemical reaction in nanochannel was performed.

Keywords: Nanochannel, Nanofluidics, Size-effect

1. INTRODUCTION
.
Integration of flow chemical processing has been an important investigation. In

researches on microchip chemistry, short diffusion length and high specific interfacial area
were utilized. Further integration of chemical systems will enable us to utilize these
characteristics more effectively. From the basic chemistry viewpoint, it should be
investigated how the channel size affects behaviors of molecules in a nanospace. We have
investigated liquid properties in nanochannels by NMR and time-resolved fluorescent
spectroscopy and the results indicated higher viscosity and higher proton mobility [1,2].
We expected such property change will affect chemical process in nanospace. We chose
pressure-driven flow as flow control system rather than electroosmotic flow because
various solvent should be used for general chemical process. In previous reports,
fabrication technique and pressure-driven flow control system for the nanochannels
utilizing back-pressure regulator have been investigated for realizing chemical process in
nanospace [3,4]. In this report, pressure-driven flow control method in the nanochannels
was evaluated and chemical reaction in the nanochannels as a single unit of nanofluidic
chemical process was achieved.

2. EXPERIMENTAL
Conception of flow control system was shown in Figure 1. HPLC pumps were used for

controlling liquid flow in the microchannels. A Nanochannel was connected to two
microchannels. One microchannel was connected to a back-pressure regulator in
downstream and controlled to a specific pressure. Another microchannel was not connected
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to a back-pressure regulator. As a
result, pressure difference between
two microchannels was controlled
by back pressure regulator and
applying pressure to nanochannel
could be determined. Figure 2
shows the plot of flow rate versus
pressure. Liquid flow in
nanochannel is linear to pressure. It
is confirmed that pressure-driven
flow system is properly worked. By
utilizing the flow control system,
two different solutions can be
simultaneously introduced in Y-
shaped nanochannel (390 nm width,
240 nm depth). Liquid introduction
scheme for Y-shaped nanochannel
was shown in Figure 3.

3. RESULTS AND DISCUSSION
In order to demonstrate mixing in

nanochannel, two different
fluorescent solutions were
introduced into Y-shaped
nanochannel using flow control
method for nanochannel.

aqueous solution are used as
fluorescent probe. A fluorescent
micrograph was shown in figure 4.
It was appear that two different
solutions were mixed in
nanochannel.

Furthermore, chemical reaction in
nanochannel was performed. Tokyo
Green (TG), which is a derivative of

solution was used. Fluorescence
intensity of TG depends on pH
condition. Reaction scheme and
results of reaction in nanospace was
shown in figure 5. TG in acid buffer,
which did not generate fluorescent,
was mixed with alkali buffer in Y-
shaped nanochannel. When the two
solutions meet at the meeting point

Figure 1 Concept of flow control system for
nanochannel

Figure 2 Plots of flow rate versus pressure

Figure 3 Scheme of flow control for Y-shaped
nanochannel

Rhodamine B 10-4 M aqueous
solution and Fluorescein 10-4 M

Fluorescein molecule, 10-5 M
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of nanochannel, TG was protonated and generates fluorescence. However the mixed
solution in nanochannel except for the meeting point was not fluorescent. We speculated
that the change of fluorescent molecule condition was affected by size-effect of
nanochannel.

We will investigate details of size-effect by trying various pattern of nanochannel.
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HYBRID ATOMISTIC/CONTINUUM MODELING
 OF ELECTROOSMOTIC FLOW IN

NANOSCALE CHANNELS
Robert H. Nilson and Stewart K. Griffiths

Sandia National Laboratories, USA

ABSTRACT
Electroosmotic flows in nanoscale channels are computed by a hybrid approach in which

Density Functional Theory (DFT) is used to compute spatial distributions of fluid density
and ion concentrations. This approach accounts for Lennard-Jones attractions and hard
sphere repulsions among all molecular species in addition to the coulombic forces of
classical Poisson-Boltzmann theory.  The molecular density profiles computed by DFT are
used to evaluate fluid viscosities and electrical driving forces appearing in the continuum
transport equations.  Zeta potentials and fluid speeds computed in this manner are typically
a factor of two or three smaller than those based on the classical Poisson-Boltzmann model.

Keywords: density functional theory, electroosmotic flow, nanofluidics

1. INTRODUCTION
Reduced channels sizes offering new µTAS capabilities also bring new challenges in

modeling nanoscale physics.  Classical continuum models, although familiar and efficient,
fail to account for the atomistic physics of structured fluid layers adjacent to solid surfaces.
Conversely, molecular dynamic (MD) simulations which properly represent atomistic
physics are often impractical for analysis of engineering systems.  To bridge this gap
between continuum and atomistic modeling, we present an efficient hybrid approach in
which Density Functional Theory (DFT) is first used to compute distributions of fluid
density and ion species.  These computed distributions provide the inputs needed to then
evaluate electrical driving forces, local fluid viscosities, and surface shear interactions that
are finally used in solving the continuum transport equations.  Less than one minute is
required for typical calculations, orders of magnitude less than MD simulation times.  A
similar modeling approach was applied to pressure-driven flows by Bitsanis et al. [1] using
a Yvon-Born-Green (YBG) formulation.  Here we utilize DFT rather than YBG, and we
explore the influence of nanoscale physics on electroosmotic flows.

2. THEORY
The integral equations of DFT describe the mean-field interaction among any number of

charged and uncharged species in terms of Lennard-Jones pair potentials, Coulombic
forces, and hard sphere repulsions.  Our formulation is similar to that described by Tang et
al. [2].  The parametric inputs to DFT are the same as those needed for MD: molecular
diameters, interaction energies, and charge.  Typically, results generated by DFT are nearly
identical to the time-mean density fields computed by MD. Further, previous studies show
that these equilibrium density fields are not substantially perturbed by fluid motion
provided that the mean fluid speed is small compared to the thermal speed, a condition
easily satisfied in µTAS.  The electric field is determined by solving the Poisson equation
using the DFT charge distributions.  These charge distributions are also used to compute
driving forces for our continuum analysis of the electroosmotic fluid motion.  Local fluid
viscosity is computed form the DFT density field based on a modified Chapman-Enskog
model [3].
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3. RESULTS AND DISCUSSION
Figures 1 and 2 illustrate the oscillatory character of fluid and ion density profiles

computed by DFT. The density peaks adjacent to the channel walls are induced by the
planar wall structure.  Successive peaks, spaced roughly one molecular diameter apart,
gradually decrease with distance from the surface as the fluid becomes less ordered.

As seen in Fig. 2, DFT predicts a mean charge within the first molecular layer that
exceeds the classical Poisson-Boltzmann (PB) prediction.  Because the total charge within
the fluid must balance the prescribed surface charge, m*, it follows that DFT predicts a
lower charge within the central portion of the channel.  This shifting of the charge
distribution toward the wall increases the shear stresses and reduces the fluid velocity, as
apparent in Figs. 3 and 4.

Although the variations in fluid viscosity (normalized by bulk value) shown in Fig. 3 are
moderate, local and mean viscosities typically exceed nominal bulk values by a factor of
two or more in channels having widths less than a few molecular diameters, dependent
upon relative strengths of attractive forces between fluid and wall molecules.

For a given surface charge, DFT predicts a considerably smaller zeta potential, c*, than
the classical PB model.  As seen in Fig. 3, the electric potential gradient becomes steeper in
the highly charged wall region but flatter in the channel center, resulting in a downward
shift of potential at all locations.

Finally, Fig. 4 illustrates the variation of mean fluid speed with channel width and
solution molarity.  The DFT model predicts mean fluid speeds about threefold smaller than
classical PB predictions for highly charged surfaces.

4. CONCLUSIONS
Density Functional Theory provides a computationally efficient means for direct

incorporation of intermolecular forces into continuum modeling of electroosmotic flows.
Fluid speeds and surface potentials computed by DFT are typically a factor of two or three
less than those predicted by classical Poisson-Boltzmann models owing mainly to
redistribution of charged species across the channel.  These differences increase with
increasing surface charge and with decreasing channel size.
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ABSTRACT
This paper describes a novel nanofluidic device that can pre-concentrate dilute protein and
peptide solution by electrokinetic trapping mechanism—up to 107 fold in concentration. By
applying an electrical field across a 40 nm deep nanofluidic filter, one can generate an
induced space charge layer as an energy barrier for charged biomolecules in the bulk.
Coupling with a tangential field along the microchannel, this device can be used as either a
preconcentrator or an injector for various applications.
Keywords: nanofilter, preconcentration, electrokinetic trapping

1. INTRODUCTION
Since there is no PCR-equivalent amplification technique in proteomics, sample
preconcentration coupled with advanced sample separation steps is a must for detecting
low-abundance protein species from common samples. Also, µTAS needs efficient
preconcentration because of the mismatch in typical sample volumes (~1µl or larger) and
the microchip internal volume (~1nL or smaller). The novel electrokinetic trapping
mechanism can achieve more than a million fold biomolecule pre-concentration, enabled by
nanofluidic channel, which is the best chip-based pre-concentrator reported so far.[1]
Moreover, this work first successfully used a nonlinear electroosmotic flow for a stable
electrokinetic trapping. Unlike other electrokinetic trapping pre-concentrators,[2, 3] where
an electrical field was applied across either porous silica particles or Nafion® membrane as
a means to create ion depletion, we used planar nanofluidic channel of a known size to
achieve a stable operation over several hours.

2. EXPERIMENTAL
In this work, we use devices made of silicon nitride (by sacrificial layer etching) / PDMS or
Si / SiO2 / glass in various dimensions to demonstrate the preconcentration mechanism
triggered by ion-selective nanochannels. Unlike the 20 µm wide, 1.5 µm deep
microchannels reported,[1] this paper presents new devices with larger internal volume,
made of different substrate materials such as silicon-nitride for nano channels and PDMS
for micro channels or wet-etched microchannels in Pyrex wafers instead of dry etched
silicon substrate. Compared with the previous device, these new devices have ~1000 times
larger internal volume (50µm x50µm cross section microchannel), which will lead to faster
preconcentration with higher sample throughput.
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Figure 1. (a) Perspective view of nanofluidic pre-concentrator. Both oxide and nitride
devices have 40 nm deep nano channels while 1.5 µm deep µ-channel for oxide device, 45
µm for wet-etched device, and 50 µm deep for nitride device. (b) SEM image of the
nanochannels. (c) The trapping mechanism.

The key to achieve electrokinetic trapping is a set of nanofilters that is small enough to have
electrical double layer overlapping (Figure 1). The nanofilter devices can be made of silicon
nitride (by sacrificial layer etching) / PDMS or Si / SiO2 / glass. These nanofilters work as
ion selective membranes that can generate concentration polarization or space charge
extension, depending on the applied field strength. Once the extended space charge layer is
formed, it will work as a barrier to charged molecules, as well as a source to generate
electroosmosis flow of the second kind (Figure 2, 3). As a result, the device can achieve
more than a million fold pre-concentration within thirty minutes. Figure 1 shows two
parallel micro channels that are connected by ten 40 nm deep nano channels.

Figure 2. Mechanism of pre-concentration: (a) ion-selective property of the nano channel
under small En; (b) concentration polarization under diffusion-limited condition; (c) at
higher field, electroneutrality is no longer maintained, generating an extended space charge
layer, (d) With proper ET and En, the trapping region and depletion region will be formed as
indicated; therefore, samples will be collected in front of the virtual barrier driven by
nonlinear electrokinetic flow.

(a)

(b)

(c)

(d)

(a) (b)

(c)
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3. RESULTS AND DISSCUSSION
Efficient preconcentration of proteins and
peptides in various devices are shown in
Figure 4(a). This device will work with
various buffers and additives, at a buffer
ionic strength as high as 10mM. We were
also able to increase the volume of
preconcentrator for more efficient
preconcentration, as shown in Figure 4(b
& c), using a nanochannel made from SixN
and PDMS microchannel. For an even
larger channel, 100 µm x 45 µm in this
case, it takes voltage higher than the
device’s passivation can handle (500V) to
generate the extended space charge layer
across the microchannel, therefore, a stable
barrier can not be well maintained.
However, the preconcentration can still be
observed with a small pressure driven flow
replacing the tangential field ET.

4. CONCLUSIONS
This electrokinetic trapping mechanism
can be integrated with many different
systems with different surface and buffer
requirements. Moreover, because it is easy
to fabricate and requires only single buffer
system, this device can be used as a
preconcentrator for various downstream
detection / separation tools. With its larger
scale, robust mechanical properties, and
high efficiency of preconcentration, this
system is expected to play a key role in
both conventional and microfluidic
biomolecule analysis.

Figure 3. Preconcentrations in various
devices: (a) Collection of 33 fM GFP
sample in silicon oxide based device,
where En= 10V/cm and ET =.5V/cm. This
demonstrates a preconcentration with a
factor of ten million. (b) Collection of 36
nM BSA in nitride-PDMS device, where
En= 50V/cm and ET= 22 V/cm. (c)
collection of 33 nM GFP in deep wet-
etched microchannel. En= 0V/cm, and ET=
200 V/cm. Samples were driven by
pressure gradient.
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FABRICATION OF SILICA NANOCHANNELS
VIA SCANNED COAXI AL ELECTROSPINNING
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ABSTRACT
A simple and novel method to produce silica nanochannels is introduced in this paper. With
scanned coaxial electrospinning, aligned hollow nanofibers with diameter of sub 100nm can
be fabricated. The resultant nanochannels were examined by scanning electron microscope
(SEM). The results show that by adjusting the processing parameters, the inner diameter as
well as outer diameter of the nanochannel can be tailed in a controlled fashion. The
performance of this nanochannel was also investigated by the transportation of fluorescence
molecules

Keywords: electrospinning, nanochannel, single molecule detection

1. INTRODUCTION
Because of their small dimensions and high surface to volume ratios, nanochannels are

thought to have a wide range of applications such as molecule separation, filtration and
detection for biological and chemical analyses. Many techniques have been demonstrated
to fabricate nanochannels, most of which are conventional top-down fabrication methods
[1-4]. They are low-throughput, high-cost and time-consuming processes. Coaxial
electrospinning has proposed another way to do the fabrication. However, current methods
[5, 6] all require special spinneret or syringe, which makes the setup complicated. In this
paper, we are reporting a new co-axial electrospinning method that is simple,
straightforward and low-cost.

2. EXPERIMENT
In conventional electrospinning, an electrified jet is induced from a solution droplet by

applying high voltage and then stretched out from a needle connected to the syringe due to
the electrostatic force that can overcome the surface tension of the liquid. Normal and
hollow nanofibers can be fabricated using this technique previously [5, 7]. Figure 1 shows
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the schematic diagram of coaxial electrospinning system that has two needles aligned
horizontally and vertically as an “L” shape. The horizontal needle is utilized to infuse a
polymer solution of 5 wt% poly(vinyl)pyrrolidone(PVP) dissolved in spin-on glass (SOG)
intermediate coating solution that can construct the wall of nanochannel. The vertical
needle is used to infuse motor oil into the SOG/PVP solution to create coaxial nanofibers. A
counter electrode with grounded collector is placed horizontally opposite to the syringe
filled with SOG/PVP. In their transit to the counter electrodes, jets are dried; then, coaxial
nanofibers are formed on the target substrate attached on the collector. These nanofibers are
then immersed in hexane for 24 hours to extract the motor oil in the core and followed by a
calcination process in air at 500 °C for 4 hours to remove PVP and cross link silica. In order
to do parallel analysis and observation, aligned nanochannels are preferred. To align silica
nanochannels on the collector, the scanned electrospinning was engaged [8, 9].

Figure 1 Schematic diagram of the scanned coaxial electrospinning setup

3. RESULTS
The cross section of nanochannels is examined by scanning electron microscope (SEM).

The image is shown in Figure 2a. The inner and outer diameters of the silica nanochannel
are ~58 nm and ~215 nm, respectively. By further adjusting the processing parameters, the
diameter of the nanochannel can be tailed in a controlled fashion for a specific application.
The inner diameter decreases as the percentage of PVP increases, or applied voltage
increases, or the flow rate of the core material decreases. To ensure the performance of the
nanochannels, Rhodamine B solution was utilized to fill the nanochannel. Figure 2b shows
the fluorescent image of the nanochannel filled with a 50mg/ml solution of Rhodamine B in
de-ionized water. The bright line shows that Rhodamine B was transported into the channel.
The total length of this channel is 1cm.
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(a) (b)

Figure 2 (a) SEM image of silicon nanochannel. In fabrication process of the sample, the
feeding rate for SOG/PVP and motor oil are 10µl/min, 1µl/min respectively. (b)Fluorescent
micrograph of a nanochannel filled with Rhodamine B.

4. SUMMARY
In conclusion, we have developed a novel coaxial electrospinning process to fabricate

nanochannels. The whole setup is simple and low-cost. By controlling the processing
parameter, the diameter of the nanochannels can be controlled. And nanochannels with a
diameter as small as 25 nm have been demonstrated. With rotating counter electrode,
aligned nanochannels have been deposited for further application. With aligned
nanochannels, parallel analysis and observation is thought to be possible. The performance
of the nanochannel has also been proved by introducing Rhodamine B into the
nanochannel.
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ADHESION MECHANISMS FOR PHASE SEPARATED
POLYMER FILMS USING INTERLOCKING

MICROSTRUCTURES AND SURFACE
CHEMICAL TREATMENT

George L. Subrebost1 and Gary K. Fedder1,2

1Robotics Institute, 2Electrical and Computer Engineering Dept.
Carnegie Mellon University

ABSTRACT
Porous polymer films, prepared using phase inversion techniques, are coated onto

inorganic silicon substrates and then characterized for adhesion strength. Substrates are
either mechanically modified by silicon etching or chemically modified using a silane
agent. Adhesion of the films is quantified using a blister test setup that determines the
pressure critical point when a leak forms. Cellulose acetate films were observed to have the
best mechanical integrity while surfaces treated with octadecyltrichlorosilane (OTS)
provided the best adhesion of these films.

Keywords: Adhesion, Polymer, Phase separation, Surface functionalization

1. INTRODUCTION
Porous polymers, such as those formed using the phase inversion process, have gained

interest in the fields of filtration, drug delivery, protein separation, and microdialysis [1].
Unfortunately, phase separated polymer films undergo a considerable amount of stress as a
liquid solution is transformed into a viscoelastic solid. As these films precipitate, large
volume changes occur due to solvent removal. Vaessen et al. have measured stresses of up
to 20 MPa in drying cellulose acetate films [2]. In order to enhance film adhesion,

microfabricated structures have been
employed to adhere polyimide films
to silicon substrates [3]. In addition,
silane coupling agents are commonly
used in the semiconductor industry
to adhere photoresist.

This paper investigates the use of
mechanically and chemically
modified surfaces for adhesion
improvement of phase separated
polymer films. Unlike the polyimide
films investigated by Jiang et al. [3],
these films are porous, suspended
over microcavities, and undergo
delaminating forces from pressure-
driven fluid flow.

Figure 1. SEM showing cellulose
acetate film interspersed with array of
silicon spikes. Inset picture is a close-up.
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2. EXPERIMENTAL
Cellulose acetate (Eastman Chemicals, 394-60S & 398-3, 50%/50%), polyamide-imide

(Solvay Advanced Polymers, Torlon AI-10) and polyethersulfone (Solvay Advanced
Polymers, Radel H-2000) were used in creating the polymer casting solution. The solvents
N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), N-methylpyrrolidone (NMP), and acetone were used to dissolve the polymers at
10% concentration (by weight percentage). Additional components to the casting solution
include 10% polyethylene glycol 600, which is used as a pore former and hydrophilic
agent, and 10% distilled water, which assists in the phase inversion technique. Silane
agents octadecyltrichlorosilane (OTS) and 3-aminopropyltriethoxysilane (APTES) were
used to chemically modify the silicon surface.

Fabrication of the microstructured
substrate starts by lithographic patterning of a
silicon dioxide film, this defines the location
of the silicon spike array as well as the
microchannel or through hole. An isotropic
silicon etchant, such as sulfur hexafluoride,
etches the exposed silicon areas to form an
array of silicon spikes (Figure 1). Fabrication
of the surface functionalized substrate
involves dehydration and oxygen plasma
treatment of the surface to expose hydroxyl
groups. Substrates were then coated with a
2% silane solution in isopropanol or acetone
for approximately one hour, then rinsed and
dried in a convection oven at 120°C for 15
minutes.

The polymer casting solution is coated
over platinum microbridges creating microchannels as previously reported at 2000 RPM
(Figure 2) [4]. Polymer precipitation can be either performed dry, which is done by
allowing the solvent to evaporate, or wet, which is done by immersing the substrate into a
water bath. This forms a semi-transparent white film on the silicon substrates. Adhesion of
the polymer to the substrate is quantified by using a blister test setup (Figure 3). A syringe
pump set to 10 µL/min provides increasing water
pressure to the back of the polymer film. A pressure
sensor (Honeywell 163PC) and camera attached to a
microscope is used to gauge the film delamination and
fluid leaks.

3. RESULTS AND DISCUSSION
Both polyethersulfone and polyamide-imide films

were very brittle after casting and drying, showing
surface cracks and film delamination. Cellulose acetate
films (in DMAc solvent) displayed better uniformity
and mechanical integrity. Films coated onto untreated
surfaces and APTES-treated surfaces delaminated upon

Silicon spikes

Backside hole
Polymer film
(~22µµm thick)

Microchannel

~1.5mm

Pt microbridges
(5µµm width/spc.)

Figure 2. Schematic showing
coating process.
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Figure 3. Blister test setup for
adhesion measurements.
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wetting. These surfaces have
hydrophilic properties, allowing
water to disrupt the bond
interface. Films deposited onto
OTS-treated surfaces are
extremely hydrophobic, causing
spin cast films to immediately
wick into a droplet. This
hydrophobic surface requires
immediate wet precipitation of
the polymer to retain film
uniformity. Surfaces chemically
modified with OTS provided the
best adhesion when compared to

a) values of 14 µm
and 0.02 µm (Table 1 & Fig 4).

Table 1. Characterization of adhesion to silicon substrate
Surface Conditioning Pressure Critical Point
No treatment Film delaminates when wet
APTES treatment Film delaminates when wet
OTS treatment >50 kPa
Surface roughness Ra=0.02 µm 1.15 kPa
Surface roughness Ra=14 µm 0.42 kPa

4. CONCLUSIONS
Chemically and mechanically modified silicon surfaces were coated with phase

separated polymer films. A blister test setup was used to measure the critical pressure point
when a leak was observed. Substrates treated with octadecyltrichlorosilane (OTS) provided
the best adhesion between a phase separated cellulose acetate film and silicon substrate.
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2. RESULTS AND DISCUSSION
Gold surfaces are ideal for tailoring the wetting and protein-repellency properties of
microfluidic devices via the self-assembly of alkanethiol monolayers. Gold however can
quench the proximal fluorescent centers. We microcontact printed fluorescently-labeled
antibodies on various materials suitable for microfabrication and evaluated the quenching
of the fluorescence (Figure 2). Self-assembling a monolayer of poly(ethylene glycol) (HS-
PEG) on gold limited the quenching. HS-PEG also makes the microstructures of the chip
wettable, protein-repellent and sufficiently adhesive to transfer proteins from a stamp to
the chip.
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Fig. 2. Fluorescence intensity of TRITC-labeled IgGs microcontact printed onto surfaces. HS-PEG
functionalized gold surface greatly reduces the quenching of the fluorescence by the gold surface.

Several micropatterned stamps were used to microcontact print proteins (Figure 3A). The
aspect ratio of microstructures on the chip were varied (Figures 3B and C) and stamps
with continuous and discontinuous patterns (Figure 3D) were used. High-quality patterns
of antibodies can be achieved micrometer accuracy and high yield of transfer (Figures 3E
and F). Importantly, the microcontact printed proteins retain activity and can be used for
assays utilizing ligand-receptor binding principles (Figure 3G).

n=5
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Fig. 3. (A) Principles of microcontact printing. (B)-(G) Fluorescence microscope images of TRITC-
labeled IgGs printed in 5-µm deep microstructures. (B)-(D) IgGs printed in the loading pad and the
microchannels. (E) Pattern of the microchannels and (F) the stamp that after printed indicates where
transfer of protein occurred. (G) Assay in which non-labeled antigen was printed into a microchannel
that had been derivatized with HS-PEG. The IgG bound the microcontact printed antigen.

Potentially, for such assays, a blocking step can be eliminated because the PEG-derivatized
gold surface prevents non-specific deposition of proteins during the assay but allows for
the transfer of proteins from the stamp. Given the fact that microstructures with smaller
aspect ratios (depth:width) were easier to print in (data not shown), the chip geometry
could be altered so that the channel depth in the detection area is shallower than elsewhere
to enable the creation of well-defined patterns of binding sites. This would improve the
transport of the analyte to the detection surface and increase the sensitivity of the assays.

3. CONCLUSION
This work shows that proteins can be patterned on non-planar surfaces and integrated to
microfluidic chips. With this method, the �blocking step� needed in conventional assays
could be eliminated and the microfluidic chip remains open and unsealed. Although we
demonstrated this method for use in fluorescence surface immunoassays, the gold surfaces
makes this patterning approach directly applicable to other detection methods such as
surface plasmon resonance or field effect tranisitors which require metal surfaces. We
think that this method opens a large range of possibilities for integrating biomolecular
reagents in microstructures with resulting patterns that are not accessible to standard
inkjet and spotting delivery methods.
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PROTEIN ADSORPTION RESISTANCE BY
BIOCOMPATIBLE PHOSPOLIPID POLYMERS

AS A SURFACE MODIFICATION ON PDMS
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ABSTRACT
The poly(dimethylsiloxane)(PDMS) substrates covered with phospholipid polymers,

such as poly(2-methacryloyloxyethyl phosphorylcholine(MPC)-co-n-butyl methacrylate
(BMA))(PMB) and poly(MPC-co-2-ethylhexyl methacrylate(EHMA)-co-2-(N,N-
dimethylamino)ethyl methacrylate (DMAEMA))(PMED), significantly reduced the amount
of adsorbed protein compared with that on the PDMS. Moreover, the PMED was much
effectively due to its good compatibility to the PDMS substrates.

Keywords: Poly(dimethylsiloxane), Polymer Biomaterials, Protein Adsorption
Resistance, Surface Modification

1. INTRODUCTION
The polymer-based microfluidic systems have been applied widely since there are

several advantages such as low cost of materials and easy of manufacturing comparing with
glass- or quartz-based systems. Among the many polymer materials, the PDMS has
become a popular substrate material due to its optical clarity, and usefulness for rapid
prototyping [1]. Unfortunately, there still exist problems, many biological components
such as proteins and cells can easily adsorb and adhere on the PDMS surface due to its
strong hydrophobicity, and it produces degradation of analytical precision. A standard
blocking reagent (albumin/casein/Twein20) used for a polystyrene microtiter plate is not
effective for the PDMS microfluidic systems [2]. Some research groups have reported a
new surface modification approach suited for PDMS [2,3], however the appropriate
materials and technology have not been developed yet. In this paper we report the protein
adsorption resistance by surface treating with newly synthesized biocompatible
phospholipid polymers, PMB and PMED and applied to modify the PDMS substrate.

2. EXPERIMENTAL
The chemical structures of phospholipid polymers containing the MPC units, PMB and

PMED are shown in Figure 1. The polymers were synthesized by a conventional
polymerization [4]. The PDMS substrate was dipped with the polymer solutions (0.2, or
0.3wt% in ethanol(EtOH) and in its mixture with CHCl3), and then dried. After the
substrates were immersed in the protein solution (human plasma fibrinogen and albumin in
phosphate buffered saline (PBS)) for 60min at 37°C. The proteins adsorbed on the
substrate were eluted with a sodium dodecyl sulfate(SDS) solution; the concentration of
proteins was determined by a micro-BCA(Bicinchoninic Acid) protein assay. The PDMS
chip was fabricated by similar method refered in the previous paper[1]. The master was
made by SU-8 resist on pylex glass then prepolymer of PDMS was cast on it, and it was
cured at 65°C for 1hr. After removing the PDMS replica from master, reservoirs were
made by drilling. As the final step, the PDMS replica and pylex glass were oxidized by O2
plasma treatement and sealed with two plates.
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3. RESULTS AND DISCUSSION
The amount of proteins adsorbed on the various substrates and the dynamic contact

angle are summarized in Figure 2. The PDMS substrates modified with the PMB and
PMED showed hydrophilic nature Also the amount of adsorbed protein on the modified
PDMS are drastically reduced compared with untreated PDMS. The solvent for
modification had some effects to the performance. CHCl3 is a good solvent for the PDMS,
so the modified MPC polymers attached the PDMS surface with suitable conformations.
We have been reported MPC units in polymer leads to the excellent blood compatibility
[4,5]. This is due to the surface becomes cell-membrane like structure by the modification
with the phospholipids polymers. The result supports the effective coating of PDMS with
the phospholipids polymers.

Next, protein adsorption on PDMS microchannel has evaluated, and coating process is
same as the PDMS substrate. Figure 3 shows the structure of PDMS chip, channel . The
FITC-labeled albumin in the PBS was filled with the microchannel and rinsed with PBS,
and after drying, the microchannel was observed by fluorescence microscopy. Figure 4
shows the photographs and fluorescence intensity profiles of the microchannels with and

without modification with the PMB
and PMED. The intensity is
corrected by as-made PDMS
microchannel. The adsorbed protein

Figure 1. Chemical structures of the phospholipids polymers for the sufacce modification.

Figure 2. Contact angle and amount of adsorption
of protein on the several modified PDMS surface.

Figure 3. Structure of PDMS
chip used in this study.
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on the PDMS microchannel modified with the PMED is remarkably reduced comparing
other substrates. That is due to much compatibility of the PMED than that of PMB.

4. CONCLUSIONS
The PDMS surface modified with the PMED showed a grate protein adsorption

resistance, because surface has changed to hydrophilic nature. Therfore, the PMED is
useful on PDMS microfluidic system as a surface modifier to add biocompatibility.
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SUPERHYDROPHOBIC AND HYDROPHILIC STATES 
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ABSTRACT 
This paper reports a new superhydrophobic surface based on macro/-nanostructured porous
silicon and outlines the possible applications of these in bioscience. Superhydrophobic 
porous silicon surfaces with water contact angles more than 160° have been developed 
employing a simple electro-chemical anodisation process. We also discuss the reasons for
such porous silicon behavior which is attributed to the decreased fraction of the fluid 
contact area with solid material (Cassie-Baxter mode) and stable H-termination of the
porous layers. 
Keywords: superhydrophobicity, water repellent, porous silicon, wetting / non-wetting
patterning.

INTRODUCTION 
The development of new superhydrophobic surfaces currently attracts high attention. A
number of different surfaces have been demonstrated recently, fabricated via a number of 
different techniques including lithography-based etching, deposition techniques and 
template-based extrusion [1]. On silicon superhydrophobic surfaces have been fabricated by 
lithography-assisted patterning with subsequent chemical surface modification [2]. So the
need for a simple method to produce non-wetting surfaces on silicon without rigorous 
experimental conditions, such as clean-room facilities (lithography patterning, etc.) is still a
challenge. 

Figure 1: Varying porosification conditions can produce porous silicon morphologies 
(A,B,C,D) with changing wetting properties, water contact angles in the range of 20 -
167º;at  low image contact angle measurements for morphologies A, B, C, D.
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RESULTS AND DISCUSSION 
Electrochemical anodisation of silicon in HF based electrolytes is a well known method to 
produce porous silicon layers. By varying the anodisation conditions it is possible to fine
tune the porous silicon morphology and its physical properties. Figure 1 shows how the 
altered process conditions can provide surfaces with different wetting conditions ranging 
from highly wetting [morphology A] to water repellent surfaces [morphology C, D]. The
reason for the changed wetting behaviour is governed by the obtained morphology (pore 
sizes and distances between adjacent pores, pore shape, orientation and level of branching). 
Consequently, the process for porous silicon fabrication provides very simple means of
generating surfaces with different wetting properties (water contact angles varying in the 
range of 20-167 degrees). These non wetting porous silicon layers were found to be stable 
for more than a month without significant change in contact angles and it can be further
enhanced with the chemical modification of the surface (C4 - C18 termination). 

Figure 2: Droplet array (left) on a superhydrophobic porous silicon surface (Sample D).
Droplet sizes range between 100-500 µm (right).

Figure 2 shows an example of the possibility of working in array formats on the 
superhydrophobic surface. An array of droplets ranging in size from 100 Pm ( 50pL) to
500 Pm ( 65 nL) were deposited using a piezoelectric microdispenser Another interesting
feature is that the spherical microdroplets on the surface serves as an attractive
microenvironment that allows on-line wall-less optical assessment of nanochemistry 
reactions. 

Figure 3: SEM images of MALDI matrix spot obtained on the superhydrophobic surface: a)
200 nL of matrix/ peptide mixture was deposited on the PS (morphology C) by piezoelectric 
microdispensing, spot size 240 µm; b) 5 nL of the corresponding matrix/peptide mixture 
deposited on the surface, spot size 100 µm as outlined by the dashed circle. 
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Superhydrophobic porous silicon surfaces also offers intrinsic properties of minimising spot
size of an analyte solution that dries on a sample surface, which can be used to enhance 
MALDI-MS peptide detection. The performance of this surface as a MALDI-target was 
characterised by depositing a protein digest of E-casein for subsequent drying and
enrichment on the spot defined by the foot print of the droplet on the superhydrophobic
surface, whereafter mass spectrometry analysis was perfomed (Fig. 3 and Fig.4). 
The fact that porous silicon can be patterned photolithographically makes it even more
attractive and its compatibility with semiconductor processing further implicates the
possibility of integration with microfluidics. 

Figure 4: MALDI-TOF MS spectra of 500 amol -casein digest dispensed on
superhydrophobic porous silicon surface. 
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SURFACE MODIFICATION OF PDMS MICROFLUIDIC

DEVICES USING TRANSITION METAL SOL-GEL

CHEMISTRY
C.T. Culbertson and G.T. Roman

Kansas State University, Manhattan, KS USA

ABSTRACT

We have developed a facile and robust method for permanently coating the channels of

PDMS-based microfluidic devices using traditional silane chemistry. Both transition metal

and silicon alkoxides were used. Further modifications to these metal oxide surfaces could

be performed using traditional sol-gel chemistry. The coating chemistries were adjusted to

produce both hydrophilic and hydrophobic surfaces with a tunable range of electroosmotic

flows. Successful separations of fluorescently labeled amino acids were demonstrated.

Keywords: Poly(dimethylsiloxane), separations, sol-gel, surface modifications

1. INTRODUCTION

Poly(dimethylsiloxane) (PDMS) has become one of the most popular materials for the

fabrication of microfluidic devices. Devices fabricated from PDMS can be easily and

quickly molded from this inexpensive, non-toxic starting material. Applications for these

devices, however, are limited because PDMS supports an electroosmotic flow (EOF) only

1/4 to 3/4 that of glass and hydrophobic analytes tend to absorb into the bulk PDMS

material. In addition, the surface of PDMS-based devices is difficult to modify

reproducibly due to the inert nature of the material. In order to overcome these limitations

we have recently developed techniques for coating PDMS microfluidic devices with various

metal alkoxides – silica,[1] titania, zirconia, and vanadia - using sol-gel chemistry. For the

titania coated devices further modifications were made using traditional silane chemistry to

put amino, poly(ethyleneoxide), thiol, and perfluoro groups on the channel surfaces. These

method are substantially easier to implement and more robust than various ionization and

free-radical surface modification approaches previously presented.

2. EXPERIMENTAL

In order to coat the

channels of a PDMS

device with

transition metal

oxides, the

isopropoxides of

titanium, vanadium,

and zirconium were

flowed through a

channel manifold for

< 15 seconds. The

isopropoxides

diffused into the

crosslinked PDMS at

the channel surface (Figure 1). The isopropoxide left in the channel was then flushed out

Figure 1. Diffusion of titanium isopropoxide into crosslinked

PDMS. Left – channel prior to filling; middle – diffusion of

Ti(iPA)4 after 1 s; right - diffusion of Ti(iPA)4 after 5 s. Grayscale

JPEG images modified from RGB TIFF originals with the contrast

increased to better visualize the diffusion.
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with air. The water

vapor present in the

air was sufficient to

catalyze the sol-gel

reaction on the

surface of the

channels. Silicon

dioxide modifi-

cations to the

channel surface were

made as reported

previously [1].

Further mod-

ifications were made

to the titania

surfaces using silane

chemistry. These

modifications simply

entailed filling the

channels with var-

ious trimethoxy-

alkylsilanes (propylamino-, thiol-, oligoethyleneoxide-, and perfluorinated-), heating for 30

minutes at 40˚C, and then flushing the remainder of the solution out of the channels.

Contact angle and Rhodamine B absorption measurements were performed as previously

reported [1].

3. RESULTS AND DISCUSSION

The water contact angles, the ability to resist the absorption of hydrophobic dyes, and the

magnitude of the

electroosmotic flow as

a function of pH were

all measured for the

metal-alkoxide

modified devices.

Water contact angles

for the silica, titania,

zirconia, and vanadia

devices were 90, 61,

90, and 18 degrees,

respectively. All of

the coatings were able

to inhibit the

absorption of

Rhodamine B into the

bulk PDMS material

(Figure 2). The

vanadia devices were

also able to “com-

Figure 2. Effect of metal oxide coatings on the absorption of

Rhodamine B into PDMS. A. PDMS, B. PDMS-SiO2, C. PDMS-

TiO2, D. PDMS-ZrO2, E. PDMS-VO2.

Figure 3. EOF vs. pH curves for the various metal oxide

coated microfluidic channels. The EOF was measured using

a conductivity method as reported previously.[1]
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pletely” prevent surface adsorption. The EOF vs. pH curves varied substantially among the

devices with the silica modified devices generating significantly higher EOFs than glass

while zirconia and titania devices exhibited EOFs independent of pH (Figure 3).

These devices were further modified using traditional silane chemistry to generate

propylamino-, thiol-, oligoethyleneoxide-, and perfluorinated- surfaces. The water contact

angles for these coatings were 45, 76, 23, and 120 degrees, respectively. All of these

coatings effectively resisted the absorption of Rhodamine B into the bulk polymer.

Separations of amino acids (Figure 4), peptides, and proteins were carried out on these

modified surfaces. The

peptide separations on several

of the coatings were diffusion

limited; however, zirconia

and vanadia surfaces had a

tendency to adsorb hard

Lewis bases (carboxylates)

and that led to broad peaks.

The ease and reproducibility

with which these coatings can

be applied should

significantly increase the

scope of applications for

PDMS-based microfluidic

devices.
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A METAL-ORGANIC FRAMEWORK BASED
PRECONCENTRATOR FOR GAS SAMPLING IN A

MICRO-GAS CHROMATOGRAPH
Z. Ni, M. Shannon, K. Cadwallader, J. Jerrell and R. Masel

University of Illinois at Urbana Champaign, USA

ABSTRACT: This paper reports the performance testing of a new class of adsorbent
materials, metal-organic framework molecules (MOF), in small preconcentrators for gas
sampling in a micro-gas chromatograph (micro-GC).
KEYWORD: MOF, preconcentrator, micro-GC

Presently, there are no commercially available small fast preconcentrators that are small
enough to fit into a MEMS scale gas analysis system. Bakajin [1] and Pang and Zellers [2]
reported the use of carbon-based materials, but in general carbon based materials are
unselective. Further, many toxic gases decompose before they desorb from carbon based
adsorbents, so such preconcentrators will have limited utility for microGC's for the
detection of toxic gases.

This paper reports tests of the use of a new class of preconcentrator materials, called "metal
organic framework molecules" that appear to give good performance in a preconcentrator
for microGC. Metal organic framework molecules are a new class of materials, with 1-3
nanometer pores, and organic ligands and metal oxide that have excellent adsorption
properties (see Figure 1). In previous work, Yaghi and coworkers demonstrated the
possibility of building large porous MOFs up to 4500 m2/g with various functional
groups[3] but their use in silicon devices has not been previously reported.

Figure 1. View of PPMOF-1 structure with channels (about 10×10 Å)
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Figure 2 shows a picture of some MOF crystals grown in a cavity in a silicon
preconcentrator by crystallization from solution. The MOF crystals cover the cavity and
have a polycrystalline appearance. Higher resolution pictures show that the individual
crystals have a cubic shape, with an average diameter of about 200 microns. The crystals
are reasonably adherent to silicon, although the crystal sizes are rather large.

Figure 2. View of MOF crystals grown in a cavity in a silicon preconcentrator.

Figure 3 shows a picture of some micro size crystals tethered on a silica substrate
functionalized with (3-aminopropyl) trimethoxysilane. The crystals are smaller and have
irregular shapes.

Figure 3. SEM of small crystals tethered on a functionalized silica substrate.

Figure 4 shows the results of experiments done to measure the gain of the crystals. MOF-5
crystals [3] were mounted into the rotor of a Valco injector valve (see Figure 5). The rotor
has four 0.1 µl grooves with one of them packed with five cubic crystals. An air sample
containing dimethyl methyl phosphonate (DMMP) vapors at about 700 ppb by an ice-
bathed bubbler, flows through crystals at 20 sccm at room temperature for 1 min. After the
trap is actuated to a sealed position the valve system is heated to 220 ºC, then an injection is
followed immediately. Figure 4 shows the desorbed DMMP vapor detected by a flame
ionization detector. The large peak corresponds to the adsorbate from trap and small peak
corresponds to the vapor from an empty groove. Calculations indicate that the system has
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gain of over 4000 for DMMP. By comparison, dodecane, a common interferent in toxic gas
detectors shows a gain of less than 200. These results show that MOF materials are useful
in preconcentrators for toxic gas detectors.

-50000

0

50000

100000

150000

200000

250000

300000

350000

0 2 4 6 8

-1000

2000

5000

5.1 5.2 5.3 5.4 5.5

from crystals

from an empty groove

Figure 4. GC chromatogram of desorbed DMMP vapor from crystals and an empty groove.

Figure 5. View of a groove of a Valco’s rotor packed with MOF crystals.
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MICROFLUIDIC SURFACE-ENGINEERING OF
COLLOIDAL NANOPARTICLES

S.A. Khan and K.F. Jensen
Massachusetts Institute of Technology, Department of Chemical Engineering, USA

ABSTRACT
We report a microfluidic method that enables continuous coating of colloidal silica

particles with alternating layers of titania and silica, thus modifying their optical properties.

Keywords: Core-shell, Microfluidics, Nanoparticles, Surface-coating

1. INTRODUCTION
There is considerable interest in fabricating core-shell materials with tailored optical,

chemical and surface properties. Core-shell particles such as titania (TiO2)-coated silica
(SiO2) are potentially useful in a broad range of applications [1]. New methods of
engineering such materials with controlled precision are required to overcome the
difficulties associated with conventional synthesis techniques limited to multi-step batch
processes. We have previously demonstrated continuous synthesis of monodisperse
colloidal silica in a segmented flow microreactor [2]. Here we report the design, fabrication
and operation of a simple microfluidic reactor that allows continuous addition of small
amounts of secondary reactant at fixed intervals along the main reaction channel. This
enables controlled surface-coating reactions to be performed on colloidal silica
nanoparticles.

2. DESIGN AND FABRICATION
The rate of reactant addition and mixing are important parameters in inorganic colloidal

coating reactions. The state of aggregation of the colloidal particles to be coated, and the
occurrence of secondary nucleation strongly depend on these parameters. Figure 1(a)
illustrates the principle of our technique. Primary silica particles obtained by the Stöber sol-
gel process are rapidly mixed with a titanium alkoxide precursor in a segmented flow.
Hydrolysis of the titanium alkoxide and subsequent coating of the silica particles is
accomplished by the introduction of small amounts of water (dissolved in ethanol) at
several points along the main reactor microchannel. The concentration of the added
alkoxide and water, as well as the number of points of secondary addition is such that
homogeneous nucleation of a second solid phase of titania nanoparticles does not occur,
and only heterogeneous growth of titania occurs on the silica surface. The segmentation of
the flow ensures rapid mixing of the added reactant with the suspended particles, and also
narrows particle size distributions [2].

Figure 1(b) is a photograph of the microreactor, which is fabricated in poly (dimethyl)
siloxane (PDMS) using soft lithography, and sealed to a glass slide. It consists of three
main inlets: for the silica suspension, segmenting gas, and titanium precursor, as well as an
inlet for the side channel manifold. The main reaction channel is 300 µm wide, the side
channels in the manifold are 40 µm wide, and all channels are 250 µm deep. The side
channel manifold splits one inlet into eight side inlets, and is designed to ensure a uniform
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distribution of equal amounts of reactant across the length of the reactor by controlling the
pressure drop. The main reaction channel is 2.85 m long, and the side inlets are spaced
0.248 m apart from each other along this channel.

Figure 1: (a) Principle of microfluidic sol-gel coating (b) Photograph of microfluidic reactor (c), (d)
SEM micrograph of titania-coated silica particles; Silica core = 210nm, Titania coating = 5 nm (e)
SEM micrograph of titania-coated silica particles; Silica core = 280nm, Titania coating = 25 nm.

3. EXPERIMENTAL
Equal flow rates (5 µL/min) of silica suspension (in ethyl alcohol, 0.5 wt. %) and 0.03M

titanium tetra-ethoxide (Ti (OC2H5)4) solution in ethyl alcohol were pumped into the
microreactor of Figure 1(b), and the flow was segmented with nitrogen gas (50 µL/min)
through the gas inlet. Ethyl alcohol containing 0.2M water was pumped (20 µL/min)
through the fourth inlet, and the flow manifold ensured equal distribution of this solution
through the side inlets. Coated particles obtained at the outlet were analysed using SEM
(JEOL 5320 FEG-SEM) and X-Ray photoelectron spectroscopy (XPS).

4. RESULTS AND DISCUSSION
Figures 1(c) and (d) are SEM micrograph of 210 nm silica cores coated with a 5 nm later

of titania using the microfluidic technique, and illustrate that the particles are relatively
unagglomerated. Figure 1 (e) is a high resolution SEM micrograph of 280 nm silica cores
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coated with a 25 nm thick titania layer. The grainy nature of the particle surface in Figure
1(e) is due to the mechanism of titania coating, which involves heterocoagulation of
unstable titania nuclei on the silica surface [1].

5. CONCLUSIONS
We have thus demonstrated the fabrication and operation of a microfluidic segmented

flow reactor for continuous sol-gel overcoating of colloidal silica particles. Extension of
this technique to multiple layers enables synthesis of particles with engineered optical
properties. Moreover, the microfluidic approach provides for organic surface modifications
which when combined with unique optical responses open new sensor opportunities.
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A PLUG-AND-PLAY SINGLE-STEP CAPILLARY
ELECTROPHORESIS SYSTEM

K. Ono and T. Fujii2
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ABSTRACT
A compact and easy-to-use on-chip capillary electrophoresis (CE) system using a

single-step CE scheme is developed. In this CE scheme, a capillary action driven liquid
handling and air vent channel structures are adopted to form a sample plug with a single-
step easy operation. Since the CE operation and the detection device (PMT: photo-
multiplier tube) are controlled at low voltages by a PC, plug-and-play operation is
successfully achieved via USB Interface.

Keywords: on-chip CE, Plug-and-Play, fiber detection

1. INTRODUCTION
On-chip capillary electrophoresis (CE) using cross injection has become an attractive

alternative to slab gel electrophoresis because of its characteristics represented by faster
operation and separation, and smaller amount of reagents [1]. However pressure driven
introduction of a polymer solution before the analysis is still time consuming and often
causes a problem related to air bubbles and imperfect filling. Furthermore it needs a power
supply with two-step switching capability for more than four electrical contacts and also
precise adjustment of optical axis for detection. These setups make the size of the system
larger. Some researchers have reported other plug formation methods such as a pressure
driven liquid operation with a hydrophobic air vent [2-3], a power-free PDMS microfluidic
pumping [4], etc. Although these methods needed relatively simple electrical setups, still
additional apparatus such as an air pressure controller and a vacuum pump are needed. In
this research we developed a novel on-chip CE system which adopts 1) a single-step CE
scheme operated by a simple power supply, where sample plug formation is done by
capillary action, 2) an USB Plug-and-Play photo detector and an electric power control
system and 3) optical fiber-based detection for easy optical alignment.

2. EXPERIMENTAL
Figure 1 shows a design of the PDMS device and plug formation scheme of single-step CE.

A PDMS chip used for this system was fabricated with conventional replica molding with
SU8-2035. The chip contains channels for the polymer solution (sieving matrix) and
sample solution, air vents (100×30 m), liquid stop channels (10×30 m) and a fiber inlet
(125×130 m). The length of the channel for the sample plug is 1 mm and the separation
channel is about 12 mm. Triton X 80 is added to be 0.5% concentration to both polymer
(hydroxyl ethyl cellulose) and sample solutions.

Then each of the solutions are introduced into the PDMS channel by capillary action.
By adding triton X to the solutions, surface treatment of PDMS is not necessary for the
introduction. Each of the solutions stopped at the liquid stop channels by its surface
tension and the air between the solutions are spontaneously evacuated through the air vent.
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As a result, a sample plug for electrophoresis can be formed and is introduced to a
separation channel by a single-step operation (Fig. 1).

Figure 2 shows a schematic of the present CE system. The USB-cable from the PC is
connected to the PMT embedded with a micro-controller (H7468, hamamatsu photonics
K.K.). The integration time, the gain value and the trigger to start the detection of the PMT,
and a TTL signal to the electric transformer to start the electric operation are controlled by
PC, then micro-controller sends 12 bit fluorescent intensity data to the PC. All the devices
were operated at 5 V supplied from the USB. A blue LED illuminates the detection point
and fluorescent light from the sample is detected via a 100 m core optical fiber. Overall
size of the device is about 15 × 10 × 5 cm.

By separating 100 bp DNA ladder, the performance of this system was evaluated.
The hydroxyl ethyl cellulose solution (3 wt% in x0.5 TBE buffer) is used as a sieving
matrix. The sample DNA is fluorescently-labelled by SYBR Green I. The 50 V is applied
between the two ports for the polymer solution.

Figure 2. Schematic of the present CE system. Figure 3. Photo of the CE system.

Figure 1 Design of the PDMS device and plug formation scheme of single-step CE.
a) Introduction of reagents by capillary action. b) Stop at liquid stop channels. c) Plug injection

for electrophoresis.

electric power
transformer

PMT

CE chip

fiber
connecter

USB cable

-50 V

ground
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3. RESULTS AND DISCUSSION
All of the liquid were introduced by capillary action within 1 minute and the liquids

were stopped at the liquid stop channels. Then the sample plug formation and injection
were successfully conducted. In spite of the absence of the electric field toward the sample
port, a leak flow of the sample molecule into the separation channel was not seen and the
sample plug was injected clearly (Fig. 4 b). Since there is no electrode located in the
sample port, cross-contamination between the different samples can be avoided. The
sample plug was concentrated at the boundary between the sample and polymer solution
due to their viscosity difference (Fig. 4 b). The bands were separated well (Fig. 4 c).
Although the blue LED illuminated relatively a wider area on the chip, a high resolution
separation can be achieved because the fluorescent light only in front of the fiber end was
acquired by the optical fiber (Fig. 5).

4. CONCLUSIONS
A compact and easy-to-use on-chip capillary electrophoresis (CE) system using a

novel single-step CE scheme is developed. This system can easily be employed for on-site
measurement, which normally requires battery-driven systems. Furthermore the present
single-step CE scheme could be a promising alternative to conventional slab gel
electrophoresis, because of its remarkable simplicity in operation and instrumentation.
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Figure 5. electropherogram of 100 bp DNA
ladder using the present CE system.

(separated with 40 V/cm, LED excitation,
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Figure 4. Photos of the CE operation a)
before plug formation b) after plug

formation c) separated bands.
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Abstract
Protein glycosylation is critically important to biological function and disease state. An

effective method for the selective isolation of N-linked glycopeptides has been developed, based on
the conjugation of glycoproteins to a solid support using hydrazine chemistry [1]. Due to extreme
sample complexity, separation methods such as nano-LC/MS has been used as an analytical tool for
human serum samples but we illustrate here that a microfluidic device can achieve superior
performance in both sensitivity and reproducibility for profiling complex samples such as
glycosylated proteins.
1. Introduction

Microfluidic separation devices can be combined with powerful chemical detection
methods such as nano-electrospray ionization (ESI) mass spectrometry to enable sensitive detection
of complex molecular species such as post-translationally modified proteins and peptides. Such
devices when combined with high mass accuracy time-of-flight (TOF) mass spectrometers can
provide an integrated system for profiling biologically relevant samples such as serum at different
stages of health.
We previously described the fabrication and performance of polymer microfluidic devices
integrating ESI tips with HPLC enrichment and analytical columns for identification of protein and
peptide samples [2]. Here we combine the reproducible chemical separation from a HPLC-Chip/MS
device with a high mass accuracy (3 ppm) TOF mass spectrometer system to profile glycopeptides
in human sera samples.
2. Experimental

A HPLC-Chip/MS device was hydraulically connected to an Agilent 1100 nanoflow pumping
system and was interfaced to an Agilent TOF MS via a laser ablated on-chip nano-electrospray tip.
Both on-chip sample enrichment and analytical separation columns were packed with Zorbax C18
reverse-phase chromotagraphy media. Samples from 32 human individuals were pooled together. 1
µL of this sample was injected and analyzed by HPLC chip/MS TOF system. One hour LC gradient
from 2% acetonitrile to 60% acetonitrile was used.

3. Results and discussion
Graphical two-dimensional display with axis of m/z v.s. LC retention time with the grey scale

indicating the signal intensity reveals the sample complexity and HPLC-chip’s separation power.
(Fig 1) By overlaying images of replicate runs, the performance of HPLC-Chip/MS TOF system
was found to be highly reproducible. We have compared the LC peak capacity and reproducibility
obtained by HPLC chip and by conventional nanoLC based systems and found the chip-based
approach to be superior. More than 5000 peptides have been detected through automated data
deconvolution. The system reproducibility is demonstrated by statistical analysis of data from 10
repeat runs. The number of peptides detected through out 10 replicates was found to be consistent.
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(Fig 2) The identification of detected peptides is based on retention time and accurate mass
information. More than 2800 peptides have been identified in all 10 replicates.

Figure 1. 2-D plot of mass vs. retention time data from replicate runs of a glycopeptide
sample using a HPLC-Chip/MS microfluidic device.

4. Conclusions
The HPLC chip/MS TOF system is a superior tool for peptide profiling exhibiting high

detection sensitivity, wide dynamic range, good signal reproducibility, minimum mass axis drift,
superior retention time reproducibility. The results shown here demonstrate that the separation
power and reproducibility of a HPLC-Chip in combination with the wide dynamic range and
minimum mass axis drift of the TOF MS instrument, make this an ideal technology pairing
candidate for biomarker discovery.
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Figure 2. Scatter plot of retention time and signal intensity for the first vs last replication
runs of a glycopeptide sample using a illustrating reproducibility using a HPLC-Chip/MS
TOF system.
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ABSTRACT
A protein crystallization device is under fabrication process. Nanoliter-sized droplets of

protein sample and reagents were dispensed on a separable plastic film card placed on an
electric panel device by a specially-designed syringe system; electrostatically actuated;
merged; and a 2-dimensional (2D) array was formed. Cards were incubated at a specific
temperature and images were taken by utilizing a robotic system. By analyzing the database
of images the best condition to produce X-ray diffraction (XRD) quality protein crystals
can be realized.

Keywords: Electrostatic actuation, High Throughput, Nanoliter droplet, Protein
Crystallization

1. INTRODUCTION
The study of proteins is very important in the post-genomic era. The interest in

growing proteins crystals, suitable for three-dimensional (3D) structure at atomic resolution
by X-ray diffraction, is increasing and high throughput (HT) screening is a hot research
topic. This fact has led a great deal of development work in the area of automated
crystallization. In the work done by our lab members, we had already reported the
effectiveness of the electrostatic actuation of droplets for constructing lab-on-a-chip device
and microchemical reactor [1,2]. This paper reports developments in our device, its parts,
functions and results of experiments done by using some protein samples.

2. THE DEVICE
The device under development is shown in Fig. 1. It has five units, viz., (a) droplet

dispensing unit, (b) droplet actuation unit, (c) plate storage and retrieval unit, (d) image
acquisition & processing unit, and (e) images database and analysis unit. The imaging unit
is equipped with a microscope, XY stage, CCD camera, a robotic arm, and a PC having
specific software.
(a) Droplet Dispensing Unit: A plastic film card is placed on the electrode and the droplets
of protein sample and reagents are dispensed on it. The card contains silicone or paraffin
oil as microbactch method for protein crystallization is being employed. The dispensing
system has syringes and stepping motor (Fig. 2). We are trying to generate smaller droplets
by optimizing the dispensing parameters, like needle size, shape, motor frequency, voltage
pattern frequency, electrode pitch, etc. So far, we could generate droplets of 10 nL.
(b) Droplet Actuation Unit: The droplets are dispensed to an arc-shaped electrode (Fig. 3),
and transported by applying sequential voltage to the center of the electrode by using
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electrostatic forces, where they are mixed together. Merged droplets are subsequently
arranged in a 2D array [3], and cards are transferred for incubation.
(c) Plate Storage & Retrieval Unit: This unit is equipped with a robotic arm that brings the
card to the image acquisition unit.
(d) Image Acquisition Unit: For optical detection, the device is equipped with a high
resolution microscope (model SZX12, Olympus, Tokyo), XY stage, and by using a CCD
camera and specific software images are captured.
(e) Maintaining database and Analyzing Results: By monitoring the database of images
(stored in a PC) formulations for optimization can be prepared to get the best condition to
have protein crystals suitable for XRD.

3. RESULTS
In this work, we improved the electrode panel design from the work previously

reported [4,5] so that only one panel can be used for 2D actuation. We recently reported
that the 2D actuation was realized by making a program on ControlDesk (dSPACE,
Germany) [3].

Moreover, now we are using separable and inexpensive plastic film card to contain the
protein sample, reagents and oil (paraffin or silicon or Al). So far, we have performed
electrostatic actuation of five proteins; namely, albumin, beta-amylase, lysozyme,
thaumatin, and xalanase on our newly-developed electrodes and by using the separable
plastic film card. Fig. 4 shows the crystals of two proteins (lysozyme and albumin) as an
example that were produced by using separable plastic film card (Fig. 5).

Further developmental work is in progress.

4. CONCLUSIONS
In our device, the droplets of protein and reagents were reproducibly formed,

successfully merged and proteins crystals formed and imaged.
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Fig. 1. Schematic illustration of the protein
crystallization device: (a) droplet dispensing
unit, (b) drop actuation unit, (c) plate storage
& retrieval unit, (d) image acquisition &
processing, (e) images database management
and analysis.

Fig. 3. Arc-shaped electrode and 2D array formation
(a) Dispensing and vertical actuation, (b) horizontal actuation of droplet line

Fig. 2. Syringe dispensing system

Fig. 4. Protein crystals on plastic film Fig. 5. Schematic of separable plastic
(a) lysozyme (b) albumin film card
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ABSTRACT
The present work demonstrates the manufacturing and application of porosifed nanovials
for increased protein digestion rate. As a reference non porous silicon nanovials were used.
The resulting digestions for different samples were analysed by MALDI TOF-MS. It is
shown that porous nanovials display a more efficient protein digestion, generating more
identified peptide peaks as compared to the equivalent non porosified nanovial.

Keywords: protein digest, porous silicon nanovial, MALDI-TOF MS,

INTRODUCTION
In current proteomic research demands for speed and accuracy in protein analysis are
increasing as a consequence of the efforts in mapping the human proteome. Protein samples
are often obtained in large numbers from 2-D gel electrophoresis. Lately, multidimensional
liquid phase chromatography has emerged as an alternative to 2-D gel electrophoresis,
providing analyte fractions in solution, whereby other approaches to proteolytic digestion
can be employed. In many situations the sample amount is very limited and the use of low
sample consumption techniques becomes necessary. In this perspective the transition to a
microfluidic based nanovial format for on-line fraction collection and in –situ proteolytic
processing may become a highly viable option. In this format protein digestion efficiency
inherently becomes an important issue. It was earlier demonstrated that by continuously
dispensing a protein solution into a protease coated nanovial, the continuous evaporation of
the substrate solution increased the protein concentration and thus decreased the digestion
time dramatically [1]. However, in order to make this approach applicable in an on-line or
high-throughput format the protein digestion must be completed within the evaporation
time of the deposited sample.

EXPERIMENTAL
Arrays of vials 250 µm in diameter and 50 µm deep were isotropically etched in silicon
wafers. The wafers were diced in 18 *18 mm chips, which each was anodised in an
hydrofluoric acid (HF) ethanol mixture [2], providing a porous chip surface. All fluid
handling was done using a piezoelectric dispenser. The vials were prefilled with a trypsin
solution and allowed to dry. The protein solution was added to the vials using a clean
dispenser. After the nanovial was dried out, terminating the digestion sequence, a matrix
solution containing an internal mass standard was added to each position in the array prior
to MADLI-TOF MS readout and Swiss-Prot Database search.

RESULTS AND DISCUSSION
This work shows that the introduction of porosified nanovial chips can further decrease the
digestion time in nanovials. The reason behind the current improvement is twofold:
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1. The porosified nanovial chip surface acts hydrophobically due to the micro- and
nanotextured surface (Lotus flower effect) and thus a large sample volume can be
deposited in each nanovial without over spill, see the array of drying ball shaped
fluid volumes in Fig 1.

2. The porous surface in the nanovials offers a vastly enlarged surface area at which
the proteolytic reaction can take place, which is further utilized as the deposited
droplet volume dries and the sample is concentrated, accelerating the catalytic
reaction according to Michaelis Menten kinetics. The introduction of more surface
area in proteolytic processes have earlier been shown to increase digestion
efficiencies [3], which further supports our current findings of increased digestion
efficiency in high surface area nanovials.

Fig. 1 A porosified silicon microarray
with microdispensed analyte volumes.
The spherical droplet shape indicates the
fluid confinement to the nanovial due to
the non wetting nanotextured surface. The
surface inside the nanovial is a wetting
surface as this has been coated by the
proteolytic enzyme, thereby changing its
surface energy properties to a wetting
state.

Fig. 2 Different drying times for 100 pl
volumes, dispensed in non-porous vials
(dashed/dotted), porous vials (solid) and on an
ordinary stainless steel MALDI target (dotted).
The hydrophobic properties of the porous
surface is seen in the maximum volume that
can be filled in the nanovial. The “*” symbol
indicates the largest volume that ca be
deposited in the corresponding non porous vial.

A B

Fig 3 15 sec. Tryptic digest of 20 fmol of lysozyme using a non porous nanovial A) and a
porous nanovial B). In the later case the protein can be identified using the Swiss Prot
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database. The largest peak is an ACTH fragment used as internal calibrant. Y-axis scaling
equal.

A B

Fig 4 Identical digestion conditions as in Fig 2. Substrate is 20 fmol BSA. Non porous
nanovial A) and a porous nanovial B). Y-axis scaling equal.

Fig 5 A) Porous nanovials and B) enlargement of the porous structure
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RADICAL ACTIVATED CLEAVAGE OF PEPTIDES AND
PROTEINS: AN ALTERNATIVE TO PROTEOLYTIC

DIGESTION
Barbara J. Jones1, Laurie E. Locascio2, Mark A. Hayes1

1Arizona State University, USA
2National Institute of Standards and Technology, USA

ABSTRACT
Radical activated cleavage (RAC) is a new, virtually preparation-free method of protein

and peptide fragmentation that produces a distinct pattern in less than 10 s. RAC of
peptides uses hydroxyl radical production, at the surface of titanium dioxide (TiO2), to
fragment the peptide backbone. Fragmentation of angiotensin I, lys-bradykinin and
myoglobin was shown to be reproducible and rapid using RAC. Fragmentation occurred in
predictable patterns suggesting cleavage of the peptide bond at proline. Additionally,
enkephalin and Peptide A-779, two peptides that do not contain proline, showed no
fragmentation under the same conditions. The peptide angiotensin was fragmented using
several different device configurations including: (1) small volume wells; (2) microfluidic
channels; and (3) a microflow reactor.

Keywords: Fragmentation, cleavage, hydroxyl radical, titanium dioxide

1. INTRODUCTION
Many techniques currently used in proteomics research rely on protein fragmentation to

aid in the identification of proteins. The most common method used to fragment proteins is
protease digestion, and there are few viable alternatives to this technique. Radical activated
cleavage, or RAC, is a method that we have recently developed as a potential inorganic
alternative to protease digestion. RAC involves the use of hydroxyl radicals to cleave the
peptide backbone of a protein at a specific residue. Hydroxyl radicals are produced via
photocatalysis at the surface of titanium dioxide (TiO2) by exposing the surface to 388 nm
UV light [1]. Upon exposure, an electron in the TiO2 is promoted to the conducting band
and moves within the lattice. The highly oxidizing electron hole produced from this
phenomenon then migrates to the surface, producing hydroxyl radicals through the
oxidation of a surface bound hydroxyl group [2]. Because RAC uses TiO2 coated surfaces
to generate radicals, no additional reagents are introduced to the sample to complicate
detection and interpretation. The hydroxyl radicals are produced only in the region of
illumination and the release of this “reagent” is terminated when illumination is stopped.
Peptides and proteins can be moved past the “reagent zone” and fragmentation is highly
tunable through residence time, illumination time, and illumination intensity.

2. EXPERIMENTAL
Device fabrication

Four device configurations were fabricated with increasing TiO2 surface area.
Experiments were carried out in a well device, two different channel devices fabricated
using TiO2 coated glass with channel depths of 180 m and 100 m respectively, and
finally a TiO2 coated silica bead microflow reactor (Figure 1).
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The well device consisted of a sheet of
TiO2 coated glass with a 3 mm diameter
well cut out of 2 mm thick
polydimethylsiloxane (PDMS), reversibly
bonded to the glass. In this device, the
sample was pipetted directly into the well
and illuminated from the top.

The channel devices were fabricated by
bonding two glass cover slides, either 180

m or 100 m in thickness, to a TiO2
coated section of glass (Activ®, Pilkington
North America, Perrysburg, OH [3]) 3 mm
apart to form the walls and bottom of the
channel. A second piece of TiO2 coated
glass was then bonded to the cover slides
to form the top of the channel. The glass
was bonded using a UV curable methyl
acrylic acid with light exposure of 10 to 25
s. A 10 cm length of fused silica capillary was bonded into each end of the channel with
epoxy. The inlet end of the channel was interfaced with a syringe pump using capillary
fittings. The outlet capillary was placed in a collection vial.

TiO2 coated
glass

TiO2 coated silica microbeads

Well Device Channel Device

Microflow Reactor

Figure 1. Illustrations of device designs:
small volume well device, microfluidic
channel device, and microflow reactor.

The microflow reactor was fabricated by first coating 114 m diameter silica beads with
TiO2 using titanium tetraisopropanate (Tyzor TPT, DuPont [3]). A capillary tube, 10 cm in
length, 75 m i.d., was then bonded with epoxy into one end of a glass disposable pipette
and, after completely curing, the beads were placed in the pipette to a height of 1 cm. The
pipette was cut just above the height of the beads and 10 cm of capillary tubing was then
bonded with epoxy into the open end of the reactor.
Fragmentation reactions
Fragmentation of the peptides and proteins was accomplished by loading the aqueous
sample in the fragmentation device and illuminating under a fluorescence microscope
equipped with a mercury arc lamp, a 360 nm ± 40 nm bandpass filter, and a 10X objective.
The illumination time varied from 10 s to 45 min. Samples were introduced into the
devices by pipetting into the well device, and by constant pressure driven flow in all other
devices.

All samples were collected after fragmentation and were analyzed using capillary
elctrophoresis (CE). CE was performed on a Beckman P/ACE 5510 system with UV
detection at 214 nm using a 75 m i.d., 57 cm. long fused-silica capillary coated with poly-
N-hydroxyethylacrylamide (PHEA). Separations were carried out in 25 mmol/L pH 4.5
acetate buffer at +22 kV.

3. RESULTS AND DISCUSSION
Lys-bradykinin was fragmented in both well and channel devices. The appearance of

four additional peaks, when compared to the control non-fragmented peptide
electropherogram, is apparent, suggesting fragmentation at proline residues. Fragmentation
was detected with a residence time of 4 min in a channel device (Figure 2) and 20 min in a
well device.
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Angiotensin was fragmented on
a channel device at a flowrate of 27

L/hour corresponding to a
residence time of 4 min. CE on the
sample revealed the appearance of
two additional peaks, which is
consistent with cleavage at proline.

Fragmentation was then
performed on a microreactor with
angiotensin. There was increased
fragmentation efficiency seen with
a flow rate of 10 L/min, which

corresponds to a 9.6 s residence time
(Figure 3).

Fragmentation of [D-Ala2, D-
Leu5] enkephalin and peptide A-779,

peptides that do not contain proline, was attempted. After 45 min of illumination in a well
device, an illumination time that had previously produced fragments in three proline-
containing peptides, no fragmentation was seen.

4. CONCLUSIONS
Radical activated cleavage as a

fragmentation method for peptides
and proteins was shown to be both
reproducible and specific for three
different peptides and one protein.
The patterns were produced on four
different devices, with consistent
results indicating the potential of
RAC as a “reagentless” method for
protein cleavage.

Figure 2. Electropherograms of cleavage of Lys-
bradykinin with RAC vs. control.

Lys-bradykinin Fragmented Using RAC
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Fig. 1: A photograph of the microfluidic
cassette for cell lysis and DNA isolation

A DISPOSABLE MICROFLUIDIC DEVICE FOR CELL
LYSIS AND DNA ISOLATION

Jing Wang, Michael G. Mauk, Zongyuan Chen, and Haim H. Bau
Department of Mechanical Engineering and Applied Mechanics,

University of Pennsylvania, Philadelphia, Pennsylvania 19104-6315

ABSTRACT
A disposable microfluidic module that isolates nucleic acids from bacterial cell cultures

is described. Although the module can operate standing alone, it is designed to be a
component of a comprehensive lab on a chip for pathogen detection. We report on the
design, fabrication, and testing of disposable microfluidic cassettes that combine enzymatic
cell lysis and nucleic acid extraction functions. Spectroscopy, fluorimetry, and PCR were
used to quantify the eluted DNA. Nucleic acid yields from simu lated clinical samples of B.
cereus diluted in human saliva were comparable to the ones achieved with commercial
bench-top kits.

KEYWORDS : Lab-on-a-chip, lysis, isolation, PCR

INTRODUCTION
The lysis and isolation of nucleic acids

such as chromosomal, plasmid, and viral
DNA; and host, bacterial and viral RNA
from biological and clinical samples are
essential steps in many biomedical
operations. The isolation of nucleic acids is
often necessary to remove impurities and
inhibitors and facilitate downstream nucleic
acid processing such as polymerase chain
reaction (PCR), RT-PCR, hybridization,
fluorimetry and other spectroscopic and
electrochemical detection.

Several micro total analysis systems (µTAS) for lysis and nucleic acid isolation from
serum samples and E. Coli cell cultures have been developed [1]. Previously reported
microfluidic devices have used ultrasonic [3], thermal energy [4], and high- voltage pulses
[5] to lyse cells. In this work, we describe a microfluidic cassette for the enzymatic lysis
and solid-phase extraction and purification of nucleic acids from bacteria-containing
samples. Gram-positive B. cereus bacteria were lysed by incubation with a solution
containing detergents and lysozyme, followed by incubation with a chaotropic agent
(guanidine HCl) and proteinase K. DNA was then extracted from the mixture by
chaotrope-induced selective adsorption on a porous, solid-phase, silica membrane. After
wash steps, purified DNA was eluted from the silica membrane using a low-salt, neutral
buffer. The cassettes featured temperature-sensitive phase-change “ice” valves for the flow
control of the samples, reagents, and buffers that were pneumatically -driven with external
syringe pump(s). Thermoelectric elements were used for the actuation (heating/cooling) of
the ice valves and for controlling the temperatures in the lysis chambers and silica
membrane.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 289



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

290

Fig. 2: Lysis and isolation protocol

FABRICATION AND PROCESS PROTOCOL
The microfluidic devices (Fig. 1) were made with polycarbonate and machined with a

Computer Numerical Control (CNC) milling machine. Briefly, the cassette was made of
two individually machined polycarbonate plates that were subsequently thermally bonded.
The volumes of the incubation/lysis chambers (1 and 2 in Fig. 1) were, respectively, 190 µL
and 300 µL. A 7mm diameter and 1mm high silica membrane fit snugly into the isolation
chamber. After machining and prior to bonding, a PDMS-coated magnetic micro-stirrer bar
was inserted into the lysis chamber.

Fig. 2 details the lysis and isolation protocol. To simulate a clinical sample such as saliva,
10 µL of cell culture (~109 cells/mL) was diluted into human oral fluid to make a 100µL
homogeneous solution. The enzymatic lysis buffer (90µL of lysozyme, 20mg/ml) was pre-
loaded in the inlet conduit. As the solution was
pneumatically propelled into the chip, the
sample solution and lysis buffer filled the first
lysis chamber. The first chamber was sealed
for the enzymatic lysis step by a pre-cooled,
thermoelectric phase change (‘ice’) valve at the
outlet of the chamber that froze the advancing
liquid front. The lysis mixture was then
incubated with a thermoelectric heater at 37°C
for 15-30 minutes. After the first incubation
step, the ice valve was opened and the sample
was mixed with a proteinase K and guanidine
HCl mixture (110µL) and propelled into the
second chamber. A downstream, pre-cooled
ice valve at the second chamber’s exit retained
the lysis buffers and sample solution in the
second incubation chamber. The second
chamber’s incubation condition was 65°C for
20 minutes, and a micro-stirrer kept the lysate
well mixed. Ethanol (200 µL) was then mixed
with the lysate using the micro stirrer. After
loading the lysate onto the silica membrane, the
membrane was washed twice to remove any
unwanted material. Finally, the DNA was
desorbed and collected by forcing a low-salt
elution buffer through the silica membrane.

RESULTS
The DNA yields in consecutive elutions were measured by fluorimetry and reported in

Fig. 3. For comparison, the DNA yield of a similar saliva-based sample, isolated by using a
“benchtop” commercial nucleic acid isolation kit (Qiagen Dneasy), is also shown. The
total eluted volume for the bench-top “control” was 200µL, and the volume of each on-chip
elution fraction (denoted C1, C2, …) was 30 µL. The DNA yields (defined as the percent
ratio of total DNA in the elution to the total DNA in the bacteria sample) for both the
bench-top kit and the cassette microfluidic device were comparable: ~80%.

The microfluidic cassette’s eluted fractions (C1-C7), the bench-top unit’s elute (BT), and
a B. cereus genomic sample (as a PCR control) was used as templates for the bench-top
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PCR. The PCR products were evaluated using 1.5% agarose gel electrophoresis (Fig. 4).
In Fig. 4, the first two lanes are a molecular mass marker and PCR control. The PCR
reaction volume was 10µl, and the amount of isolated DNA template in each PCR reaction,
as determined by fluorimetry, is indicated at the bottom of the image. The first two eluted
fractions (C1, C2) did not produce a detectable PCR product, despite the fact that the
fluorimetry measurements indicated significant nucleic acid concentrations. In contrast, the
remaining elution fractions showed strong PCR amplification, comparable to conventional
bench-top results. The first two elution fractions may contain PCR inhibitors. This
speculation was corroborated by other experiments specifically studying the PCR
compatibility of the reagents and the solutions used for lysis and isolation. Nevertheless, it
is significant that fractions C3-C7 were capable of producing DNA suitable for PCR
amplification. In general, the performance of the cassette-based device was comparable to
that of the bench-top processes.

CONCLUSIONS
We report on the design, fabrication, and testing of disposable, microfluidic cassettes for

bacterial cell lysis and nucleic acid isolation. The integrated microfluidic chip starts with
Gram-positive B. cereus bacterial cell cultures and yields purified soluble DNA ready for
downstream processing. The performance and compatibility of the cassette-based process
was evaluated with PCR and fluorimetry. The performance was comparable with that of
bench-top processes.
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Fig.4: 1.5% agarose gel image of PCR
products for benchtop control and on-

chip isolated DNA samples

Fig.3: On-chip lysed and isolated DNA
concentration of consecutive elutions
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ABSTRACT 
This paper reports a rapid detection assay of bacterial and human DNA targets by a Lab-on-
Chip designed to combine PCR amplification, fluorescent labelling and microarray 
hybridization.  A duplex PCR amplification targeting the patients’ Eglobin gene (control)
and S pneumoniae is performed in a first area of the chip consisting of channels, heating 
elements and temperature sensors.  The resulting products are subsequently flushed towards
a microarray of specific 20-30mer oligonucleotide probes and controls.  After hybridization,
the chip is analyzed using a standard DNA array scanner.  Our LabOnaChip gives genetic
identification from genomic samples in a turnaround time of one hour.  

Keywords: Lab-on-Chip, silicon, DNA diagnostic, PCR 

LAB-ON-CHIP DESIGN 
The silicon based lab-on-chip designed by the CEA, STMicroelectronics and Mobidiag was 
fabricated and wirebonded to a printed circuit board .(PCB) [1].  Its size fits exactly the 
dimensions of a microscope glass for easy handling.  The active silicon zone (figure 1) is on
the extremity of the PCB and comprises  

x a first zone with 4 embedded micro channels (<1µl each) located under an array of 
heating elements and temperature sensors for PCR amplification,

x a second zone which is a low density microarray where oligonucleotide probes 
have been previously spotted and covalently bound to the surface. 

x Inlets are designed so as to load samples using a standard pipette tip. 

inlets
PCR channels

outlets

Hybridization area

Temperature
sensors

b

inlets
PCR channels

outlets

Hybridization area

Temperature
sensors

inlets
PCR channels

outlets

Hybridization area

Temperature
sensors

b

Figure 1: a) Photograph of the lab-on-chip. b) Zoom on the active zone of the   
microsystem; the different parts for the PCR and hybridization reactions are shown. 
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EXPERIMENTAL SETUP 
The genomic DNA sample added to 1µl of PCR reaction mix is loaded into the 4 channels
through the inlets.  The chip is then plugged into the PC unit interfaced with thermo control
software.  PCR amplification is carried out for a total of 35 temperature cycles. Thanks to 
high thermal transfer in silicon, a cycle can be shortened to 30s (fig 2).  

94°C

72°C

50°C

10 sec 

Figure 2: Typical profile of a PCR cycle measured by
the temperature sensors. This view shows the very fast 

heating (20°C/sec) and cooling (3°C/sec) rates. 

After amplification, the PCR products are transferred to the detection area by flushing 6µl
of hybridization buffer through the channels.  The chip is plugged back into the PC unit to
carry out the hybridization temperature cycle.  After washing, the hybridization fluorescent
signals are read in a standard DNA array scanner and quantified. 

BIOLOGICAL ASSAY 
Samples were provided by Mobidiag [2]. Primers for S pnemoniae (Sp) and human (Hs) E
globin were designed and used to amplify human and bacterial genomic DNA.  Sp PCR 
products were identified with 10 probes (4 type specific and 2 bacterial positive and 
negative controls from Mobidiag; and 4 type specific additional probe designs from CEA).
E globin PCR products were identified with 5 probes (3 type specific and 1 human positive 
control from Mobidiag and negative controls from CEA: a reverse Eglobin probe EGlo1R
and probes for unrelated genes: Act 790 and P2A, see figure 3). 

DUPLEX PCR 
PCR parameters were optimised to obtain specific amplifications of each target and then 
optimised for duplex amplification.  Analysis of the amplified PCR products was carried
out on the Agilent Bioanalyzer.  The best results were obtained with asymmetrical
conditions leading to single strand DNA molecules.  Cy5 fluorescent labelling of the 
amplified DNA strands was obtained either by incorporating Cy5-dCTP during
amplification or by using Cy5 labelled reverse primers.  Both methods led to satisfactory
hybridization signals but the use of labelled primers gave the lowest hybridization
background as the amount of fluorophores in the hybridization buffer was smaller (data not
shown). 

HYBRIDIZATION 
Hybridization parameters (buffer, temperature, time) were optimised for specificity. 
Results shown in figure 3 demonstrate that only specific probes for Sp and E globin give
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high fluorescent signals.  Specific hybridization signals could be obtained with 300pg of
genomic bacterial DNA.  

Figure 3: Amplification and analysis of Human and Bacterial Genomic DNAs from a
sample provided by Mobidiag. Top  left: Probe layout; Top right: Microarray image 

scanned after hybridization and Bottom:  Image quantification.

TOWARDS A DIAGNOSTIC TEST 
In order to fulfil diagnostic test requirements, our final objective was to reduce the total 
analysis time while keeping a good sensitivity. Our device is a silicon based microsystem 
offering fast thermal transfers and short PCR cycles.  By decreasing the denaturation and 
elongation times without reducing the PCR efficiency, our Lab-on-Chip boasts a One Hour 
Turnaround Time for the detection of Streptococcus pneumoniae and human E Globin 
sequences.   

[1] A. Fuchs, H. Jeanson, P. Claustre, J..A. Gruss, F. Revol-Cavalier, P. Caillat,  U. 
Mastromatteo, M. Scurati,  F.Villa, G.Barlocchi, P.Corona, B. Grieco (May 2002) A silicon
Lab-On-Chip for integrated sample preparation by PCR and DNA analysis by hybridization 
IEEE Proceedings MicroTechnologies in Medecine and Biology p227-231 
[2]. S. Roth, J. Jalava, O. Ruuskanen, A. Ruohola, and S. Nikkari . 2004. Use of an 
Oligonucleotide Array for Laboratory Diagnosis of Bacteria Responsible for Acute Upper 
Respiratory Infections. J. Clin. Microbiol., 42:4268-4274. 
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ABSTRACT
Hybrid hydrogel consisting of peptide cross-linker was developed. The hydrogel was

photopolymerized to form 3D posts inside a microfluidic channel. The peptide used is a
substrate for botulinum neurotoxin. In preliminary studies, the hydrogel structure was shown
to be degraded in the presence of the toxin, thus acting as a biosensor. The rate and extent
of degradation was tuned by changing the cross-link density of the hydrogel.

Keywords: Hybrid hydrogel, photopolymerization, peptide cross-linker, toxin enzymes
detection

1. INTRODUCTION
To detect toxins in post harvest food from accidental and deliberate contamination, there

is a need for systems that are capable of continuously monitoring the food supply. Because
it is one of the most potent toxins known, contamination of foods with botulinum neurotoxin
(BoNT) would be disastrous in terms of public health and public trust in the safety of the
food supply. Low levels of the toxin in foods could cause severe paralysis or death with
survivors often requiring extended periods of hospitalization on a respirator. Moreover, the
cost of treating a botulism outbreak would be substantial. Therefore a technique that can
provide reliable and early detection is desirable. Previously [1], we have developed an
integrated microfluidic platform for detecting BoNT in whole blood, wherein ELISA
(enzyme linked immuno-sorbent assay) was used to detect the toxin. In the present project,
we are exploring the use of microfluidic based devices for real-time monitoring of milk for
possible BoNT contamination. We have reported the development of hybrid hydrogels that
are responsive to α-chymotrypsin [2]. We extend this approach to use the specific
enzymatic activity of the BoNT toxin to recognize a target peptide employed as a cross-
linker in a hydrogel structure. In the presence of the toxin the cross-linkers are cleaved,
leading to the dissolution of the hydrogel.

2. EXPERIMENTAL
A photo-polymerizable hydrogel was developed wherein the cross-linker contains a 17

amino acid long peptide sequence that was previously shown to be recognized and cleaved
by BoNT/A (type A BoNT) [3]. The peptide used for hydrogel integration consisted of the
17 amino acid sequence plus one cysteine residue on each termini. The thiol groups on the
cysteine residues were used to link the peptide to methacrylate monomers via disulfide
bonds to form the polymerizable cross-linker (Fig. 1). We were able to confirm the
formation of the peptide-linker via HPLC-MS. A water based pre-polymer mixture was
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prepared by combining acrylamide, 1.0 mol % peptide crosslinker, and a photoinitiator
system consisting of benzoyl(benzyl)trimethylammonium chloride and N-
methyldiethanolamine. Using a technique previously described by our group [4], the pre-
polymer mixture was then photo-polymerized through a transparency mask to produce
hydrogel posts inside a microfluidic channel. The responsive behavior of the hydrogel post
was tested by incubating the hydrogels with 20 nM of BoNT/A.

3. RESULTS AND DISCUSSION
The cross-link density of the hydrogel structure could be tailored by varying the

photopolymerization time from 30 to 240 s; longer polymerization time resulted in higher
cross-linked and mechanically strong posts (Fig. 2). Hydrogels without added peptide cross-
linker were not stable and washed away when the microchannel was rinsed. Preliminary
results with incubation with the BoNT/A toxin indicate that the hydrogel was degraded, with
the degree of degradation depending on the cross-link density of the hydrogel, i.e. faster
degradation of less cross-linked structures (Fig. 3). This approach allows for programming
the sensitivity of the sensor by varying the length (and sequence) of the peptide and the time
response by adjusting the cross-link density of the hydrogel. Further studies to quantify the
rate of digestion of the hydrogel, the various parameters that affect the degradation and the
responsive behavior in the presence of milk are in progress

4. CONCLUSIONS
By incorporating specific peptide sequence as cross-linker, we have developed hydrogels

that dissolves in the presence of botulinum neurotoxin, thus allowing for detection of toxin
enzymes. The responsive hydrogel can be integrated with other components to realize
devices capable of continous monitoring for contamination in food supplies.

ACKNOWLEDGEMENTS
We would like to thank Ann Larson for help in editing the text. The work was supported

by NCFPD.

REFERENCES

[1] J. Moorthy, G.A. Mensing, D. Kim, S. Mohanty, D.T. Eddington, W.H. Tepp, E.A.
Johnson, D. J. Beebe, “Microfluidic tectonics platform: A colorimetric, disposable
botulinum toxin enzyme-linked immunosorbent assay system”, Electrophoresis, vol.
25, pp. 1705-1713, (2004).

[2] K.N. Plunkett, K.L. Berkowski, J.S. Moore, “A chymotrypsin responsive hydrogel –
application of a disulfide exchange protocol for the preparation of methacrylamide
containing peptides”, Biomacromolecules, vol. 6, pp. 632-637, (2005).

[3] C. Sukonpan, T. Oost, M. Goodnough, W. Tepp, E.A. Johnson, D.H. Rich, “Synthesis
of substrates and inhibitors of botulinum neurotoxin type A metalloprotease”, J.
Peptide Res., vol. 63, pp. 181-193, (2004).

[4] D.J. Beebe, J.S. Moore, J.M. Bauer, Q. Yu, R.H. Liu, C. Devadoss, B.H. Jo,
“Functional hydrogel structures for autonomous flow control inside microfluidic
channels”, Nature, vol. 404, pp. 588-590, (2000).



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

297

Cys peptide Cys

SHHS
N
H

O
S

S

N
Cys peptide Cys

SS
S

N
H

O
S

N
H

O
+

pH 2.5

peptide = NH2-CSNKTRIDEANQRATK{Nle}LC-COOH

Figure 1. Preparation of the peptide crosslinker. A 19 amino acid long sequence recognized by
BONT/A was selectively conjugated to a methacrylamide monomer through a disulfide exchange
protocol in acidic buffer.

ca b
Figure 2. Micrographs of hydrogels
polymerized with (a and b) and
without (c) 1.0 mol % peptide
crosslinker during flow (solution
velocity at 1 mL⋅h-1). The hydrogel
without peptide crosslinker was
washed away while the hydrogels with
crosslinker were rigid and not washed
away. Polymerization times: a = 60
sec, b = 240 sec, c = 240 sec.

Figure 3. Micrographs of responsive
hydrogel before and after incubation with
Botulinum neurotoxin. In the presence of
the toxin, which is also a protease, the
peptide cross-links are cleaved thus
leading to dissolution of the hydrogel.
The degree to which the hydrogel is
dissolved depends on the cross-link
density which is determined by the
polymerization time. A) 60s B) 240s.
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ABSTRACT
We will describe a nanofluidic chip designed for digital PCR, a novel method for isolating
and detecting a single copy of a nucleic acid sequence. Data will be presented that shows
the reliability of the chemistry, high multiplexing capability, and extreme sensitivity of such
an approach. The presentation will focus on the early pancreatic cancer detection enabled
by digital PCR, which is impossible or highly impractical at the microliter scale.

KEYWORDS
Cancer Diagnostic, High selectivity PCR, Single copy PCR, SNP.

DIGITAL ISOLATION AND DETECTION.
We describe a nanofluidic chip designed for digital isolation and detection (DID) of rare
sequences by target amplification. DID is a novel method for partitioning a nucleic acid
sample into up to tens of thousands of isolated reaction chambers, thereby enriching rare
targets, enabling detection of extremely low level detection of rare sequences and
mutations.
A sample mix containing the necessary reagents for a 5’-nuclease assay is loaded into a
nanofluidic network. The sample is partitioned into 1,200 or 10,000 chambers using
microfluidic valves fabricated by multilayer-soft-lithography (1,2). Each 5nl reaction
chamber contains a fraction of the original nucleic acid sample and the reagents for
detecting the target of interest. Since the target is rare, the majority of partitions will not
contain the target, while a small number of partitions will contain just one target copy.
Single copy detection using target amplification in our chips is extremely reproducible and
reliable. The DID chip is useful to detect a mutant allele (Mut) that differs by only a single
nucleotide in a very high background of the wild-type allele (Wt): such detection is
extremely difficult with conventional microliter-scale PCR.
We have used the above device and approach to develop assays to detect K-ras point
mutations at codon 12 that are found in 75 to 95% of pancreatic cancers (3). Pancreatic
cancer is one of the most difficult cancers to treat because it is undetectable by a physical
exam and progresses quickly without symptoms in the first stages. Each year 29,000
Americans are diagnosed with pancreatic cancer, and all but ~100 die within 12 months of
diagnosis (4). Therefore, establishing a sensitive, highly specific and easy method to detect
pancreatic cancer in the early stage is clinically important. Research initiated by Stroun
suggested that tumor cells release cell-free DNA into circulation and set the foundation for
studies on the detection of oncogene point mutations in serum (5,6,7).
We have validated the reliability of the chemistry and extreme sensitivity of this approach
with allele-specific primers for the K-ras codon 12 GGT>TGT (K-ras Gly12Cys) mutation
using mixed genomic DNA from MIA PaCa-2 (Mut) and HeLa (Wt) cell lines. In Figure 1,
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an optimization DID Chip (1,200 5nl partitions for each of 12 samples) demonstrates
specific amplification of ~40 Mut copies with background of up to 3x105 Wt copies.

Figure 1. Image of a DID optimization chip after 30 cycles of PCR. The bright spots
correspond to positive detection of Mutant DNA. A) No template control, B) positive
control (40 Mut copies), C) Sample 1 (40 Mut copies, 150,000 Wt copies), D) Sample 2 (40
Mut copies, 300,000 Wt copies), E) Sample 3 (40 Mut copies, 300,000 Wt copies), F)
Negative control (300,000 Wt copies).

Figure 2.A. shows a picture of a DID chip (10,000 5nl partitions for 1 sample and 2,500 5nl
partitions for each positive and negative controls) after 30 PCR cycles. Based on calculated
concentrations, we estimated that there were 40±6 Mut copies mixed with 2,100,000 Wt
copies in the sample. After partitioning the sample into 10,000 parts, we estimated about
210 Wt copies per reaction chamber. In an experiment, thirty-seven Mut copies were
identified through amplification.

Figure 2: Image A, image of a DID optimization chip after 30 cycles of PCR. The bright
spots correspond to positive detection of Mutant DNA. Positive control distributed in 5 sets
of 500 reaction chambers each (expected 40 Mut copies), Negative control distributed in 5
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sets of 500 reaction chambers each (400,000 Wt copies), Sample distributed in 4 sets of
2,500 reaction chambers each (expected 40 Mut copies, 2,100,000 Wt copies). 46 Mut
copies were measured in the Positive control and 37 in the Sample.
Image B, zoom in of the same chip highlighting the positive wells.

Figure 2.B. shows a zoom-in of the chip highlighting the positive wells containing the
mutant allele. With such specificity and selectivity, this chip and method can lead to an
early diagnostic test for pancreatic cancer.

DNA sources: Homozygous mutant K-ras Gly12Cys genomic DNA from the MIA PaCa-2
pancreatic carcinoma cell line and wild-type K-ras genomic DNA from the HeLa cell line
were purified by the standard method of proteinase K digestion using the QIAamp DNA
Mini Kit. Wild-type DNA from Promega and from HeLa cells were concentrated by Ultra-
free MC Centrifugal Filter Unit (Millipore).

Up-coming experiments will include clinical sample studies.
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ABSTRACT
A foil-based BioMEMS for electrochemical capillary immunoassays for hepatitis serology is
presented. Immobilization of the hepatitis antigen utilizing capillary forces and special
stopping barriers in foil based microsystems and the application of it in fast immunoassays
will be shown. The measurement starts with the addition of the antibody containing human
serum sample. Subsequently the signal antibody labelled with glucose oxidase binds to the
hepatitis B antibody and converts glucose to hydrogen peroxide, which is oxidized at the
electrode in the measurement cell. The assay is very sensitive and designed to differentiate
between hepatitis B negative and positive serum. The present limit of detection of
immunoassays in the BioMEMS is in the atto-mole range.

Keywords: BioMEMS, capillary-immunoassay, electrochemical, laminate technology

EXPERIMENTAL

Figure 1. General scheme of the BioMEMS. In this cross section the capillary and the
electrochemical measurement cell are shown. The inset gives an example for the signal
generation by a sandwich immunoassay starting from an immobilized antibody

Capillaries show an advantageous surface to volume ratio, and additionally a small volume.
Immobilizing bio-molecules direct to the wall of capillaries therefore results in analytical
systems, which benefit from small diffusion distances, a comparative large area, and a small
volume where the so generated signal molecule is enriched in a very short time.
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Immobilization of antibodies and enzymes utilizing capillary forces and special stopping
barriers in foil-based microsystems will be shown as well as its application in fast sandwich
immunoassays for human anti-Hbs-IgG (Figure 1). Such assays are traditionally performed
in microtiter plates and used for determination of immune-status [1].

The BioMEMS consists of photo patternable dry film resist laminated in layers [2] on a
polyimide substrate. The meander shaped capillary ends in an electrochemical measurement
cell with one auxiliary and two working electrodes in platinum and one silver/silver chloride
reference electrode [3]. One wafer consists of 52 micro-bio-systems. The platinum electrodes
are evaporated by an electron gun and the reference electrode is produced by first
electroplate the silver and subsequently chlorinating it before laminating the lid layer. The
hydrophobic Teflon barrier is dispensed on lid and bottom layer before the start of the
electroplating process (Figure 2).

Figure 2. Section of a wafer comprising 52 BioMEMS. The liquids enter the capillary
by first dispensing a droplet on the inlet hole (in), and then the liquid fills the
capillary by capillary forces

For the immobilisation of the bio-molecules a pre-treatment with a water soluble CDI to
activate the resist material in the capillary is done. Subsequently the dispensed hepatitis
antigen solution enters the channel by capillary-forces and stops at the barrier, coating so a
defined area of the capillary. The measurement starts with the application of the antibody
containing human serum sample. After a washing step the signal antibody labelled with
glucose oxidase binds and converts glucose to hydrogen peroxide, which is oxidized at the
electrode in the measurement cell. The flow injection analysis FIA like measurement starts
with an eight minutes incubation step to increase the signal, followed by pumping the
hydrogen peroxide to the measurement cell. The oxidation of this product results in a



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

303

current signal, which is proportional to the specific bound hepatitis antibodies in the
sample. The easy and robust measurement scheme with an internal volume of 4 µl allows the
performance of low cost parallel immunoassays at physiological and pathological ranges.
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Figure 3 Calibration curve of anti-Hbs-IgG titer in human serum.

Figure 3 shows a calibration curve for human anti-Hbs-IgG starting at 10 U/l up to 100 U/l.
Recapitulating, it can be stated that the assay is very sensitive and designed to differentiate
between hepatitis negative (below 10 U/l) and positive serum (from 100 U/l). The present
limit of detection of immunoassays in the BioMEMS is in the atto-mole range.
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HIGH SPEED, MULTI-CHANNEL MICROFLUIDIC
SYSTEM FOR MULTI- PATHOGENS SEROLOGY

MONITORING
H. Aoki1, Y. Nakamura1, M. Tojo1, T. Hara1, Y. Yamagata2, T. Nagamune3 and

H. Kase1

1Fuence Co., LTD, Japan, 2Materials Fabrication Laboratory, RIKEN, Japan, 3Department

of Chemistry and Biotechnology, School of Engineering, The University of Tokyo, Japan

ABSTRACT

This paper reports on a new high-speed multi-channel microfluidic system, which can

simultaneously monitor multi-pathogens in a very small amount of sera with high

sensitivity and reproducibility, using one microfluidic chip. The system consists of the

microfluidic chip with electrospray deposited antigens inside the micro-channels and a

vacuum pump system. Using this simple system, pathogen infections can be rapidly

diagnosed in one microchip.

Keyword: electrospray deposition, laboratory animal, microfluidics, serodiagnosis

1. INTRODUCTION

In the previous report [1], a new

multi-channel microfluidic immunoassay

chip using protein microarray formed by

electrospray deposition (ESD) method was

shown to perform sensitive multiple

immunoassay with no cross activity or

contamination. We have improved the

microfluidic immunoassay chip, and have

further developed a high-performance

multi-channel microfluidic immunoassay

system for mouse pathogen serology

Figure 1 The microfluidic chip consists
of the proteins stripped microarray on
ITO coated glass and the 16 channels-
PDMS microchannel (2.7x7.6 cm). The
channel is 250 µm wide, 126 µm deep,
and approx. 4 cm long.

inletoutlet
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monitoring under the flow control by a

vacuum pumping system. The microfluidic

system presented here should show

dramatically higher performances compared

to the ELISA method with a 96 micro-titer

well, the method of which is widely used at

the moment in the diagnostic analysis of

mouse pathogen infection.

2. EXPERIMENTAL

The microfluidic chip was prepared

according to the procedures previously

reported [1]. The mouse antigens

(corresponding to 3 ng/spot) were deposited

in a striped pattern on an indium tin oxide

(ITO)-coated glass by the electrospray

deposition method. Then the

polydimethylsiloxane (PDMS) 16-channels

microfluidic chip was attached over the

protein chip (see Fig. 1). After the injection

of 3 l sample sera into the channels, the

flow of immunoassay in the microfluidics,

which is driven with a vacuum pump or

stopped with a vacuum break, is as follows:

immunoreaction for 10 min (flow stop),

wash with 80 l/channel of washing solution

for 1 second, and then reaction with second antibodies with horseradish peroxidase for 10

min (flow stop) and with the ECL Advance to detect chemiluminescence. This is captured

with a CCD camera. The sensitivity of system is defined as a signal ratio which is an

intensity of positive control serum (PC) divided by an intensity of negative control serum

(NC).

Figure 2 0.1% Coomassie Brilliant Blue
(CBB) (10 µl/ channel) are applied on
the inlet port and injected into channels
by the vacuum pump system.

Sample Applied

Flow Start

Flow Stopped
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3. RESULTS AND DISCUSSION

Fig. 2 shows the microchannel flow that all 16-microchannels work well with the

vacuum pump system.

Multi-antigen deposited microfluidic chips were constructed with this microchannel

system. Fig. 3 represents the results with the mouse hepatitis virus (MHV) antigen, showing

that an intense signal of chemiluminescence in positive control serum is detected in a short

antigen-antibody reaction time with a signal ratio of 28 to non-pathogen infected negative

control serum. This sensitivity is comparable to that in the traditional ELISA. Using this

microfluidic system, antigen, the reaction time and serum can be reduced to less than 1/5,

1/6 and 1/60 of the traditional ELISA, respectively, per one antigen.

4. CONCLUSION

The advantage of the microfluidic system in multi-pathogen monitoring is very

evident: different pathogen infections can be diagnosed simultaneously in one

microfluidic chip for approx. 20 min, and the serum can be reduced to less than 3 µl.
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AN INTEGRATED MICRO CELL COUNTING AND
CONCENTRATION SENSING CHIP

Dong Woo Lee, Soyeon Yi, and Young-Ho Cho
Digital Nanolocomotion Center, Korea Advanced Institute of Science and Technology, Korea

ABSTRACT
We present the flow-rate independent on-chip cell counting and concentration sensor

integrated control volume and double electrical sensing zones. Compared to the previous
work, a control volume (0.423±0.01 l) and double electrical sensing zones are fully
integrated into a single chip, resulting in the small maximum cell concentration
measurement error (10.3%) and the short measurement time (2 minutes).

Keywords : Coulter Counter, Cell Counter, Control Volume, Concentration Sensing Chip

1. INTRODUCTION
The cell concentration measurement is a basic process for medical diagnosis and cell

research. Coulter Counters [1, 2], the typical cell counting and concentration sensing
device, can automatically count the cell passing through an electrical sensing zone. Since
the cell concentration measurement with Coulter Counter is based on flow-rate or fluidic
volume passing through the electrical sensing zone, the accuracy of the cell concentration
measurement is dependent on flow-rate control. Thus, this method requires accurate
fluidic control systems, which are expensive and require a large space. The present chip,
however, counts the number of cells in the fixed control volume between integrated double
electrical sensing zones. Since the control volume is initially empty, the number of cell
(Ncv= Nin - Nout) in the fixed control volume increases initially but converges to a specific
number as shown in Fig.3. The cell concentration is easily calculated from the converged
number of cells in the known control volume without accurate fluidic control systems.

Figure 2. Fabricated device

Figure 1. Schematic view of cell
concentration sensing chip

Figure 3. Mechanism of cell
concentration measurement
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In our previous work [3], we demonstrated the feasibility of a flow-rate insensitive cell
concentration sensor, composed of an external macro-scale control volume made of Tygon
tube and external two electrical cell counters. The previous device, however, showed the
high maximum cell concentration measurement error (16.1%) and the long measurement
time (5 minutes), caused by the control volume error (10%) from dead volume of
interconnection between control volume and two electrical cell counters, and large control
volume of 22.9 l, respectively. In the present device, we fully integrate a control
volume(0.423±0.01 l) and double electrical sensing zones into a single chip, resulting in
the maximum cell concentration measurement error of 10.3%, and the measurement time of
2 minutes.

2. CELL COUNTING PRINCIPLE
The principle of cell counting relies on resistance change of the orifice channel in the

electrical sensing zone in Fig.4, when particles pass through the orifice channel. The
resistance change, R, can be determined [4] by:

(1)

where f, d, and D are the electrical resistivity of the fluid, a diameter of spherical particle,
and a diameter of orifice channel, respectively. From Eq.(1), when a particle passes
through the orifice channel in the electrical sensing zone, an electrical resistance of the
orifice channel changes and creates a pulse of voltage according to the cell size, as shown
in Fig.5. One pulse which amplitude is higher than the threshold voltage means that one
cell passes the orifice channel and the number of cell passing the orifice channel is
calculated by counting all pulse which amplitude is higher than the threshold voltage (1.5V).

3. EXPERIMENTAL
The fully integrated cell counter have been fabricated by the PDMS molding

process(Fig.4) using AZ9260 masters and plasma bonding. We have used the RBC
samples of three different concentrations and compared the results measured from the
present device with those from Hemacytometer[5] in table 1. Using the fabricated devices,
we have made two different cell concentration measurements: 1) using single electrical
sensing at a fixed flow-rate of 71 l/hr; 2) using double electrical sensing with a known
control volume of 0.423±0.01µl. Compared to Hemacytometer, the single and double
ensing methods show the maximum concentration errors of 8.7% and 10.3%, which are in
the measurement error range of Hemacytometer. The present device also shows the

Figure 4. Principle of electrical
sensing zone

Figure 5. Measured Signals form electrical sensing
zone
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(a) (b) (c)
Figure 6. Measured cell number from cell counter using double electrical sensing zones
and control volume of 0.423±0.01 l: (a) at the different flow rate; (b) at the flow-rate
variation during cell concentration measurement; (c) the unknown and unstable flow-rate
generated by hand.

smaller concentration error (10.3%) and the shorter measurement time (about 2 minutes)
compared to the previous device[3]. In order to verify the flow-rate independent
measurement capability of the present device, we measure the cell concentration at two
different flow-rates of 5 and 0.5 l/min (Fig.6(a)), the varying flow-rates from 2 to 1 l/min
(Fig.6(b)), and arbitrary varying flow-rate (Fig.6(c)), respectively. The results show the
stable measurement accuracy regardless of the flow-rate.

Table 1. Comparison of the experimental results

4. RESULTS AND CONCLUSIONS
We conclude that the fully integrated cell concentration sensing chip shows improved

accuracy (10.3%) and reduced measurement time (2 minutes) of the cell concentration
measurement without control and measurement of flow-rate.
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Hema-
cytometer

Single electrical sensing zone
+ flow-rate of 71 l /hr

Double electrical sensing zones
+ control volume of 0.423±0.01 l

5.80±0.7 [105 cells/ml] 5.67±0.30 (2.2%) 5.20±0.15 (10.3%)

7.70±0.7 [105 cells/ml] 7.30±0.46 (5.2%) 7.49±1.16 (2.7%)

1.5±0.17 [106 cells/ml] 1.25±0.12 (8.7%) 1.21±0.05 (5.2%)



ON-CHIP PPT LEVEL ENZYME IMMUNOASSAY OF B-
TYPE NATRIURETIC PEPTIDE USING A PDMS BASED

MICROFLUIDIC DEVICE COMBINED WITH A
PORTABLE SURFACE PLASMON RESONANCE

SYSTEM
Ryoji Kurita, Yukari Sato, Fumio Mizutani and Osamu Niwa

National Institute of Advanced Industrial Science and Technology (AIST), Japan

Abstract
This paper reports an on-chip immunosensor designed to determine B-type natriuretic

peptide based on a PDMS based microfluidic device combined with a portable surface
plasmon resonance (SPR) sensor system. This immunosensor has two advantages. The first
is that it simplifies multi-step immunoassays by the simultaneous use of a labeled-
enzymatic reaction and the real-time monitoring of enzymatic product accumulation in a
microfluidic device. The second is that we can measure trace levels of BNP safely and
quickly by monitoring the shift in SPR angle caused by the accumulation and formation of
a thiol monolayer using a portable SPR system without any isotopes or excitation lights.
Keywords: Immunoassay, Surface plasmon resonance, Self-assembled monolayer, B-
type natriuretic peptide

1. Introduction
B-type natriuretic peptide (BNP) is one of the most important cardiac markers for the

diagnosis and prediction of heart failure. Radioimmunoassay or luminescence based
detection have generally been used to measure the blood BNP concentration because this
concentration is extremely low (about 20 pg/mL). Recently, we have developed a novel
coulometric method for measuring acetylcholinesterase (AChE) activity that is 100 times
more sensitive than the conventional method based on the chemisorption /reductive
desorption of thiocholine produced through an acetylcholine esterase-catalyzed reaction [1].
Furthermore, the method was recently used for the enzyme immunoassay of BNP [2].
However it takes more than 90 min to complete the assay with this method because it
requires multiple step immunoassays with a large sample volume. The miniaturization of
the assay system not only reduces the assay time but also increases the adsorbed thiocholine,
which can be measured by another surface measurement technique such as SPR. This also
makes the assay simpler since the reductive desorption of thiocholine can be omitted. In
this study, we propose an enzyme immunoassay with a small sample volume using a
microfluidic system that has an immuno-reaction chamber and gold film for the SPR
detection of pre-concentrated thiocholine.

2. Experimental
Preparation of microfluidic device for BNP measurement

Figure 1 is a photograph of our portable BNP assay system. Figures 2 and 3 are a
photograph and a schematic representation of a microchip for BNP determination indicated
by the circle in Fig. 1, respectively. The microchip consists of a glass plate and a PDMS
based microfluidic device. The glass plate has two sputter deposited thin gold films A and
B. Thin titanium was deposited on the glass plates by using an RF sputtering machine (Seed
Lab, Tokyo, Japan) with a metal mask, and then we formed gold film without breaking the
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vacuum. The total thickness of the gold
and titanium film electrode was about 50
nm. Before measurements, we modified
the gold film A with BNP as follows. The
gold film A was immersed into an
aqueous solution containing 0.1 mM
cystamine for 2hrs to form cystamine
monolayer. Then the gold film A coated
with cystamine monolayer is immersed
into 10 mM sodium phosphate buffer
(pH8.0) containing 0.1 mg/mL water-
solve carbodiimide and 20 µg/mL BNP.

Measurement
At first, we introduced the sample

BNP and acetylcholine esterase labeled
antibody (AChE-anti-BNP) mixture
solution from Port A to Port B. In this
process, there is an immuno-reaction
between BNP and AChE-anti-BNP, and
then the unreacted conjugate is collected
on the BNP modified gold film A as
shown in Fig. 4(a). Next, we introduce an
acetylthiocholine (substrate of AChE)
solution from Port A to Port C.
Thiocholine moieties are produced from
the acetylthiocholine by AChE-anti-BNP
on film A, and thiocholine gradually
accumulates on the surface of film B. This can be monitored by SPR as shown in Fig. 4(b).

Results and Discussion
Before BNP measurements, we obtained SPR angle shifts for several concentrations of

AChE-anti-BNP without BNP. Figure 5 shows the typical SPR angle shifts when the

Fig. 1 Photograph of the portable BNP assay
system

Fig. 2 Photograph of the microfluidic
device for BNP determination indicated
by the circle in Fig. 1

Fig. 3 Schematic representation of the
PDMS based microfluidic device. The
glass wafer is 16 mm x 16 mm square. The
microchannel is 1 mm wide and 20µm
deep. The gold film is 50 nm thick.
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acetylthiocholine solution was injected
from the port A to the port C after 190
ng/mL AChE-anti-BNP was injected
from the port A to the port B for 10
min. We succeeded in observing that
the SPR angle gradually increased
with increasing time due to the
monolayer formation on the film B.
We also observed that the SPR angle
shifts decreased when the AChE-anti-
BNP concentration decreased. This is
because the amount of AChE-anti-
BNP trapped on the film A decreased
as decreasing the AChE-anti-BNP
concentration.

In contrast, when AChE-anti-
BNP was injected directly into the device which film B was modified with BNP, we
observed no SPR angle shifts for 190 ng/mL AChE-anti-BNP. We could observe SPR angle
shifts when the AChE-anti-BNP concentration was more than 380 ng/mL. These suggest
that the possibility of a highly sensitive BNP measurement by the accumulation process
even if the BNP concentration is very low.
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Fig. 5 Variation in SPR angle caused by
thiocholine accumulation.

Fig. 4 Schematic of the procedure for BNP determination in the microfluidic device.
(a); The unreacted conjugate was collected on the BNP modified film A. (b);
Thiocholine is produced from acetylthiocholine on film A, then thiocholine is
accumulated on the film B surface located downstream in the microfluidic device, and
monitored by the SPR angle shift.



RAPID BACTERIA COUNTING
BY MULTI-STEP BIOCHEMICAL REACTION

IN A MICROFLUIDIC DEVICE
Tomonari Kogure, Tadahiro Matsuno, Eiji Kawata, Kenichi Noda,

Minoru Sakata and Akihiko Tokida
Bio-Microdevice Dept. of DNRI Div. Bussan Nanotech Research Institute Inc., JAPAN

ABSTRACT
This paper presents application of multi-step biochemical reaction into a micro-TAS

device for rapid bacteria counting. With the device, E. coli cell can be counted in 5
minutes with lower detection limit of 30 cells/analyte.

Keyword: bacteria counting, ATP, bioluminescence

1. INTRODUCTION
Demand for rapid bacteria inspection method has been expanding due to increasing

production safety needs in several fields such as food, cosmetic and pharmaceutical
industries, and also POCT (Point of Care Test) trend in clinical diagnostics. Which
provides a backdrop for our research and its goal is to establish a rapid method for specific
bacteria detection and counting using micro-TAS technologies in virtue of its reaction time
reduction capability based on molecule diffusion time shortening. Non-specific rapid
bacteria counting method is developed as the first step of the research.

Among the many rapid bacteria counting methods that have been proposed against the
standard plate colony-counting which takes several days for counting, ATP method was
adopted as a detection principle in the research [1]. Design of basic ATP method
implication to microfluidic device, experimental results and prospects for the future are
described in this paper.

2. DESIGN
Every living organism has cellular

energy in the form of ATP, which can be
detected by bioluminescence technique
through adding firefly luciferase as an
enzyme and luciferin as an accompanying
substrate. Basically ATP method consists of
three steps, enzyme-based extracellular ATP
elimination, bacteria lysis using surfactant
and ATP-luciferin bioluminescence reaction.

The bacteria counting device is shown in
Figure 1. The device has three serial micro
channels, ATP elimination channel (W: 50 µm
x D: 150 µm x L: 250 mm x 8), lysis channel
(W: 300 µm x D: 150 µm x L665 mm x 1)
and luminescence channel (W: 300 µm x D:
150 µm x L: 443 mm x 1) corresponding to
each reaction step above.

ATP
EliminationLuminescence

Inlet1Inlet2Inlet3 Outlet

Bacteria lysis

Figure 1. Photograph of bacteria
counting device. Device size is W: 65
mm x L: 40 mm x t: 2 mm. Inlet1 is
for analyte, inlet2 is for lysis reagent
and inlet3 is for luminescence reagent.
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The channel device and the reservoir plate are fabricated by soft lithography method
with PDMS (polydimethylsiloxane) based material [2,3].

For the extracellular ATP elimination step, the enzyme is immobilized in the channels
to avoid undesirable reaction with reagents for different reaction steps. Other reagents and
analyte are dissolved in tris-based buffer in each reservoir on the device and forced to flow
by pressurized air. Flow rate and its ratio are controlled by air pressure connected to each
reservoir.

The incident from the luminescence channel is detected by a photomultiplier to
translate ATP molecules into photon count and it can be directly related to ATP amount in
an analyte, thus one can estimate bacteria count in it by using bacteria-specific ATP
contained amount.

3. EXPERIMENT
For the enzyme immobilization, the channel was incubated with apyrase solution in

which 1.3 mg apyrase (Sigma, Grade VII) is dissolved by 1 ml tris buffer (50 mM Tris-HCl,
8 mM MgCl2, pH7.4), for 4 hours at 4 °C and washed with 25 ml tris buffer.

The channel device which is attached to the reservoir plate, is sandwiched by two
acrylic plates and the whole structures are tightened up by screws. Analyte and reagents
are injected into each reservoir with micro pipet (Figure 2). The analyte contains 104-107

cells/ml E. coli, 10 nM ATP, which roughly corresponds to 5 x 106 E. coli-cells/ml, and tris
buffer. 0.01 wt% benzalkonium chloride dissolved in tris buffer is used as the lysis
reagent. 0.25 mg/ml luciferase (Wako), 2.5 mM D-luciferin (Acros Organics) and 10 mM
MgCl2 dissolved in tris buffer is used as the luminescence reagent.

The assembled device is mounted on the detection stage by which photomultiplier
(Hamamatsu Photonics, H7155) faceplate is aligned precisely in front of the luminescence
channel in a darkbox. The reservoirs are connected to pressure controllers (Nagano Keiki,
PC20) for fluid actuation. The analyte, lysis reagent and luminescence reagent reservoir are
pressurized at 50 kPa, 30 kPa and 15 kPa, which realizes reaction time of 30 sec-
extracellular ATP elimination, 30 sec-lysis and 15 sec-luminescence as designed. All of
the 100 µl analyte is completely reacted for 275 sec.

(a) (b)
Figure 2. (a) Photograph of assembled device. (b) Schematic of A-A’ cross section.
Each reservoir volume is 500 µl; 150 µl analyte, 150 µl lysis reagent and 300 µl
luminescence reagent.

A A’

Acrylic plate

AnalyteLysisLuminescence

Reservoir plate Channel device

Waste
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4. RESULTS AND DISCUSSION
The bacteria count test results are shown in Figure 3. Figure 3 (a) shows typical

photomultiplier output (CPS, count per second) versus time. Figure 3 (b) shows the
relationship between the photomultiplier output and cell number of E. coli in the analyte.
The solid and dotted line show the data with and without the extracellular ATP elimination.
As can be seen, photon count is linearly related with bacteria amount and the result is not
degraded by extracellular ATP in case of using immobilized enzyme for extracellular ATP
elimination. Since dark count of the photomultiplier in the dark box in 10 - 20 CPS, the
lower limit of counting E. coli in the 100 µl analyte is about 30 cells.

Compared with conventional ATP method which takes about 1 hour for non-specific
bacteria counting, the counting system described in the paper is much more rapid. Also the
system has lower counting limit of 30 cells (Conventional one has limit of 100-1000 cells)
and single cell detection will be realized by microchannel and optical system redesign
easily without sacrificing detection time.

(a) (b)
Figure 3. The bacteria count test results. (a) Photomultiplier output signal. (b) Output
dependencies on cell number with/without extracellular ATP elimination step.

5. CONCLUSIONS
By applying multi-step biochemical reaction to micro-TAS device, the non-specific rapid

bacteria counting system which counts E. coli cell number in 5 minutes with lower
detection limit of 30 cells/analyte was demonstrated. It was confirmed that non-specific
rapid and single-cell-detection bacteria counting system can be brought to realization with
some system improvements by the experimental results.
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CELL ARRAYS ON CHIP
M. Zhong, N. Yang, Y.-H. Choi and D. J. Harrison

Department of Chemistry, University of Alberta, Edmonton, AB, Canada

ABSTRACT
We have developed two fabrication methods to deposit individual cells on an ordered

dense array of cell adhesion spots. The challenge associated with growing cells on these
surfaces has been addressed by a variety of approaches, and the best of these are presented.

KEYWORDS: Array, Cell, Self-assembled Monolayer (SAM)

INTRODUCTION
DNA chips and Protein chips have proven very useful for biochemical and bioanalytical

applications, in large part due to the ability to create very dense arrays that allow thousands
of experiments in a small volume of sample. A similar benefit may accrue for cell arrays.
Cell patterning techniques [1, 2] are very useful in the development of biosensors,
high-throughput screening, tissue engineering and studies of cell-cell and cell-surface
interactions.

EXPERIMENTAL
In the “Au patterned” method (method 1), gold was deposited on the wafer and patterned

using photoresist lift-off. The chip was immersed into an ethanolic ethylene glycol
terminated alkanethiol (EG-thiol) solution and then into aqueous poly(ethyleneimine) (PEI)
or poly-L-lysine (PLL) solution. Self assembled monolayers (SAMs) formed on the gold
surface, while the polymer layer coated the bare surface. The EG-thiol SAM is strongly
resistant to cell adhesion [3], so cells attach only to the PEI or PLL spots. For the “SAM
patterned” method (method 2), gold was sputtered, the chip was covered with the EG-thiol
SAM, then exposed to 254 nm light through a mask to oxidize EG-thiol [4]. The sulfonate
produced was easily exchanged for an OH terminated thiol SAM to which the cells adsorb.

After cell patterning, we tested different growth methods on the microchips. For the
“liquid LB” method, the chip was immersed in a few mL of LB medium at 37°C, while for
the “nitrocellulose (N/C) membrane” method, the cell pattern on the chip was transferred to
a N/C membrane, then the membrane was incubated on an agar plate at 37°C overnight.

RESULTS AND DISSCUSSION
Fig. 1(a) shows the E. coli. patterns observed on method 1-chips. The diameters of the

spots are 6, 10 and 20 m. Fig. 1(b) illustrates results for method 2-chips, on which a high
concentration of cells was used to saturate spots for imaging. A careful study was
performed to determine the best methods to achieve a single cell per spot, which is required
to ensure a colony is a single clone. Fig. 2 shows that a Langmuir isotherm describes cell
adsorption to the chips, and Table 1 shows the Langmuir adsorption parameters that describe
the isotherm. Using these parameters it is possible to predict the spot size and cell
concentration required to achieve < 2 % occupation of more than one cell per spot, as
illustrated in Table 2.
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(a) (b)
Figure 1. Microscopic images of E. coli. patterns on chips by (a) Au patterned method, (b)
SAM patterned method.

Table 1. Langmuir fitting results.
Spot size 20 m 10 m 6 m

qmax (cells/spot) 13.8 ± 1.4 2.90 ± 0.16 1.09 ± 0.21
Kads (×10-6 ml/cell) 0.030 ±0.009 0.035 ± 0.005 0.038 ± 0.021

R2 0.960 0.985 0.754

Table 2. Calculated possibilities, average cells per spot and bacterial concentrations for 20
m spots.

Probability of
single cell/spot

Probability of
two cells/spot

Average number
of cells/spot

Bacterial concentration for
20 m spots

27% 5% 0.4 7x105 cells/ml
16% 2% 0.2 3x105 cells/ml

Different growth methods on the microchips were tested after patterning of E. coli.. Fig.
3 illustrates the results of culture using the liquid LB method. The best colony size and
quantity were achieved at 18 h incubation. However, the cells easily detach from the
surface during growth or rinsing, causing contamination. The N/C membrane method was
then developed, and results are shown in Fig. 4. With the N/C transfer approach,
contamination was avoided. However, care was required to avoid bubbles trapped between
the chip and the membrane.
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Figure 3. The result of culture of E. coli. on
the microchips using the liquid LB medium
for 6, 18 and 48hr.
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Figure 4. The result of culture of E. coli. on the microchips the microchips using N/C
membrane method.

CONCLUSIONS
The ability to fabricate single cell arrays has been demonstrated using these methods

developed. On-chip culture using typical culture conditions has been achieved.
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ABSTRACT
This paper reports an improved method for measuring simultaneously the hybridization
kinetics of up to 48 DNA spots. Thanks to the direct coupling between the DNA microarray
and a double layer microfluidic chip, an excellent control of the hydrodynamics, along with
reducing the diffusion times and shrinking the volumes were achieved. In practice, only
10µL of DNA sample, directly dropped on the device, was sufficient to perform the analysis
in a 100nL hybridization chamber with active transport. This new system allows
measurements of kinetics in different hybridization conditions simultaneously, improving
the reproducibility of the DNA chip results, and leading to a better specificity [6].

Keywords: DNA chip, Hybridization, PDMS

1. INTRODUCTION
DNA chip is a powerful tool to identify several thousand different oligonucleotides in one
experiment. It is currently used to analyse the genetic expression of cells and to identify
different organisms as bacteria. In this context, to be able to detect the hybridization kinetics
is a useful element to increase the specificity of the DNA chip as the kinetic is very
sensitive to mismatches [3]. Coupling a versatile microfluidic system with an efficient
detection method is a promising tool to improve DNA chip.
We present here a first step of a integrated system allowing to measure in real time the
hybridization of up to 48 spots of DNA (interspot distance=150µm).. The flow control is
realized using integrated microvalves [4] allowing the manipulation of a very small sample
as low as 10 µL. The DNA hybridization may be monitored by several methods such as
Surface Plasmon Resonance (SPR) [2], Quartz Crystal Microbalance (QCM) [3] or
fluorescent probes [1]. Here the fluorescence technique was elected as it has a lower
detection limit than the others (Cy5=25molecules/µm² SPR=8000molecules/µm²,
QCM=5000molecules/µm²) and allows a good spatial resolution. So it is possible to analyse
and compare the kinetics of several oligonucleotides in very reproducible condition as it is
done simultaneously.

2. EXPERIMENTAL
The device described in figure 1 was microfabricated using multi-layer soft lithography
technology (MSL) [4]. The PDMS device was reversibly stuck onto a glass substrate where
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the DNA probes were spotted. The device is composed by six valves actuated by pressure, a
hybridization chamber (2.3mm×2.3mm×20µm) and a fluidic channel (300µm wide and
20µm height). Three valves (“µPump” in fig. 1a) are used to move the fluids coming from
one of the three entries of the chip selected by the “µValves” A, B or C. The hybridization
protocol is as follows: (i) the fluidic channels are filled with SSC buffer. (ii) Then a 10µL
DNA sample is dropped on a specific hole on the device (figure 1a). (iii) The micropump is
actuated with a peristaltic cycle to draw up the sample to the hybridization chamber. (iv)
During the hybridization reaction, a continuous flow rate is maintained (160µm/s) to
increase active transport and decrease the diffusion time [5]. (v) Eventually, the washing
solution (deionized water) is drawn up and a pure formamide is used to deshybridize the
spots. Using a cooled camera, we could observe a large zone (1.7mm×1.3mm) with a
detection limit as low as to 3molecules/µm² with a time resolution better than 1s. After
image processing (Figure 2a), the kinetics of several spots are measured simultaneously
showing very good signal-to-noise ratio (Figure 1b). Over several experiments, the initial
slope of the hybridization curve was found consistent with the Langmuir model [6,7],
proving that our system measures the actual kinetics.
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chamber
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Figure 1. (a) General description of the device. (b) Real time hybridization measurements of
4 different spots varying the spotted DNA probe concentration (from 12.5 to 30 µM). The
DNA target concentration is 10 nM.
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Figure 2: (a) image processing. (b) From the Langmuir absorption model [6], the initial
slope of a hybridization kinetics is proportional to targetDNAprobeDNAon Cnk , onk being the

absorption kinetics constant and
probeDNAn being the DNA probe quantity. Our data measured

for different target concentration on the same system is coherent with this model. Between
each experiment, the chamber was cleaned with pure formamide.

4. CONCLUSION
In conclusion, the measurement of the kinetics constants of several spots in parallel with
very well controlled conditions is now possible. Knowing the kinetics, the specificity is
greatly increased [3]. Thus, this device is a novel tool, fast and consuming little material,
opening an interesting pathway towards high throughput detection of single nucleotide
polymorphism.
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ABSTRACT
This paper reports a new high-throughput (HTP) screening method of biomolecular

functions using microarray technology. We have studied the HTP screening system of
enzymatic activity of mutant aldehyde reductase (AKR) by the combination of molecular
handling technology using magnetic beads, specially designed microreactor array chips,
and mRNA display technology.

Keywords: Microreactor Array, mRNA Display, Magnetic Beads, Enzyme Reaction

1. INTRODUCTION
Microarray technology such as a DNA chip and a protein chip is a powerful approach to

enable HTP screening, namely, it has great advantages in feasibility of automated
information processing due to one-to-one indexing between array position and molecular
function, and also feasibility of large scale parallel processing due to down-sizing and
large-scale integration. Conventional microarray chips are, however, applicable only to the
screening of the affinity of biomolecules. Biomolecules possess variety of important
functions other than affinity, e.g. enzymatic reaction, and they become more and more
important in the future biotechnology applications. In this paper, we report HTP screening
system for enzymatic functions.

2. CONCEPT
Figure 1 shows the concept of our HTP

screening system for enzymatic function.
(1) Complex of mRNA and protein (virion)
is attached on the bead surface. Mutant
proteins can be synthesized by introducing
random error in the mRNA before virion
synthesis (2) a single magnetic bead is
filled into each microreactor in the self-
assembly manner, (3) enzyme reaction in
each reactor is measured using fluorescent
microscopy, and the active enzymes (RNA
complex) are selectively collected.

beads

Microreactor array chip

Self-Assembly of Beads

Evaluate Biochemical
Reactions in Each Reactor

Collect Superior Proteins
Magnetic beads fixed
with mRNA display

reactors

mRNA DisplayProteinProtein

mRNA

Figure 1. Conceptual scheme of high-
throughput screening of mutant enzyme.
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3. CHIP FABRICATION
Figure 2 shows the structure of the microreactor array chip with a magnetic bead. 10,000

microreactors of 6 m in diameter were patterned on a 6 m-thick PDMS
(Polydimetylsiloxane) coated on the glass plate. The size of the microreactor was designed
to be almost the same with that of magnetic beads for the sake of self-assembly packing.
The chip fabrication process is shown in Fig. 3.

4. SELF-ASSEMBLY OF MAGNETIC BEADS INTO MICROREACTOR ARRAY
Magnetic beads (Dynabeads M-480) were

arranged on a microreactor chip with the
assistance of the magnetic field applied by
sliding a permanent magnet horizontally under
the chip for a few minutes. As shown in Table
I, the high beads filling ratio more than 99%
was achieved for the magnetic field
modification caused by swaying a permanent
magnet [1].

5. ON-CHIP ENZYME ASSAY
The evaluation of enzymatic activity in a sub pl microreactor was carried out using a

mixture of aldehyde reductase (AKR) 2 M which corresponds to 10,000 molecules per
reactor, D-gluconic acid (substrate) 20mM, Potassium Phosphate (buffer) 52mM and
NADPH (coenzyme) 0.2mM. Negative control was also experimented using the same
mixture but without AKR. Auto-fluorescence (445nm) from NADPH excited by i line of
the mercury lamp (365nm) was measured to track the following aldehyde reduction
reaction; aldehyde + NADPH alcohol + NADP+. The reaction was carried out at 30 C.
A fluorescent microscope equipped with a chilled CCD camera (Hamamatsu Photonics,
C5985) was used in this measurement as schematically shown in Fig. 4. The lower
detection limit of the measurement system used in this experiment was 104 NADPH
molecules/reactor. Enzymatic activity was calculated as the amount of NADPH
oxidized/min/AKR. Conventional enzyme assay was also carried out for comparison in the
conventional volume scale of 20 l using a microplate reader (Excitation; 365nm, Emission;
465nm).

20µm

Microreactor

Upper view

Cross sectional view

3µm

Magnetic bead

Figure 2. Structure of the microreactor
array chip with a magnetic bead.

Magnetic beads modified
with mRNA display

3. Imprint patterns on the PDMS surface

5. Self-assembly of Magnetic Beads1. SU-8 Patterning

6. Introduce Enzyme and Substrate
Seal by Cover Glass

7. Measure Enzymatic Reactions
Oxygen plasma

4. Change surface to hydrophilic

magnet

2. PDMS coating

Figure 3. Fabrication Process of the micro-
reactor array chip.

Table I. Beads packing ratio (%) into
10,000 microreactors.

reactor hole diameter
7 m5 m4 m3 m 10 m

Rotation 21.629.126.21.8 8.7

Swaying 99.399.098.199.6 97.1

Switching
Electromagnet 95.289.047.117.0 64.4

Way of modulation
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Figure 5 shows decrease of fluorescence intensity and the corresponding NADPH
molecular number in a single microreactor over time. Open and closed circles represent
experimental results using solution with and without AKR,respectively. In the case with
AKR, the decrease of fluorescent intensity is attributed to consumption of NADPH through
the AKR enzyme reaction and NADPH natural oxidization. In the other hand, only natural
oxidization occurs for the case without AKR. Hence, the enzyme activity of each AKR
molecule was estimated to be 1-10 (NADPH oxidized/min/AKR) from difference
( NNADPH) in the NADPH number between cases with and without AKR. In comparative
experiments using the microplate reader, the enzyme activity was estimated to be 20
(NADPH oxidized/min/AKR).

Figure 4. Imaging of NADPH auto-
fluorescence.

6. CONCLUSION
We have proposed an HTP screening system for enzymatic functions for the first time.

Self-assembly arranging of mRNA-protein complex into microreactor array, and enzyme
assay in sub pl volume microreactors were investigeted. The high beads filling ratio into
microreactor array and on-chip enzyme assay using NADPH auto-fluorescence detection
have been achieved. This method would be useful for various kinds of enzyme reaction
measurement and be applied to the creation of useful biomolecules in the near future.
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INTEGRATED MICROFLUIDIC DEVICE FOR GENE
EXPRESSION MICROARRAY
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ABSTRACT
A self-contained and fully integrated microfluidic device has been developed to perform

gene expression analysis of complex biological samples. Microfluidic pumps, channels,
chambers, and Combimatrix microelectrode DNA array are integrated in a single,
disposable device to automate all the fluidic handling and reaction steps that are required in
a typical gene expression microarray assay. Study showed that the microfluidic device
achieved good sensitivity and selectivity that are comparable with conventional microarray
chips that use manual operation. This integration platform with direct sample-to-answer
capability has many advantages including fully automation, elimination of human
mishandling, low cost, and simple apparatus.

Keywords: Gene Expression, Microarray, Cartridge

1. INTRODUCTION
DNA microarray has now become a widely used technology for studying mRNA levels

and examining gene expression in biological samples. Gene expression assays often
involve multi-stage sample processing and fluidic handling, which are generally labor-
intensive and time-consuming. Following hybridization of target cRNA in the sample
solution with the DNA probes synthesized on the microarray chip surface, the array needs
to be washed thoroughly to remove non-specific binding. Different concentrations of
washing buffers are used to ensure satisfactory stringency. For indirect labeling, a labeling
step is subsequently performed. Another washing is performed to remove excessive
labeling reagents before the slide is ready for scanning. Processing microarrays typically
employs a conglomeration of dishes, hot plates, thermometers, and waterbaths. All the
above processes involve many manual steps (handling arrays, moving, and agitating racks
etc.) with frequent run-to-run and operator-to-operator variation. The combination of these
factors can lead to variability in array results. Alternatively, robotic workstations have been
developed to automate the whole hybridization and post-hybridization process but such
benchtop instruments are generally expensive for most of research community and for
clinical diagnostic applications. It is therefore desirable to develop a cost-effective method
to integrate and automate the microarray processing in a single and miniature device using
microfluidic technology. We have recently developed a self-contained and fully integrated
microfluidic device that automates hybridization and posthybridization processes for gene
expression analysis.

2. DEVICE DESIGN
The device consists of a CombiMatrix CustomArrayTM slide and a microfluidic plastic

cartridge (Figure 1). The CustomArray is a semiconductor based chip that allows the
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manufacture of microelectrode arrays with a density of >100,000 electrodes/cm2 [1]. The
array was designed with probes directed to the spiked-in control transcripts as well as a
variety of genes expressed by the K-562 cell line. Probes were created against various
genes involved with immune system pathways, as well as a number of housekeeping genes.
In addition, multiple probes were designed against long PCR fragments generated from
Phage Lambda, E. coli BioB and A. tumefaciens VirB genes. The plastic cartridge includes
five micropumps, five chambers for the storage of different buffers and reagents, a
hybridization chamber, and a waste chamber. The operation of the microfluidic device is as
followed. A sample solution containing biotin-labeled cRNA transcripts was loaded in the
hybridization chamber using a pipette. Other solutions including four wash buffer solutions
and a labeling solution were separately loaded in different storage chambers. The biochip
device was then inserted into an instrument. The on-chip assay process started with a 18-hr
hybridization step in the microarray hybridization chamber at 45 oC, followed by a three-
step on-chip washing process. After the on-chip washing steps, the labeling solution
containing Cy5 was pumped into the hybridization chamber followed by a 30-minute
incubation at room temperature to fluorescence-stain the hybridized RNA. Once the
labeling was completed, the 2x PBST buffer was pumped through the hybridization
chamber to ensure a thorough washing and removal of residual labeling reagents. The
device was then removed from the instrument. The microarray chip was detached from the
microfluidic plastic cartridge before it was scanned using a commercial fluorescent
scanner.

(A) (B)
Fig. 1. (A) Schematic of the microfluidic device. (B) Photograph of the integrated device.

3. EXPERIMENTAL AND RESULT
To assess the sensitivity and dynamic range of the microfluidic microarray platform on a

mass ratio basis, without the influence of RNA amplification techniques, spiked-in control
transcripts were combined with a constant concentration of complex background cRNA (K-
562) just prior to the hybridization. Spiked-in control transcripts were added to a complex
background of K562 cRNA at 13 different concentrations ranging from 1 pM to 1024 pM
(approximately 1:150,000 to 1:150 mass ratio).

Figure 2(a) shows the hybridization analysis of the lambda spiked-in control transcripts
in the microfluidic array. Each data point represents the mean of the normalized probe
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intensities for the spiked-in control transcripts across the array plotted against the
concentration of spiked-in control transcripts. Error bars indicate the standard deviation
across the array at each data point. The result showed that the sensitivity of the microfluidic
array device exceeded 1 pM. Our further study showed that sensitivity of the microfluidic
platform exceeded 0.375 pM. The dynamic range of the microfluidic platform covered 3
orders of magnitude. Error bars in Figure 3 represent the standard deviation across the
replicate probes, and indicate that hybridization signals are uniform across the whole array.
The low averaged background signals and uniform hybridization signals suggest that on-
chip microfluidic washing and labeling are uniform and efficient.

We compared the microfluidic array with the conventional manually handling array.
Scatter plots comparing these probe intensities on two different arrays produced consistent
results (Figure 2(b)). The median correlation coefficient of the normalized probe intensities
across these two arrays was 0.93. The results indicate that the performance of the
microfluidic array device is comparable to that of conventional manual array devices. On-
chip fluidic handling is as efficient as the manual fluidic handling using pipettes.
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Fig.2. (a) Lambda spike-in data analysis. (b) Hybridization comparison between a
microfluidic device and a conventional microarray with manual fluidic handling and
operation.

4. CONCLUSIONS
A self-contained and disposable microfluidic array device for fully integrated gene

expression assays has been developed. The device automated and integrated all the sample
processing and fluidic handling steps that are considered labor-intensive and time-
consuming in regular manual gene expression process.
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ABSTRACT 
We present a centrifugal microfluidic platform for fully integrated processing of 

microarray experiments. By merging the microarray technology with the advantages of 
centrifugal microfluidics, we achieve processing within 45 minutes. The capture probes of
the microarray are immobilized on the reaction cavity of the polymer disk, or onto a PDMS 
sealing lid. The coupling strength is enhanced with the EDC-NHS affinity ligand coupling
chemistry. A siphon structure keeps the array in a well defined wet environment, thus
reducing the background and fixing the volumes of the liquids to 50 µl. A microarray
fluorescence immunoassay experiment is implemented and characterized.  

Keywords: microarrays, centrifugal, microfluidics, immunoassay 

1. INTRODUCTION
Microarrays have become a powerful tool in the fields of molecular biology and medical

diagnostics [1]. Arrays of hundreds of different capture probes on a single substrate allow 
to simultaneously analyze a sample for a large set of different parameters. Here, an efficient 
mixing process is mandatory since it avoids depletion zones of unbound targets near the
spots. Furthermore, small dead volumes are advantageous for the processing, allowing to
use undiluted samples. We introduce microstructured disks referred to as “lab-on-a-disk” 
[2] as a versatile platform for fully integrated and fast processing of the experiments. The 
disk format allows to exploit centrifugal force to pulse-free transport liquids and to easily
implement a siphoning concept to keep the arrays wet along the entire assay.  

2. STRUCTURE OF THE DISK 
Improved mixing and the reduced sample volumes are accomplished on a spinning, CD-

format polymer disk (Figure 1) made of cyclic olefin copolymer (COC). A disk-sized lid
which features vias for the fluidic interface covers the reaction cavity and the surrounding 
microfluidic channels. 

Figure 1. Microfluidic disk for centrifugal 
microarray experiments: The polymer disk
(COC) features two inlets connected to the
reaction chamber. A downstream siphon 
guarantees a constant filling level. Spinning
protocol of the disk Q (t) establishes a time-
dependent centrifugal field FQ to precisely
transport liquids. 
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The microarray is immobilized on the surface of a disk-based reaction cavity, or, 
alternatively, onto the PDMS-made sealing lid (polydimethylsiloxane). 

3. ASSAY 
The biochemical performance is demonstrated by a three-step fluorescence

immunoassay with immobilized BSA capture probes (cBSA = 220 µg/ml), mouse anti-BSA 
targets at varying concentrations cBSA, and sheep anti-mouse-Cy3 detection antibodies 
(cdet = 170 µg/ml). To increase the surface density of the immobilized BSA capture probes, 
the well-documented EDC-NHS affinity ligand coupling chemistry is used [3].   

A 6 u 4 microarray of a mixture of BSA (cBSA = 1 mg/ml, VBSA = 50 µl), EDC 
(cEDC = 12 mg / ml, VEDC =25 µl), and NHS (cNHS = 2 mg / ml, VNHS = 25 µl) dissolved in
125 µl buffer is printed by a free-droplet microarray dispenser [4,5]. The following 2-h
incubation step is followed by washing and blocking with a mixture of casein buffer, SDS,
and SSC. Subsequently, the disk is covered with a PDMS lid and placed on a spinning drive 
where a designated, PC-controlled frequency protocol Q (t) establishes a time-dependent
centrifugal pressure to accurately control the flow rates and time scales of the subsequent
blocking, reacting, and washing steps of the assay (Figure 2).  

Figure 2. Protocol of the sandwich fluorescence immunoassay. BSA is printed onto the
bottom of the on-disk reaction chamber (A), or onto the PDMS-lid (B). After
immobilization, the disk is sealed with the PDMS-lid. The sample containing a known
concentration cBSA of mouse anti-BSA antibodies is introduced and the specific antigen-
antibody complexes are formed which are labelled with a fluorescent detection antibody. 

In addition, we perform periodic changes of the sense of rotation, featuring phases of 
acceleration and deceleration. This “shake-mode” protocol significantly speeds up mixing 
and increases the homogeneity of the biochemical reactions [6,7]. After loading the liquids
into the reaction cavity, the “shake-mode” protocol induces a inertially propelled 
hydrodynamic stirring to complete mixing within 30 s.
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4. EXPERIMENTAL RESULTS 
Two series of experiments are conducted under identical conditions for the cavity-based

microarray and the microarray printed on the PDMS-lid. We achieve a clear and 
reproducible correlation for varying target concentrations cBSA and the resulting 
fluorescence signal I over a working range of at least three decades. The complete
microarray experiment finishes within 45 min. All handling steps can be fully automated,
however, in the present prototype, pipetting of the liquids is still performed manually.  

Figure 3. Results of the disk-based fluorescence immunoassay in the microarray format. 
The experiments are calibrated by a series of samples of known antibody concentrations
cBSA with the COC-disk or PDMS-lid representing the microarray substrate.  

5. CONCLUSIONS 
We introduced a disk-based concept for running parallel immunoassays in the 

microarray format. We achieve a short time-to-result (45 min), a rapid and homogeneous 
reaction, automated washing, reduced consumption of sample and reagents, an integrated
waste handling. The elimination of uncontrolled drying-steps due to the siphon is deemed to
increase the sensitivity of the microarray experiment. This way, the use of separate devices 
like slide washers becomes obsolete and the handling steps are automated. Finally, the
symmetry of the disk format potentially allows to run several microarray experiments in
parallel.  
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ABSTRACT 
This paper reports an application of cycloolefin polymer (ZEONEX) as a new 

commercially available plastic material for microchip electrophoresis (MCE), and an 
improvement of the detectability for serum and chiral analyses by using sweeping and a 
thermal lens microscope (TLM) as a detection scheme.  In the serum analysis, proteins 
were successfully detected as sharp peaks on the ZEONEX microchips, while on bare 
quartz microchips only a broader and weaker peak was observed.  On the other hand, chiral
analysis of 1-aminoindan on the ZEONEX chip under the sweeping condition provided an 
efficient separation with a 52-fold sensitivity enhancement. 

Keywords: microchip electrophoresis, thermal lens microscope, cycloolefin polymer
microchip, sweeping 

1. INTRODUCTION 
In the MCE analysis of blood, serum, and plasma samples, the adsorption of blood 

components, especially proteins, to the surfaces of glass, quartz, and many polymeric 
materials leads to analytical irreproducibility.  To suppress the adsorption of proteins, 
several chemical modifications of polymer surfaces, such as aminolysis, graft 
copolymerization, and atom-transfer radical polymerization [1], have been adapted to the 
fabrication of polymer microchips, but these methods are inconvenient. Therefore, the 
introductions of reliable and convenient modification techniques and/or new polymer 
materials are still needed in the MCE analysis for biogenic compounds.  ZEONEX has been 
employed as a material for blood vials due to the low adsorptivity of its components and 
thus, the application of ZEONEX to the microchip is expected to attain an efficient 
separation of blood samples without any modifications. On the other hand, the application 
of on-line sample preconcentration by sweeping in the MCE–TLM analysis of a standard 
dye and amino acids mainly on quartz microchips was reported previously [2], and an 
efficient detectability enhancement was successfully attained.  In this paper, sweeping was 
employed to the electrophoretic analyses on the ZEONEX microchips to achieve sensitive 
detection and efficient separation of minor components in blood. 

Additionally, chiral separations of biogenic compounds by MCE have also received a 
great deal of attention for the development of a high-throughput chiral analysis system. 
Thus, we also demonstrated the possibility of the sensitivity enhancement and the efficient 
separation of nonfluorescent enantiomers by sweeping–cyclodextrin electrokinetic
chromatography (CDEKC) in combination with the TLM detection in MCE. 
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2. EXPERIMENTAL
TLM (ITLM-11, Institute of Microchemical Technology) measurement in MCE was 

performed as follows.  A DPSS blue laser beam (488 nm) for the excitation was introduced 
to an optical microscope coaxially with a diode laser beam (670 nm) for the probe and 
irradiated to the microchannel through an objective lens (u20, NA = 0.5).  The probe laser 
beam passed through a condenser lens was monitored by a photodiode.  A cycloolefin
polymer (ZEONEX�, ZEON Co.) microchip with a cross-type channel (width, 50 Pm;
depth, 30 Pm) was used for the analysis of serum and enantiomers. A ZEONEX microchip 
was fabricated by direct bonding of ZEONEX plate with the microchannel patterns using 
an EVG520HE (120 °C, 1000 N).  A sample solution was injected as a long plug into the 
separation channel by the gated injection method. 

3. RESULTS AND DISCUSSION 
In the case of sweeping, the analytes in a long sample zone were swept by a 

pseudostationary phase (sodium dodecyl sulfate (SDS) micelle or sulfated E-cyclodextrin 
(S-E-CD)) to a narrow zone (Figure 1), so that the sharp peak is expected to be detected by 
the TLM.  In this paper, we investigated the applicability of sweeping–micellar 
electrokinetic chromatography (MEKC) in MCE to the ZEONEX microchips for the 
analysis of a serum sample.  Figure 2 shows the MCE analysis of a rat serum sample on the 
(a) quartz and (b) ZEONEX microchips.  In the case of quartz microchip, a weaker and 

Figure 2.  MCE–TLM analysis of the serum
sample diluted 400u on (a) the quartz and (b) 
the ZEONEX microchip.  Separation solution, 
10 mM SDS in 15 mM phosphate buffer (pH 
7.0); injection, pinched injection for 
conventional MEKC and gated injection (2 s) 
for sweeping condition. 

Figure 1. Schematic illustration of sweeping 
by a pseudo-stationary phase (PSP), e.g., 
SDS and S-E-CD, in MCE. 
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broader peak was obtained due to the serious 
adsorption of proteins in the serum.  On the 
other hand, a partial peak separation of the 
serum sample on the ZEONEX microchip was 
achieved with the 17-fold increase in the 
detection sensitivity under the sweeping 
condition.  Thus, the result demonstrated that
the efficient separation and sensitive detection
of proteins can be obtained on the ZEONEX 
microchips since its high hydrophobicity
would provide a low adsorption of serum
components. 

Chiral analysis of a basic drug by sweeping–
CDEKC was investigated.  In this study, S-E-
CD was used as a chiral selector.  S-E-CD has 
nine sulfate groups and shows a faster anodic 
migration, which  is expected to bring a 
effective concentration of basic compounds in
the sweeping–CDEKC.  Figure 3 shows the 
MCE–TLM analysis of 1-aminoindan (AI) 
derivatized with a dye on the ZEONEX 
microchip under conventional CDEKC and 
sweeping–CDEKC conditions.  Due to the 
sweeping effect, AI showed enhanced TLM 
signals as shown in Figure 3(b). Under the 
experimental condition, the 52-fold increase in detection sensitivity was achieved by
sweeping with resolution of 1.40.  The result showed that sweeping on the ZEONEX chip
in MCE–TLM is a useful tool for a high-throughput chiral analysis system. 

4. CONCLUSIONS 
Efficient separation and sensitive detection of serum samples and enantiomers on the 

ZEONEX microchips were obtained by sweeping-MEKC or sweeping-CDEKC in the 
MCE-TLM analysis. The use of sweeping brought the 17~52-fold increases in detection 
sensitivity for nonfluorescent compounds.  Therefore, the ZEONEX microchips can be 
employed as high performance and disposable microchannel devices for electrophoretic
analyses especially for biogenic samples. 
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ABSTRACT
In this paper, we primarily discovered the dynamic coating reagent for size-based proteins separation,

“SDS-PAGE”, on poly-methyl methacrylate (PMMA) CE microchip. Polymeric microchip is strongly
incompatible with biological sample. However, we conquered this problem using a poly-saccharide
derivative as the dynamic coating reagent. Unlike on a non-coated channel, the electrophoretic
performance dramatically changed on a coated channel.

1. INTRODUCTION
Sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) is the major protein assay

because proteins denatured with SDS are separated according to their relative molecular mass, which
allows easily identifying unknown proteins. This assay had been applied to quartz [1] and glass [2]
microchip, but not to polymeric microchip. PMMA is an attractive polymeric device because of the
potential for easily fabricated, inexpensive, disposable microchip. Unfortunately, it is relatively
hydrophobic. The hydrophobicity causes adsorption of SDS and SDS-protein complexes to the wall of
the channel, leading to diffusion of the flow of the samples. Therefore, it is well understood that the
surface of PMMA needs to be coated. One approach to coat the surface is the permanent coating
method that is to chemically modify the surface of the channel; however, it is troublesome to prepare.
Another method is the dynamic coating method, which is an easy and popular because it inserts coating
reagents into an electrophoretic buffer. In spite of this simplicity, there is no report about SDS-PAGE on
PMMAmicrochip because appropriate dynamic coating reagents have not been discovered.
2. EXPERIMENTAL

The microchip electrophoretic system was SV1210 (HITACHI High-Technologies, Tokyo, Japan)
equipped with LED detector (ex/em;650/680nm) and high voltage supply. The PMMA microchip
(HITACHI High-Technologies) has the 100µm wide and 30µm deep channel. Sample injection was
observed by an inverted fluorescence microscope (Axiovert 135TV, Carl Zeiss, Jena, Germany).
Before electrophoresis, the coating reagent was endowed with the electrophoretic buffer (containing
sieving media) filled in the channel via syringe. Protein samples labeled with a fluorescent dye, Cy5
(Amersham Biosciences, NJ, USA), were electrokinetically injected to the detection point and then, were
detected using a LIF detection method (Figure 1).

Keywords: PMMA, dynamic coating, poly-saccharide derivative, hydrophobic interaction

PROTEINS SEPARATIONE-BASED
DYNAMIC COATING ON PMMA CE MICROCHIP

FOR SIZ
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Figure 1. (a) Picture of PMMAmicrochip (b) Schematic of injection and separation method. Samples were introduced by
“pinched”injectionmethodanddetectedatthepointwithLEDdetector

3. RESULTSAND DISCUSSION
Electrokinetic sample injection process on a non-coated (Figure 2a) and a coated channel (Figure 2b)

were shown. On a coated channel, the process succeeded, but, completely failed on a non-coated
channel. The change of the electrophoretic performance after dynamic coating was so dramatic that we
investigated the surface properties of a non-coated and a coated channel (Table 1). The contact angle
and the mobility of the reversed direction of the sample flow on a coated channel were about three times
and about eight times lower than those of a non-coated channel respectively. Furthermore, we
monitored the flow in a non-coated channel using an uncharged fluorescent marker and it flew in the
opposite direction of the SDS-protein complexes (Figure 3), but, the flow was not observed on a coated
channel.
From these results, we remarked that on a non-coated channel, SDS and SDS-protein complexes
adsorbed on the surface of the channel via hydrophobic interaction and then, the electric bilayer was
created. The cations at a top of the bilayer flew to the cathode. The flow is called the electroosmotic
flow (EOF) (Figure 4a) [3]. The EOF interfered with the flow of the protein samples. We inhibited
the EOF to avoid the adsorption by using the poly-saccharide derivative as the dynamic coating reagent
(Figure 4b) and the injected samples were separated into three proteins (Figure 4c).

(a)a non-coated channel

(b) a coated channel

Figure 2. Fluorescence images of eletrokinetic injection process on (a) a non-coated
channel and (b) a coated channel. Arrows showed the direction of the flow of samples.
Applied voltages were given in the images.
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monitoring of the flow of EOFon a non coated channel

Figure 3. Fluorescence images of the flow of an uncharged marker. Compared with
figure 2, the direction of arrows was opposite.

Figure 4. Flow profile on (a) a non-coated and (b) a coated channel. (c) Electropherogram using dextran on a coated
channel. Proteins were (1)lysozyme(14.4KDa), (2)trypsin inhibitor(20.5KDa) (3)carbonic anhydrase(29KDa).
Dextran concentration(%) were given in figures.The concentration of each protein was 50ng/µL.

4. CONCLUSIONS
The poly-saccharide derivative used as the dynamic coating reagent suppressed the hydrophobic

interaction between the surface of PMMAand either the SDS or the SDS-protein complexes. Therefore,
the EOF disturbing the migration of protein samples fairly diminished, and the sample injection
interrupted by the EOF succeeded on a coated channel.
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ABSTRACT
This paper presents an experimental and numerical study of the effect of a sub-micron

pillar array, embedded in the separation channel, on DNA kinetics in a free-solution
capillary electrophoresis microsystem. DNA plugs have been observed to migrate with
different velocity depending on the cross-sectional shape of the pillars. This velocity
variation can be partly explained by the electric field re-distribution due to the pillar array.
Numerical simulations have been carried out to verify the effect of the sub-micron pillar
geometry on the electric field distribution, and the computations of DNA plug velocity are
qualitatively consistent with the measurements.

Keywords: DNA kinetics, electrophoresis, free-solution, sub-micron pillars

1. INTRODUCTION
The advancement of microfabrication technology to the nanometer scale has opened a

new era of research and application in biology and medicine. Integration of
sub-micron/nano structures into miniaturized bioanalytical devices is very promising since
many bio-macromolecules, e.g. DNA molecules, share a similar length scale. Artificial
sub-micron sieving microsystems have been designed for the separation of long DNA
molecules [1,2], with promising lab-on-a-chip applications. However, the effect of these
sub-micron/nano structures on the applied electric field and, subsequently, on the motion of
the DNA fragments as well as the overall microsystem performance have yet to be
investigated. Recently, we developed a novel high-throughput technology for realizing large
regions of high aspect-ratio sub-micron pillars in microsystem for DNA kinetics study [3].
To further improve separation performance of such devices, a careful study of the various
sub-micron pillar parameters and their impact on the electric field is necessary. However,
since experimental measurements are difficult and time-consuming, numerical simulations
have been adopted to investigate this problem.

2. DEVICE FABRICATION
The detailed design and fabrication steps of the microsystems are described elsewhere

[3], and a schematic cross-section is illustrated in Figure 1. Employing an in-house
developed recipe, the sub-micron pillar arrays are patterned by a dual exposure step with a
stepper and a contact aligner. The arrays are realized inside a regular microfluidic device
fabricated using a deep reactive ion etcher. After oxidation for electric insulation, the
processed Si wafers are anodically bonded, using previously developed technology [4], to
glass wafers; the glass wafers include Pt driving electrodes and inlet/outlet holes. Finally,
device packaging completes the fabrication process realizing free-solution electrophoresis
microsystems as the example shown in Figure 2.
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Figure 1. A schematic device cross-section
illustrating the major fabrication steps.
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Figure 2. A photo of a packaged device.
Inset: a SEM close-up of the pillar array.

3. EXPERIMENT AND NUMERICAL SIMULATION
Three microsystems having identical overall dimensions but integrated with different

pillar patterns denoted as: Rectangular I, Square and Rectangular II (Figure 5) are used for
electrophoresis experiments with 5X TBE buffer. A mixture of T4 DNA and EcoR I
digested Lambda DNA, labeled with YOYO-1 fluorescence dye, has been separated into
three distinct bands, as shown in Figure 3; this is a demonstration of the capability of the
microsystem to perform free-solution DNA separation.

(a) (c)(b) (d)(a) (c)(b) (d)
Figure 3. A sequence of micrographs showing free-solution separation of T4 and EcoR I
digested Lambda DNA at different times: (a) 18s, (b) 44s, (c) 54s, and (d) 121s, after plug
entry into the square pillar array (3.5-7.4kbp appeared as a single band). Scale bars: 150µm.
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Figure 4. Average DNA-plug velocity in
the pillar region of 3 devices. Conditions:
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Figure 5. Observed T4 DNA motion in 3
devices: (a) stretching & recoiling in
Rectangular I, (b) hooking in Square and (c)
zig-zag in Rectangular II. Scale bars: 50µm.

In addition, pure DNA samples were injected into each microsystem. Interestingly,
significant variations in the velocity of the DNA plugs within the different pillar arrays have
been observed as summarized in Figure 4. Close-up pictures of T4 DNA motion shed some
light on this phenomenon. The molecules are highly stretched inside the array forcing them
to interact with the pillars. The resulting hooking, stretching & recoiling or zig-zag
oscillating motion, depending on the pillar geometry, are documented in Figure 5. However,
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the variation in motion pattern cannot account for the velocity change of the shorter
non-deforming 14-base DNA fragments. Thus, numerical simulations using CFD-ACE+
(ESI-CFD Inc., USA) have been performed to investigate the electric field distribution
around the three different pillar arrays under identical external conditions. Indeed, at steady
state, the electric field distributions outside are very different from those inside the pillar
arrays, as plotted in Figure 6, since the current can only pass in-between the pillars as
demonstrated in Figure 7. Ion species were added in the models to mimic DNA, and the
ion-plug velocity varied among the three pillar arrays. The normalized measured and
computed velocities are compared in Figure 8. The similar trends suggest that the velocity
variation is partly related to the pillar-geometry-dependent electric field re-distribution.
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Figure 6. Simulated electric field distributions along the separation channel, inside and
outside of the pillar array, for devices with various pillar designs.
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4. CONCLUSIONS
Sub-micron pillar arrays in separation channels alter the electric field distribution. Thus,

the pillar structure affects not only the type of DNA motion but also its migration speed.
This effect has to be included in the analysis of DNA separation in such microsystems.
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1Experimental Biophysics & Applied Nanosciences, Bielefeld University, GERMANY and
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ABSTRACT
Microfluidic and lab-on-a-chip devices have gained widespread attendance in separation
sciences since they are characterized by advantageous properties like a gain in throughput,
time, cost, performance and analyte amount. Beyond these advantages, microfluidic devices
open access to completely new separation or particle sorting phenomena far from thermal
equilibrium based on Brownian motion and non linear dynamics induced through
microstructuring. Here, we demonstrate the migration phenomena of absolute negative
mobility (ANM) for colloidal particles in structured microfluidic devices and discuss its
application for separation of particles and biomolecules, such as DNA.

Keywords: structured microchannel, Brownian motion, non equilibrium, separation

1. INTRODUCTION
Novel migration phenomena have been investigated on the basis of thermal fluctuations in
combination with asymmetric periodic potentials usually referred to as molecular
ratchets [1]. Microstructuring allows for the design of ingenious microdevices serving as a
basis for ratchet systems. Such ratchet devices have been employed for the separation of
colloidal particles [2; 3] or biomolecules [4; 5].
Recently, we investigated a new migration phenomenon, which is different from the ratchet
effect. Here, thermal fluctuations in a non-equilibrium environment can be utilized to
generate a rather surprising and paradoxical migration behaviour termed absolute negative
mobility (ANM), namely the average motion of a Brownian particle in the direction
opposite to an applied static force. This phenomenon was originally predicted theoretically
in simplified model systems [6]. We realized it experimentally in a structured microfluidic
device with µm-sized latex particles in solution [7]. Conditions far from equilibrium are
established by applying a symmetric AC electric field, which generates no net motion of the
particles. However, additional application of a not too large static voltage results in a
particle transport in the direction opposite to this static offset. We discuss potential
adaptations of this concept to biomolecules, such as DNA.

2. EXPERIMENTAL
Microstructures were produced by soft lithography with poly(dimethylsiloxane).
Corresponding master wafers were created by lithography of SU-8 photoresist on silicon
wafers according to reference [8]. For ANM studies of colloidal particles, posts had a base
of 3.1x6.1 µm2 and a height of 9 µm and were periodically arranged in the microchannel as
demonstrated in figure 1a. In each row, the gap sizes are alternately 1.7 and 3.1 µm.
Microchannels were treated with Pluronic F108 to avoid adsorption of colloidal particles
and subsequently filled with a suspension of 2 µm sized carboxylated polystyrene particles
(IDC, USA) in 100 mM phosphate buffer (pH=8.2). For DNA dielectrophoresis, obstacle
arrays were incorporated in the microchannels with a base of 3x10 µm2, a period of 25 µm
and a height of 9 µm. Microchannels walls were treated with a poly(oxyethylene) silane to
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prevent DNA adsorption and reduce electroosmotic flow [9]. Lambda-DNA (48.5 kbp) was
dissolved in 10 mM phosphate buffer (pH=8.3), containing fluorescent intercalator YOYO
(1:10 ratio of bp to dye molecule), 2 % -mercaptoethanol, 1 mM NaCl, 1 mM EDTA and
0.1 % POP-6 (Applied Biosystems, USA). The AC-drive was realized with a computer
driven relays circuit and voltage supplies programmed by a labview programm according to
ref. [8]. Microdevices were mounted on an inverted microscope and motion of analytes was
recorded by real-time video fluorescence or bright field microscopy with a CCD-camera.
Velocities were determined by particle tracking with ImageJ software.

3. RESULTS AND DISCUSSION
The polystyrene particles were driven out of equilibrium by a symmetric AC voltage UAC(t).
The migrational response to an additional offset generated by a static voltage UDC was
recorded, where the sign of the applied voltages has been defined in such a way that
positive voltages correspond to positive forces acting on the microbeads, and accordingly
for negative voltages. Figure 2a demonstrates that for not too large UDC, the beads migrate
in the direction opposite to the net acting force, independent of the sign of this force. This is
the distinctive signature of ANM. For higher voltages UDC, the motion in this direction
slows down until a positive response in form of a motion in the “normal” direction, i.e. in
the direction of the static force, is regained. The occurrence of ANM can be traced back to
the presence of “traps” for the microbeads (note that the small gaps are smaller than the
particles) and a diffusive (voltage-dependent) mechanism to avoid such traps.
The experimental data are – within the experimental uncertainty – in excellent agreement
with numerical simulations adapted to the geometry of the microdevice, the actual diffusion
coefficient and free mobility of the beads. Numerical simulations have also revealed that
different bead sizes can exhibit different ANM characteristics, i.e. different maximal
velocities and points of reversal. Beads of different sizes can even be steered into opposite
directions with adequate choice of AC-drive and static offset UDC, as theoretically predicted
(figure 2b) and which could also be experimentally verified (manuscript in preparation).
This result implies that ANM should be applicable for the separation or fractionation of
colloidal particles or biological compounds of comparable size like cells or cell organelles.
ANM, as presented here for µm-sized particles, is a rather slow process limited by the slow
diffusion of these objects. Our future interest is thus to speed up this migration mechanism
with the use of smaller objects such as biomolecules (e.g. DNA or proteins). ANM for such
molecules demands another mechanism of trapping, which is capable of trapping molecules
with diameters in the nm-range. Energetic traps present a possible solution to this problem
which can be realized by dielectrophoresis in obstacle arrays [10]. We have thus subjected

a) b)

20 m 30 m
Figure 1: a) Bright field microscopy image of migrating latex particles (dark dots) in the
structured ANM device with periodical obstacles (bright, rectangular) b) Fluorescence
microscopy image of DNA molecules (bright spots) trapped by positive dielectrophoresis
in a channel with an array of posts in an electric field of 150 V/cm of 100 Hz frequency.
The non fluorescent posts are invisible in this image.
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DNA to an alternating voltage of high frequency and could demonstrate that long DNA
molecules, such as - and T2-DNA exhibit positive dielectrophoresis in an array of
periodically arranged µm-sized posts (figure 1b). The DNA molecules are clearly trapped
and focussed in the region of highest field gradient in between two adjacent posts in a row.

4. CONCLUSION
We could experimentally demonstrate the new migration mechanism of ANM in a tailored
microdevice, and theoretically predicted a size dependent character of this new
phenomenon for colloidal particles. Based on these results we will extend our studies for
the separation or fractionation of biological compounds like cells or cell organelles and will
exploit dielectrophoresis to generate ANM of small biomolecules such as DNA or proteins.
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a) b)

Figure 2: a) Absolute negative mobility in a microfluidic device: Dots: Experimentally
obtained average velocities for 2 µm latex beads in a periodically arranged obstacle
array subjected to a periodically switching voltage with static offset UDC. Solid line:
numerical simulation of particle velocities adapted to the experimental parameters. b)
Numerical simulation of migration velocities as obtained for two different bead sizes.
The beads with 2 µm diameter (dots) show ANM whereas the beads with 3 µm diameter
(open circles) demonstrate ”normal” response behaviour.



SINGLE-MASK TECHNOLOGY FOR ON-CHIP HIGH-
PRESSURE HPLC SYSTEM
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ABSTRACT
We reported the first single-mask technology to fabricate on-chip high-pressure HPLC

(high performance liquid chromatography) system containing liquid inlet/outlet,
separation column, stationary-phase bead filter and LIF (laser-induced-fluorescence)
detection cell. The embedded parylene channel stood inner pressure higher than 1000 psi
without fracture. Photoresist sacrificial layer was not used in this work for column cross-
section definition [1] so column contamination and preparation time were minimized.

Keywords: Parylene, embedded, HPLC, channel

1. INTRODUCTION
Embedded-channel technology was previously used to build MEMS gas

chromatography systems [2]. One major advantage of embedded technology is the very
high pressure capacity of embedded structures. It therefore makes prefect sense to build an
embedded HPLC system. Parylene, a transparent polymer material, was first used in this
work to construct the embedded and seamless fluidic channel. Photoresist sacrificial layer
or parylene/parylene bonding were not required here for channel cross-section definition.
The result is a simpler, cleaner and more robust fluidic channel or HPLC system can be
fabricated using our technology.

2. EXPERIMENTAL
Figure 1 shows the fabricated single-mask HPLC chip. Fabrication process started with

growing 0.5 µm oxide on both sides of silicon wafer. Front side oxide was patterned with
buffered HF to define liquid inlet/outlet, bead filter, separation column and LIF detection
cell patterns. XeF2, an isotropic gas phase silicon etching, was used to etch down and
undercut silicon through oxide openings. A 15 µm parylene-C layer was then conformally
deposited on wafer front side through a room-temperature CVD process to form fluidic
channel wall. Due to the predetermined oxide opening size differences, column/filter

(a) (b)

2 mm

Parylene

Channel

Silicon
20 µm

(c)

Figure 1: (a) Fabricated single-mask HPLC chip, (b) thin-film (skin) HPLC device by peeling
parylene membrane from (a), (c) cross-section of embedded parylene channel.
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Figure 2: 15µm parylene coating process. (a)(b) Figure 3: XeF2 etching efficiency study. 18 loops
filter/column section, (c)(d) liquid inlet/outlet. of XeF2 etching were used on a single wafer.

Bead filter

LIF detector

200 µm 50 µm

Figure 4: SEM picture of LIF detector channel Figure 5: 5µm fluorescent beads were packed into
profile. Parylene/oxide layer was removed. an embedded parylene column by slurry-packing.

sections were sealed from the top by parylene deposition but liquid inlet/outlet remained
open as shown in Figure 2. Bead-filter structure was formed by two mechanisms. First,
due to mass transport limitation of XeF2, silicon etching rate is a function of oxide opening
size (Figure 3). Therefore, smaller oxide opening around the filter section, compared with
column section, resulted in a smaller XeF2-etched channel cross-section. Second, after
oxide opening around the filter section was sealed by parylene deposition, filter cross-
section continued to shrink due to parylene coating to its inner surface through
neighboring oxide opening of the column section (Figure 2).

LIF detection was chosen as the chromatography sensing mechanism in this work for its
easiness of incorporation, broad analyte species coverage and high sensitivity compared
with UV absorption detection. The on-chip LIF detection cell was composed of closely-
meandering fluidic channel matrix for convenient optical alignment (Figure 4). The
recessed channel profile effectively enhances the LIF detection signal/noise ratio.

3. RESULTS AND DISCUSSION
With the optimized filter structure, 5 µm stationary-phase beads were successfully

packed into the separation column via conventional slurry-packing technique (Figure 5).
Pressure capacity of the fabricated device was further studied. Testing results showed that
the embedded parylene channel stood at least 1000 psi without fracture (Figure 6) which is
crucial for on-chip chromatography application and has not been achieved by non-
embedded MEMS HPLC technology [1]. Stress distribution in the parylene column wall
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P = 1015 psi

Oxide ripple

Figure 6: Embedded parylene channel loaded with 1015 psi inner pressure without fracture.

5.79 MPa 8.79 MPa

(a) (b)Embedded channel Freestanding channel

Figure 7: Parylene column stress analysis under 100 psi Figure 8: System packaging for chro-
inner pressure loading. Values are maximum stresses. matography and LIF detection.

under inner pressure loading was analyzed by FEMLAB simulation which showed the
embedded-channel boundary condition reduced the maximum stress by 34 % compared
with a freestanding channel boundary condition (Figure 7). Finally, Figure 8 shows the
system packaging for chromatography tasks.

4. CONCLUSION
The proposed single-mask technology for on-chip HPLC system is extremely simple,

robust, low-cost and compatible with other MEMS/CMOS fabrication process. This
technology is further employed to fabricate on-chip fluidic spray nozzles [3] for LC-ESI
and LC-MALDI applications.
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TUNABLE PINCHED FLOW FRACTIONATION FOR
EFFECTIVE PARTICLE SEPARATION IN

MICROFLUIDIC DEVICES
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ABSTRACT
We propose here a novel microfluidic system for continuous particle separation, named

‘tunable pinched flow fractionation (PFF)’, in which the separation scheme of PFF was
improved. A membrane microvalve was fabricated in one of multi-branch channels to
control flow rate distributions, which enabled accurate and effective particle separation.
Using this method, particle separation and collection were successfully performed, even
when the particle size or the difference in particle sizes was small. This method can be
applied to the collection of desired-size particles from a complex mixture, such as selection
of rare cells and accurate particle classification for industrial production.

Key words: particle separation, pinched flow fractionation, membrane valve,
flow control

1. INTRODUCTION
In our previous study, a concept of PFF has been proposed and demonstrated for

continuous particle separation in microfluidic devices1, 2. Using a microchannel having a
pinched segment and multiple branch channels, particle separation and collection could be
performed without the help of outer field control. However, the effluent branch channel of
particles was determined by the particle size and microchannel geometry, which was
inconvenient when applied to the collection of required particles. So in this study, we
propose ‘tunable PFF’, to improve the efficiency of PFF, and apply this method to the
collection of required particles by adjusting flow rate distributions into each branch channel.

2. PRINCIPLE
The principle of tunable PFF is shown in Figure 1. Particles are introduced into a

microchannel, and aligned to one sidewall in the pinched segment. When the microvalve is
not actuated, the difference in effluent positions of both large and small particles is small.
However, the effluent branch channel of large particles can be shifted to the Outlet 2 by
actuating the microvalve and decreasing the flow rate into Outlet 1, while that of small
particles was not changed. Consequently, this flow rate tuning enables collection of
required particles.

3. EXPERIMENTAL
PDMS microdevices were fabricated using usual soft lithographic methods (Figure 2).

The separation channel was equipped with two inlets and five outlets. The width of the
pinched segment was 7 m, and that of the branch channels was 100 m. The microvalve
was composed of a PDMS membrane and a pressure-controlling channel. A mixture of
fluorescent polystyrene beads, whose diameters were 1.0 or 2.1 m, was used for model
particles. Two solutions with and without particles were continuously introduced into the
microchannel using syringe pumps. The microvalve was actuated by applying pneumatic
pressure using a pressure-controlling device.
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Pinched segment Pinched segmentOutlet 1

Inlet 1
Liquid with
particles

Inlet 2
Liquid without
particles

Branch
channels

Outlet 2

Valve

Outlet 3 (a) Valve is open. (b) Valve is half-open.

Figure 1. Principle of tunable pinched flow fractionation. (a) When the valve is open, flow
rate into Outlet 1 is relatively high, and both small and large particles go through Outlet 1,
but (b) when the valve is half-open, the flow rate into Outlet 1 is decreased, and large
particles go through Outlet 2.

Separation channel

Pressure-controlling port

Pinched segment

Membrane microvalve

PDMS membrane

Pressure-controlling channel
Inlet 1, 2

Outlet 1, 2, 3, 4, 5

Pressure-controlling
channel 10 mm 500 m

Figure 2. Schematic diagram of the fabricated microdevice. This device consisted of two
PDMS plates and a PDMS membrane. The depth of the separation channel was 15 m,
and that of the pressure-controlling channel was 50 m. The thickness of the membrane
was 100 m.
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)4. RESULTS AND DISCUSSION

First, we measured the flow rate
distributions using 0.5 m particles as
tracers. Liquid with 0.5 m particles was
introduced from two inlets, and flow rate
distributions were measured by counting the
number of the particles. As can be seen in
Figure 3, the flow rate was accurately
controlled by actuating the microvalve.

20
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0
0 20 40 60 80 100

Applied pressure (kPa)
Next, we tested whether particles with

different sizes could be separated (Figure 4).
When pressure was not applied to the

Figure 3. Relationship between applied
pressure to the membrane microvalve
and the flow rate to the Outlet 1.
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microvalve, both large and small particles went through Outlet 1. However, by applying
pressure (70 kPa), the effluent branch channel of 2.1 m particles shifted to Outlet 2, while
that of 1.0 m particles was not changed. In addition, particles with various sizes were
successfully collected at the same time by actuating multiple valves.

Outlet 2Outlet 1 Outlet 2 Outlet 1

Outlet 3 Outlet 3

Outlet 5 Outlet 4
(a)

Outlet 4 Outlet 5 100 m
(b)

Figure 4. Photographs of particle separation. Flow rates for Inlet 1 and Inlet 2 were 2
L/h and 50 L/h, respectively. (a) When the microvalve was open, both large (2.1 m in

diameter) and small particles (1.0 m in diameter) went through Outlet 1. (b) When 70 kPa
was applied to the microvalve, and the microvalve was half-open, the large particles went
through Outlet 2, while the small particles went through Outlet 1.

5. CONCLUSIONS
A new method, tunable PFF, has been developed, and the collection of desired-size

particles was successfully demonstrated by adjusting flow rate distributions. It is expected
that this method can be applied to various kinds of small particles.
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ULTRASONIC CHROMATOGRAPHY IN SILICON-
BASED MICROFLUIDIC SYSTEM
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Abstract: A new PZT driven silicon bulk micromachined microfluidic actuator that couples
bulk silicon motion to silicon nitride membrane is presented. Flexural and bulk modes on
the nitride membrane and the silicon body form frequency selected standing waves
producing two dimensional arrays of traps. By changing the frequency, particles of different
sizes can be brought together or separated under low voltage drive. Chromatography in a
micro-platform with a separation of 500 m between 3 m and 10 m beads was achieved.

Keywords: Chromatography, ultrasonic, microfluidics, silicon

I. INTRODUCTION
For many bioassays, it is necessary to separate an incoming sample into its components,

which can be antibody-coated-beads or cells. By separating the components by size in 2-
dimensions, optical detection can be used to implement assays. We have previously used
commercial glass capillaries to demonstrate acoustic chromatography in microscopic levels
[1,2]. In contrast in this paper, the radiation forces are used to manipulate particles in two
dimensions on a planar surface, a major advance for practical devices. The new device
process brings the advantage of silicon fabrication techniques which enable addition of
more features like, optically thin silicon nitride layers for optical viewing, poly-resistors for
temperature control of the fluid enclosed by the channel and stress-strain sensing
mechanism for the characterization of the wave propagation within the bulk silicon walls
(Figure 1).

Device consists of two layers of bulk micromachined silicon layers bonded together
forming the body of the actuator and a laser-cut PZT (Lead-Zirconate-Titanate-Oxide) plate

Heating
resistor

Nitride window
on top of the

channel

Polyresistors
forming

Wheatstone bridge
for stress-strain

sensing

Silicon,
Silicon-nitride

Water inlet
Pads for electrical

connection

Cross section
of the channel

Figure 1. Fabricated actuator, fluid inlets outlets, nitride windows are shown, picture on
the right shows the light-microscope image of poly-silicon resistors for heating and the
Wheatstone bridge to sense the stress and strain on the silicon due to the PZT actuation
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as the source of bulk ultrasonic actuation.
The silicon bulk-micromachined microfluidic ultrasonic actuator allows two

dimensional ultrasonic standing waves on an optically transparent silicon nitride membrane.
The frequency selective standing waves can control the radiation pattern to hold and
separate particles of different sizes, forming traps similar to a two-dimensional array of
optical tweezers. By changing the drive frequency, particles can be brought together for
reactions, and can be brought apart for interrogation. This device enables focusing and/or
separation of microparticles of different sizes under low voltage drive (0.5-20 Vpp) which
may lead to portable, battery operated diagnostic devices. Silicon-nitride layers on top and
the bottom of the channel enables optical and UV-fluorescence imaging while coupling the
vibrational motion into fluid. Complete electrical isolation of the fluid inside the channel,
no specific pH or ionic solution requirement, and easy integration with other microfluidic
devices are the main advantages of the device.

II. FABRICATION
2 m thick low stress silicon-nitride and 0.8 m thick poly-silicon layers were

deposited by LPCVD on the silicon wafer consecutively (Figure, 1a). After the top poly
layer has been doped via ion implantation and patterned by reactive ion etching (RIE),
oxide layer of 360 nm has been grown on it thermally (b). Before the aluminum sputtering
(c), oxide layer is patterned for the contact holes. Later, the top and the bottom nitride
layers are patterned via RIE for the anisotropic bulk etching of the silicon in tetra-methyl
ammonium hydroxide (TMAH) solution without attacking the aluminum (d). After etching,
two symmetric devices bonded together with epoxy middle space forming the channel (e).
Grommets for the fluid transfer, and the PZT plate to actuate the silicon body are
adhesively bonded (Figure 1 and Figure 3a).

d

c

b

a e

Silicon Nitride Poly Oxide Aluminum
Figure 2. Fabrication steps of the actuator. (Steps explained in the paragraph on top of the figure)

III. EXPERIMENTS and RESULTS
Separation and manipulation processes take place between 50 kHz to 2 MHz drive

frequency. Interferometric Doppler scan (using a PolyTecTM vibrometer) of the sample
surface during actuation (Figure 3,b) confirms that flexural waves on the silicon-nitride
membrane is the main source of vibration coupled to the fluid and particles. At 1.6 Mhz the
wavelength for the membrane standing waves is around 100 m, which is different than the
standing wave wavelength (1.23 mm) on the silicon frame. In Figure 3, the interferometric
scan is shown and the different wavelengths and amplitudes of flexural waves on the body
and the nitride membrane can be seen. The nodes and antinodes of this field, tunable by
frequency, result in particle separation (Figure 4).
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Particle separation can be monitored with an inverted or upright epi-fluorescent
microscope (Zeiss-AxioPlanII) (Figure 4-6). Photograph of focused 3 micron polystyrene
beads at 609 kHz having the cluster size of tens of microns was taken under regular light
(Figure 5). Figure 6 shows fluorescent image of the collection of 3 micron red and 10
micron green beads at different locations. At 1.49 MHz, a frequency for which a bulk-liquid
mode is excited, separation of particles occurs in the bulk.

Figure 3. a) (Top left) PZT and the silicone
tubing attached, device ready to run.
b) (Top right). Interferometric scan of the

dashed area in Figure 3, a.

8
m

m

PZT

400 m

Figure 5. (top) 3 m beads collected at 609 kHzFigure 6. Separation of 3 m red and
10 m green
polystyrene
beads under
ultrasonic
actuation at
1.49 MHZ. Beads were mixed before actuation and by frequency hopping clusters of beads can be

separated up to several hundreds of microns.

Cluster of 3 m red beads Cluster of 10 m green beads200 m

100 m

Figure 4. (Top) Fluorescent image separation of
3 m red and 10 m green polystyrene beads
under ultrasonic actuation at 1.6 MHZ. (red
clusters flagged)

IV. CONCLUSION and FUTURE WORK
In this paper a new low voltage silicon/PZT microfluidic actuator enabling particle

collection and separation with optical observation capability is presented. This actuator has
CMOS compatible drive voltages and could be integrated with CMOS control circuitry.
Work on capturing cells and studying cell growth at elevated temperatures using the
integrated heaters and stress sensors for the resonance feedback in our device is underway.
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ABSTRACT
A new microdevice and its related equipment were specifically designed for the jet-

based deposition of single cells. The microdispenser is a cell-specific printhead that
integrates microfluidic inlets and channels for the injection and transport of a cell
suspension, on-chip microelectrodes for the flow-through impedance-based detection of
individual cells, and a miniaturized solenoid valve. Hydraulic pressure pulses driven by the
microvalve push the cells towards an orifice to achieve ejections of nanoliter-sized
droplets. The goal is to spot a well-controlled number of cells and to use them as
microarray for high-throughput cell analysis.

Keywords: Cell printing, microdispenser, high-throughput screening, microdroplet

1. INTRODUCTION
The question of accurately positioning cells onto substrates is currently carried out by

means of microwells, chemical surface patterning, dielectrophoresis or aspiration through
microholes, although these techniques require specifically manufactured substrates to
operate. Jet-based printing technology applied to cell dispensing could represent a more
flexible approach for producing various cell patterns on a wide range of samples and
applications.

The cell microdispenser presents several advantages compared to previous work
performed with commercial non-contact spotters [1] and ink-jet printers [2,3]. Commercial
equipments suffer from a lack of spot-to-spot reproducibility in the local amount of cells,
absence of single-cell resolution, frequent clogging of the fluidic supplying system by cells
and a volume disproportion of the spotted droplet relative to the cell dimension. To
overcome these limitations, microelectrodes were assembled in our dispensing microdevice
in order to individually detect and count cells before the ejection with real-time electronic
processing. Moreover, permanent movement of cells inside the microdispenser prevents
cellular adhesion on the inner walls of the printhead.

2. PRINCIPLE OF MICRODISPENSING
Figure 1 shows the microdispenser and the target substrate. The dispenser is composed

of a microfluidic part for transporting the cell suspension and ejecting droplets containing
cells, and an electronic part for signal processing. Cells enter into a microfluidic channel
where they are flowing, and are individually detected in the close vicinity of the nozzle via
differential impedance spectroscopy [4]. A miniature solenoid valve (The Lee Company,
Westbrook, USA) is assembled onto the microfluidic chip in front of the orifice. When a
cell is detected, the microvalve is opened in order to create a hydraulic pressure pulse that
allows pushing the cell towards the orifice and forming a microdroplet containing the
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detected cell. The sub-elements of the microfluidic chip are shown in Figure 2: the cell
flowing in the microchannel (a) encounters the microelectrodes (b) about 50 µm before the
nozzle channel, is then deviated by a pressure pulse due to the microvalve opening (c) and
is finally ejected through the orifice (d).

Figure 1. Photograph of the microdispenser, composed of a microfluidic chip inserted in a plastic
holder, a printed circuit board for electronic connection, a supply of cell suspension and a solenoid
valve (backside of the microdispenser).

Figure 2. Close-up of the microfluidic chip with the main elements: (a) microchannel,
(b) microelectrodes, (c) location of the solenoid microvalve, (d) orifice.

3. EXPERIMENTAL RESULTS AND DISCUSSION
The cells are suspended in Phosphate Buffered Saline (PBS). Pressure-driven flow of the

cell suspension in the microchannel is performed by a pressure regulator in the cell
injection inlet and by a vacuum pumping in the opposite outlet. The electrovalve is also
supplied with PBS to avoid dilution during ejection. In theory, different liquids could be
considered for supplying the microchannel and the electrovalve in order to achieve
simultaneously cell deposition and mixing with chemical reagents. The electrovalve flow
is driven by a pressure regulator. When the valve is at rest, flowing-out of the liquid
through the orifice may appear, but this can be regulated by modulating the vacuum pump.

Addition of nanoliter-sized droplets on every sites of the target substrate results in a cell-
containing droplet microarray (Figure 3). The relation of the droplet volume made through
a 20 x 50 µm2 orifice to the pressure pulse characteristics is shown in Figure 4. A delivery
of <4-nl droplets is achieved by triggering the ejection with short valve opening durations
and hydraulic pressure of ~1 bar.

(a)

(b)
(c)

(d)

Microfluidic chip

Electronic
connector

Target
substrate

Injection of
cell suspension
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The resulting automation of jet-based cell dispensing may be significant for
manufacturing complex substrates with a high spatial resolution, reproducibility and wide
pattern architecture. Relevant fields of application include basic cell biology research, cell
culture microarrays, cell-based biosensors, cell-based diagnostics and tissue engineering.
The production of cell culture droplets containing a precise number of cells is particularly
interesting to facilitate toxicological studies, a field for which controlling the amount of
patterned cells is fundamental [5].
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Figure 3. Sideview of the microdispenser
and of the target substrate. Series of 190
nL spots are made by dispensing 50
droplets of 3.8 nL.

Figure 4. Volume of the spotted droplet (in nL)
vs. pressure applied on the microvalve (in bar),
for three valve opening durations.
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CONTINUOUS FLOW DIFFUSIVE FILTER FOR APHERESIS OF
WHOLE BLOOD

P. Sethu and M. Toner
Massachusetts General Hospital, Harvard Medical School and Shriners Hospital for Children.

ABSTRACT
Apheresis is the fractionation of blood into its components. Following fractionation the desired

component is isolated and the remaining blood can be returned to the donor. In this manuscript we the
discuss design, fabrication and testing of a continuous flow diffusive filter fabricated using soft
lithographic techniques for blood fractionation. This device employs micro sieves that exploit the size
and shape difference between the different cell types to obtain separation of erythrocytes (red blood
cells) from whole blood as opposed to the more time consuming centrifugation or fiber mesh
filtration in conventional apheresis. Simple modifications to the dimensions of the filter or the length
of the device can be used to obtain isolation of platelet rich plasma or leukocytes.

Keywords: Microfluidics, Apheresis, Leukapheresis, Plasmapheresis

1. INTRODUCTION
Whole blood contains erythrocytes, leukocytes (white blood cells), and thrombocytes (platelets) all

suspended in plasma. Each component is responsible for different functions; erythrocytes are
responsible for oxygen transport, leukocytes perform the immune functions, platelets are responsible
for clotting and plasma is the medium which transports various cells and molecules throughout the
body. Several therapeutic applications require isolation of a particular component. Leukapheresis [1]
or leukocyte depletion is typically performed to decrease a very high white blood cell count in
individuals with leukaemia or to remove white blood cells for transfusion. Studies have repeatedly
shown that leukocyte contamination during blood transfusion may result in adverse effects like febrile
transfusion reactions, graft versus host disease, transmission of infectious agents like viruses
(cytomegalovirus (CMV), herpes virus, T-cell leukaemia/lymphoma virus), bacteria, toxoplasma
gondii and prions, platelet refractoriness and transfusion related immunomodulation [2]. The current
trend is to ensure that blood used for transfusion is leukodepleted.We report the fabrication of a
diffusive filter for size based separation of erythrocytes from whole blood (leukapheresis). This
device exploits the size and shape difference between erythrocytes and leukocytes to obtain isolation
of erythrocytes. The sieves were designed to allow the passage of the biconcave erythrocytes while
providing a barrier to the larger spherical leukocytes. To prevent clogging of the sieves the sieves
were arranged on the sides of the channels connecting the channel to a diffuser. In order to provide
uniform conditions at different locations on the sieve the shape of the diffuser was modified resulting
in a flared geometry. This device is a passive device and does not require any external manipulation.
Simple modifications to the sieve size and geometry can be made to isolate plasma.

2. THEORY
The goal was to accomplish continuous fractionation of erythrocytes from whole blood. Whole

blood is introduced into the device and the outlets fractions contain either leukocyte depleted or
leukocyte enriched fractions. There are two primary design objectives. The first objective is to
fabricate a sieve with filter elements designed to allow passage of erythrocytes oriented parallel to the
floor of the main channel without any obstruction while providing a barrier to the larger spherical
leukocytes. The second objective is to ensure an equal pressure gradient across each and every filter
element for optimal device function. The device can be represented as a series of independent
elements arranged in a network. Each element is associated with a fluidic resistance. The network can
be further simplified into discrete repetitive modules as shown in figure 2b. Each module represents
the portion of the device between filter elements m and m+1 (where m = 1 to n-1, and n is the total
number of filter elements). The module consists of the section of the main channel and the diffuser on
either side connected by the filter elements m and m+1. Since the device is axially symmetrical the
module can be further reduced to the closed loop shown in figure 2b. In order to ensure uniform
function of the filter elements we fix the flow through each filter element to be a constant ‘Y’. If ‘X’
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defines the output flow through the outlet of the main channel (outlet 2) then the filter elements to
main channel output ratio can be defined by a dimensionless number ‘ ’. Solving for the condition
that the flow through each and every filter element is ‘Y’, we can then obtain an approximation for
the width of the diffuser element wdiffuser for each module using the equation shown below. This
breaks down the diffuser into a series of rectangular blocks with increasing widths.

)(
.

mn
wmw channelmain

diffuser

3. EXPERIMENTAL
A schematic of the designed device is illustrated in figure 1. Whole blood enters the device at

the inlet and flows through the main channel. The dimensions of the main channel are 50µm X
200µm X 2cm. this channel is connected to a diffuser on both sides through sieves with filter
elements as shown in figure 1 (insert) and figure 2. The dimensions of each filter element are 40µm
wide X 2.5µm high, and each device has a total of 500 filter elements. The flow is controlled by
syringe pumps.

4. RESULTS AND DISCUSSION
In the experiments performed, 0.5 ml of whole blood was introduced into the device at different

flow rates and after transit through the device the samples were collected at the 3 outlets. Sample
from outlets 1 and 3 contain the fraction of sample that passed through the sieve structure into the
diffuser whereas the sample from outlet 2 contains the fraction of sample that transited through the
main channel alone. The sample from outlets 1 and 3 were combined and compared to the sample
from outlet 2. The experiments were performed at sample inlet slow rates of 5, 7 and 12 µl/min. The
samples were collected and cell counts were performed on each sample. Figure 4 shows the
erythrocyte and leukocyte counts obtained the sample collected from each of the outlets for the three
different flow rates.

5. CONCLUSIONS
We have developed a microfluidic device for continuous fractionation of blood into its

components. This device has the capability to interface directly with the donor and provide
continuous fractionation while returning the remaining components into circulation. The device was
designed to perform leukapheresis for blood transfusion. Results show that a leukocyte depleted
blood with quality comparable to commercially available devices or techniques can be achieved with
this device. Simple modifications can be made to the sieve dimensions to allow fractionation of
plasma for plasmapheresis.
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Figure 1: Device Design: Diffusive filter for size based continuous flow fractionation of erythrocytes
from whole blood. Insert shows the 2.5 µm X 40 µm sieve structure and the arrangement connecting
the main channel to the diffuser.

Figure 2: (a) Erythrocyte fractionation results: The graph shows the erythrocyte fractionation
results. Results show that 50% of the erythrocytes flowing through the device can be fractionated and
this fraction contains < 3% of the total leukocytes in that same volume. (b) Device Modelling:
Microfluidic circuit represented as a network of resistors with each resistor representing the resistance
to fluid flow. X and nY are outputs at the outlets and X+2nY is the volume of sample through the inlet
This network can be divided into repetitive modules with each module containing a part of the
channel, diffuser and two sets of filter elements. Each module can be further reduced to a closed loop
where Pc, Pd, Pm and Pm+1 are the pressure gradients across the section of the channel, diffuser
and filter elements m and m+1.



CULTURING EMBRYOS ON ENDOMETRIUM TISSUE
PREFORMED IN A MICROFLUIDIC DEVICE:

A NEW TOOL FOR ART
(ASSISTED REPRODUCTIVE TECHNOLOGY)
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ABSTRACT
This paper presents a new attempt to develop a microfluidic device for in vitro

development of embryos as a tool for ART (Assisted Reproductive Technology). In this
device, embryos can be cultured on endometrium tissue preformed on a membrane
embedded in the device mimicking in vivo like environment. The device shows
significantly better performance than the conventional in vitro embryo culture techniques.

Keywords: embryo, ART, co-culture, PDMS

1. INTRODUCTION
ART has been rapidly developed in recent years. However, tools for embryology have

not changed so much for decades and embryo culture is still performed in the conventional
formats such as in dishes or culture inserts, etc. except for the cultures in microdroplets
covered with oil. Microfluidics, as one of its particular features, enables us to realize small-
scale physical environments similar to in vivo. Some new approaches to embryo culture
based on microfluidics have already been presented so far where potential benefits of
microenvironments are discussed [1-4]. In this paper, we present a new microfluidic device
to support in vitro development of artificially fertilized embryos before they’re transplanted
back to uterus. By performing endometrium tissue in the device, we can create not only
physically but also physiologically similar environment to in vivo. The basic concept and
the design of the device for ART, and the results of the experiments using mouse embryos
will be described in detail.

2. THE DEVICE FOR ART
Figure 2 shows the design of the device. The basic concept is to culture embryos on

endometrium tissue formed in the device to mimick the physiological conditions of the
embryos close to in vivo situation. A membrane is inserted in the middle of the culture
chamber contained in the device to make two isolated compartments where we can perfuse
culture media independently of each other. Before we inoculate the embryos in the device,
endometrial cells are cultured on the membrane while perfusing culture media in the lower
compartment of the chamber to induce the polarization of the endometrium tissue formed
on the membrane. By this operation, we can also keep higher concentration of the factors
secreted from the endometrial cells, which are favorable to the embryos. In the upper
compartment of the chamber, a cage for the embryos is located, which allows the free
circulation of the culture medium through 50 µm wide gaps but keeps the embryos inside.
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A polyester guide with a cap was fixed on the device and used as a guide for the cannula
allowing easy inoculation and harvesting of the embryos (Fig.2).

Figure 1 Design of the device for ART.

Figure 2 Photo of the present device (Size is 50mm x 50mm x 10mm).

3. EMBRYO CULTURE EXPERIMENT
The device was fixed in the loop of a perfusion circuit composed of a culture medium

tank, a peristaltic pump, a bubble trap and a magnetic stirrer. Embryos located in the cage
were co-cultured with the endometrium tissue on the upper side of the membrane, while
perfusion was again made below the membrane. On the 4th day of the culture, a comparison
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of embryo cleavage rates between the present device and microdroplets culture (control)
was performed (Fig.3). The embryo developmental rate to advanced stages was
significantly higher in the case of the present microfluidic device than in the control
microdroplet cultures (Fig.4).

Figure 3 Mouse embryos development state.
A) Expanding Blastcyst B) Hatching Blastocyst, and C) Hatched Blastcyst

4. CONCLUSION
The present result already shows the promising performance of the device as a tool for

ART and we can potentially improve the rate of successful reproduction by harvesting and
transplanting the embryos to the uterus. The device could also be used as a versatile co-
culture system, for example, for ES (embryonic stem) cells co-culture with their feeder cells.
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STUDY OF BREAST CANCER USING WHOLE CELL
IMPEDANCE SPECTROSCOPY

Arum Han1, Luis J. Cruz-Rivera1, Lily Yang2, and A. Bruno Frazier1
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ABSTRACT
Human breast cancer cell lines from different pathological stages were distinguished

using a microfabricated electrical impedance spectroscopy system (µEIS). The
measurements were used to compare the dielectric properties of the various breast cancer
cell lines to that of a normal breast tissue cell line. Cancer cell lines from different
pathological stages could be distinguished from each others and also from normal cell line.

Keywords: Breast cancer, cancer diagnosis, impedance spectroscopy, cell analysis

1. INTRODUCTION
The current diagnosis of breast cancer is achieved from a combination of radiological,

surgical and pathological assessment of tissue samples requiring an evaluation of tissue
under a microscope for diagnosis and prognosis result generation. The whole process is
typically invasive and time consuming, and the risk of a false positive result is still in the
range of 20-50 % [1]. Recently, studies have been conducted to show that cancers begin
shedding neoplastic cells into the circulation even at an early stage. It has also been shown
that the level of circulating tumor cells can predict the prognosis of the disease [2]. The
detection of circulating cancer cells constitutes an important aspect in staging, predicting
prognosis, and designing therapy for breast cancer patients. Current approaches for cancer
cell detection in blood and/or bone marrow include immunocytochemistry, flow cytometry,
reverse transcriptase polymerase chain reaction (PCR), fluorescent detection using
antibody-coated magnetic beads, and DNA microarray analysis for tumor markers that are
expressed in breast cancer cells. Most of the current cancer cell detection methods used
requires the target cells to be modified such as tagging with fluorescent dyes. Tools that
can measure not only the level of circulating tumor cells but also detect at what stage the
tumor cells are could be a powerful diagnosis tool. To enable such tools, methods to
perform in-depth characterization at a single cell level have to be developed.

Impedance measurements on cell suspensions has demanded large interest and a
variety of single particle measurement methods that exploit different force effects have
been developed over the last two decades [3]. Characterization of individual cells by µEIS
has many experimental and simulation advantages over the tissue sampling or cell
suspension techniques. Contrary to other methods where population of cells is used, the
single-cell approach does not require a uniform population of cells and greatly simplifies
the theoretical models needed. Additionally, µEIS provides a method for quantifying the
physiological state of whole cells based on the membrane and cytosolic characteristics.
This quantification allows for detection of abnormal cells as well as classification of normal
cell types.

2. DESIGN AND EXPERIMENTAL
The µEIS is composed of two parts. The first part was fabricated in a 3-inch diameter

silicon wafer. This silicon part contained arrays of analysis sites each composed of an
analysis cavity, a via for cell capturing, and integrated electrodes for EIS. The second part
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was fabricated in polymers and
contained fluidic channels and fluidic
interfaces. These two parts were
assembled together and connected to
fluidic tubing and electric wires.
Figure 1 shows the conceptual
illustration of the system. Detailed
fabrication steps can be found in a
previous publication [4]. Figure 2
shows the fabricated system.

Cells were loaded into the system
either by directly dropping a cell
suspension on top of the analysis site
using a pipette or by delivering cells
toward the analysis site through a
PDMS microchannel positioned on
the topside of the system. Once a
cell was close to an analysis site,
suction was applied through the via
using the backside fluidic channel
and a single cell was trapped inside
the analysis cavity. The two
opposing electrodes inside the
analysis cavity were in direct contact
with the trapped cells and were used
to measure the impedances of the
trapped target cell.

Normal human breast tissue cell
line MCF-10A, early stage breast
cancer cell line MCF-7, invasive
human breast cancer cell line MDA-
MB-231, and metastasized human
breast cancer cell line MDA-MB-435
were used for this study. These cell
lines were maintained in accordance
with the American Type Culture Collection (ATCC) guidelines.

3. RESULTS AND DISCUSSION
The impedance between the two opposing electrodes was measured to obtain the

impedance spectrums of the trapped cells over a frequency range of 100 Hz to 3.0 MHz.
Figure 3 shows the measured impedances in magnitude and phase. In both magnitude and
phase, significant differences could be observed between the normal cell line MCF-10A
and the cancer cell lines. Also, when comparing cancer cell lines from different
pathological stages, impedances in both magnitude and phase could be easily distinguished.
The magnitude decreased in the order of MCF-10A, MCF-7, MDA-MB-231, and MDA-
MB-435 and the phase increased in the same order. The changes in the impedance reflect
the changes in the cell membrane characteristics such as membrane thickness and ionic
permeability of the membrane.

Vacuum viaAnalysis Cavity

Electrodes

Vacuum viaAnalysis Cavity

Electrodes

Vacuum viaAnalysis Cavity

Electrodes

Figure 2. Fabricated system showing enlarged
view of an analysis site and a via.

Figure 1. Illustration of the micro electrical
impedance spectroscopy ( EIS) system.
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Figure 4.15 Impedance measurements of MCF-10A, MCF-7, MDA-MB-231, and
MDA-MB-435 over a frequency range of 100 Hz to 3.0 MHz.
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4. CONCLUSIONS
This result shows that the developed µEIS can be used not only to distinguish cancer

cell lines from normal cell line, but also to distinguish cancer cell lines from different
pathological stages. It is expected that this system can be used for detecting cancer cells for
diagnosis purpose. The capability to determine at what pathological stage the cancer cells
are could reduce the time and cost associated with advanced cancer diagnosis.
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ELECTRICAL ASSISTED PATTERING OF CARDIAC
MYOCYTES USING MICROFLUIDIC DEVICE AS A

PLATFORM FOR CARDIOVASCULAR
ELECTRICAL STIMULATION STUDY

Mo Yang and Xin Zhang
Laboratory for Microsystems Technology, Department of Manufacturing Engineering

Boston University, Boston, MA 02215, USA

ABSTRACT
In this paper, we report a novel method using DEP microfluidic chip to separate viable

and nonviable cells, thereby forming confluent monolayers with controlled macroscopic
alignment, which may be a key for realistic functional cardiac tissue structures.

Keywords: Cardiac myocytes, Dielectrophoresis, Electrical assisted patterning

1. INTRODUCTION
Dielectrophoresis (DEP) is particularly useful in the manipulation and separation of

microorganisms such as yeast cells [1, 2]. However, few efforts have been spent on cardiac
myocytes manipulation and patterning using DEP. Conventional monolayers of cardiac
cells contains cells that are randomly oriented. Since the live cardiac myocytes are rod-
shaped, there is a specific orientation for patterning live cardiac myocytes under the
dielectrophoresis, and we hereafter call it anisotropy. Here, we present a novel approach is
to use AC electrical field to align the cardiac myocytes along the electric field direction,
which could be well controlled in our system by the designed spatial feature of the
microelectrode.
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Figure 1 Schematic plot of the experimental setup and the top view of fabricated gold
microelectrodes.

2. EXPERIMENTAL SETUP
Gold-coated substrates were autoclaved for 1 hour followed by 1-min ethanol washing

to kill infectious agents and denature proteins that would cause the organic contamination
(Figure 1). Then the array was coated with laminin for 1 hour to increase the adhesion of
cells to the microelectrode. In the experiment, the isolated cardiac myocyte media was
injected into the customer made chamber sealed with the microelectrodes slide, which was
mounted on an inverted microscope (400 ). The chamber media temperature was controlled
by a J-type thermal couple attached to the temperature controller to keep 37 C. The carbon

(a) (b)

(c)
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dioxide concentration inside the chamber is maintained at 5% and is humidified to prevent
excessive evaporation of the medium. This chamber with all of its components will ensure
cell viability over long periods of time and stable cell physiology in the absence of the
chemical agents.

3. FINITE ELEMENT MODELING
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Figure 2 (a) Electrical parameter E2 at different heights in the electrode plane. (b)
Patterning motion and kinetics. The patterning time is lowest right above the electrode and
greatest between the electrodes.
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Figure 3 The whole process of patterning and orientation.

The variation in the electrical potential due to the variation of positions of the cells in the
z-direction was also modeled (Figure 2(a)). The electric potential distribution along the X–Z
plane indicates that sharply varying potentials associated with 99% efficient
dielectrophoretic traps are generated at distances which equal to 100µm from the electrode
surface along the z-direction. Patterning efficiency is not only dependent on the chamber
height but also on the initial position relevant to the electrode. In Figure 2(b), the electrode
is on the bottom plane and the cells are attracted downward to the electrode. Particle
velocity is greatest in the edge of the microelectrode, indicated by the increasing distance
between the symbol points which are equally separated in time.

Figure 3 shows the whole process of patterning and orientation. First, the cell is put
between two parallel electrodes and the initial position of the cell is closer to the left
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electrode. The initial orientation is parallel with the electrode, i.e. perpendicular to the
electrical field direction. Then the AC electrical field is turned on, the net force leads the
cell to edge of the left electrode and the net torque causes the reorientation of cell towards
the parallel direction. When the patterning and orientation processes finish, the cell is
attached to the edge of left microelectrode with the orientation angle around zero degree.

4. RESULTS AND DISCUSSIONS
A sinusoidal waveform with amplitude of 5V and a frequency of 1MHz was applied to

the electrodes. Figure 4(a) shows the cardiac myocyte being attracted to the edge of the
parallel microelectrode. Cardiac myocyte cells appear parallel to the electric field, i.e.
perpendicular to the edge of microelectrodes. And also most cells were attracted to the edge
of microelectrodes by the strong field inhomoneneity in close vicinity to the electrode.
Figure 4(b) shows the contraction of cardiac myocytes under 3Hz stimulation. Figure 4(c)
shows the separation of live cardiac myocytes from dead cells (the rod shape of live cardiac
myocyte will change to round shape when they die).

Figure 4 (a) Dissociated live cardiac myocyte cells were captured at microelectrode edges.
(b) Contraction under the AC electrical stimulation. (c) Separation of live cardiac myocyte
cells from dead cells.

5. CONCLUSION
In this paper, we present a novel approach is to use AC electrical field to align the

cardiac myocytes along the electric field direction, which could be well controlled in our
system by the designed spatial feature of the microelectrode. This may be a key for realistic
functional cardiac tissue structures
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ELECTRONIC SORTING AND RECOVERY OF SINGLE 
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Sorting and recovering specific live cells from samples containing less than a few
thousand cells have become major hurdles in rare cell exploration such as stem cell 
research, cell therapy and cell based diagnostics.  We describe here a new technology 
based on a microelectronic chip integrating an array of over 100,000 independent
electrodes and sensors which allow individual and parallel single cell manipulation of 
up to 10,000 cells while maintaining viability and proliferation capabilities.
Manipulation is carried out using dynamic dielectrophoretic (DEP) traps controlled 
by an electronic interface.  We also demonstrate the capabilities of the chip by sorting
and recovering individual live fluorescent cells from an unlabeled population. 

Keywords: Dielectrophoresis, CMOS, Cell sorting, Single cell 

Rare cell populations such as adult stem cells, circulating fetal cells in maternal
blood and natural therapeutic immune cells have generated a lot of hype and hope for new 
cell based diagnostics and therapies [1, 2].  As they are present in exquisitely small
quantities in samples available in limited supply, identifying, selecting and recovering them
alive represents a major challenge in these highly promising fields.  Strategies for isolating 
such cells often include a first enrichment step by magnetic or fluorescent cell sorting 
followed by manual cell picking and single cell analysis [3].  To replace this labor intensive 
manual isolation of candidate cells, miniaturized devices are being developed to analyze 
and sort samples containing less than a few thousand cells where conventional cell sorters 
require tens of thousands of cells.  One of the most promising means of cell friendly
manipulation appears to be DEP [4].  The development of static three dimensional DEP 
cages [5] has demonstrated that live individual cells may be trapped into closed potential 
cages generated by non uniform electrical fields.  This technology has been applied to cell
sorting as well as to single cell manipulation.

We present here a device in which trapping, manipulation and motion of a variety of 
cell types are electronically controlled by dynamic DEP traps generated by a 
microelectronic CMOS silicon chip.  The DEPArray device is a hybrid silicon/plastic
device consisting of a core silicon chip, a double sided structured adhesive tape and a 
conductive polycarbonate lid.  Device packaging is illustrated in Fig 1.  The 0.64 cm2

silicon chip hosts over 100,000 microsites arranged as a 320x320 planar array.  Each
microsite consists of a superficial 20 µm square electrode, embedded sensor and logic.  On 
one half of the chip, the sensor is capacitive and uses the superficial electrode and the 
conductive lid for capacitive sensing of the volume between the silicon microsite and the 
lid.  On the other half of the chip, the sensor is optical and is embedded between
neighboring electrodes to measure variation of light absorption due to the presence of a 
particle over the gap.  The silicon chip is mounted with a water-resistant adhesive tape 
which acts as wall and spacer for the manipulation chambers and with a conductive  Indium
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Fig 1: Illustration of the DEPArray chip with a close-up
photograph in A and a cross section sketch in B.

Tin Oxide (ITO) / poly-
carbonate (PC) lid bearing 
fluidic inlets and outlets. 
These ports are
compatible with micro-
pipette filling and 
recovery using standard
disposable tips.  The 
simple manual mounting
process of the adhesive
tape and lid does not
require precise alignment 
of all components as 
positions of obstacles such 
as walls and air bubbles, 
as well as position of the
connecting channel 
between     chambers    are 

determined easily by using the embedded chip sensors.  Both the optical and capacitive
sensors detect the presence of tape or air bubbles over the silicon chip.  A DEP trap may be
configured at any position on the 320x320 electronic array (designated by its x,y 
coordinates) by applying a sinusoidal voltage to the (x;y) electrode and to the conductive
ITO/PC lid, and a counterphase sinusoidal voltage to the 8 surrounding electrodes.  The 3D
DEP trap is generated above the central electrode and has roughly the size of the 20 µm
electrode feature. 

Under defined electrical field and suspending media conditions, dielectric particles,
such as living cells, are attracted into the DEP cages and are trapped in levitation in the 
medium a few microns above the electrode surface with no contact either with the electrode
surface or with the lid.  Setup parameters include frequency and amplitude of the sinusoidal 
voltage as well as the amplification factor for the voltage applied to the lid.  The amplitude
and sign of the DEP force field are influenced by biological parameters such as cell 
morphology as well as permittivity and conductivity of both cells and cell suspension
media.  A variety of cell types such as laboratory cell lines as well as primary cells was 
manipulated in the device. All cell types got trapped in less than 30 seconds in the grid, 
illustrating that DEP forces have an effect on cells 40-50 µm away from the cage itself. 
Standard laboratory cell lines such as K562 and Jurkat were recovered and retained 
proliferative capacity after being submitted to DEP fields for one hour. Adherent cell lines, 
such as HeLa cells, could also be manipulated after trypsinization. Primary cells, such as 
red (RBC) or white (WBC) blood cells freshly prepared from donor blood were also
manipulated.  The viability of all nucleated cells was tested after the experiment and was 
shown to be comparable to the control. We found no increase in oxidative damage on the 
cells’ DNA using a modified Comet assay [6].   

Motion is carried out by applying the same configuration of the sinusoidal
waveforms to the neighboring electrodes in the direction of the desired motion.  A new 
DEP cage is generated in this position and the cell is pulled to this new location.  The
principle of these moving DEP cages is described in [7].  Once cells have organized into the 
grid pattern, any number of cages may be moved independently to new locations.
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In the experiment described in Fig 2, a heterogeneous cell sample was prepared by
mixing fluorescently labeled K562 cells with unlabeled cells.  This cell suspension was 
loaded into the larger chamber.  Fig 2A shows a 320x320 pixel image generated by the 
capacitive and optical readouts.  Walls, ports and even potential air bubbles are identified 
(checkered pattern in Fig 2, B and C).  Illumination was switched to fluorescence and 5
positive labeled cells in the observation field were pinpointed and their coordinates were 
determined.  These coordinates, as well as final coordinates in the recovery chamber were 
entered into the control software which generates automatically the optimized pathways 
(Fig 2C) to avoid walls and bubbles.  Thus, cells are automatically routed through the 
connecting channel and around the static grid pattern (represented by single pixels in Fig
2B and C).  Fig 2D shows a photograph taken during the sorting experiment after
approximately 70 motion steps where 5 cells are moving towards the channel accessing the 
recovery chamber.  Cells 1 and 2, as well as cells 3 and 4 have clustered together into a 
single cage as their respective pathways have joined together after an identical number of 
motion steps.  After all sorting experiments, content of the recovery chamber was pipetted 
and placed in the bottom of a microwell plate.  Fluorescently labeled cells were counted 
through a standard fluorescence microscope.  The recovery rate of these selected cells is 
typically between 50% and 80% after having targeted and moved 2 to 10 cells to the 
recovery chamber. 

Fig 2: Sorting experiment. In panel A : Capacitive (upper) and optical (lower)
readouts of the chip B: Bitmap image of the exploitable area on the chip. C: Computed

pathway for each cell to be isolated: Numbers identify each single cell and its pathway.  D:
Photograph in visible light of the area outlined by a rectangle in panels A and C
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ABSTRACT
We report a new method of cell cycle stage typing using a microcapillary electrophoresis

( CE) chip. Cell electrophoretic mobility (EPM) is considered to be useful for non-invasive
cell state distinction since EPM reflects the cell surface information. Human leukemic cells
(HL-60) were treated with various synchronizing drugs. In order to confirm the
synchronizing effect, DNA contents were measured using a flow cytometer. Next, EPM of
synchronized HL-60 cells was measured using a CE chip. As a result, it was found that
EPM distribution of synchronized cells is much narrower than that of non-synchronized
cells and that the peak value of EPM distribution is different in each cell cycle stage. These
results suggest that the on-chip EPM measurement is a promising method for cell cycle
stage distinction.

Keywords: Cell cycle, Cell typing, On-chip electrophoresis, Electrophoretic mobility

1. INTRODUCTION
Recently, high-speed cell typing based on cell cycle stages such as gap1 (G1), synthesis

(S), gap2 (G2) and mitosis (M) become more and more important in the practical cell
research (Figure 1). Conventionally, however, the distinction of cell cycle stage of a living
cell is difficult without cell staining. Cell electrophoretic mobility (EPM) is a characteristic
property, which reflects the cell
surface information such as
membrane proteins, cholesterols,
phospholipids and glycolipids [1].
Since the cell surface state is
different in every cell cycle stage,
EPM is expected to be useful for
cell cycle stage distinction.
Moreover, EPM can be measured
non-invasively by cell electro-
phoresis using microcapillary
electrophoresis ( CE) chips [2, 3].
In this paper, we studied on-chip
EPM measurement of cells
synchronized at different cell
cycle stages and discuss the
validity of a cell electrophoresis
in typing the cell cycle stage.

Figure 1. Outline chart of cell cycle of HL-60
cells and target phase of synchronizing drugs.
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2. EXPERIMENTAL
In order to synchronize the cell cycle stage, human leukemic cells (HL-60) were

cultivated in the presence of leptomycin B (0.1 M), thymidine (1,000 M), colchicine
(100 M) or vehicle (ethanol) as a control for 24 hr. In order to confirm the synchronizing
effect, collected cells were treated with 1ml of RNase (200 g/ml) at 37°C for 30 min,
stained with propidium iodide (50 g/ml) at 4°C for 60 min in the dark and analyzed DNA
contents using a flow cytometer (EPICS XL System, Beckman Coulter, Inc., CA, USA).
For cell electrophoresis using CE chips, microchannels of 30 m depth and width were
engraved by deep RIE on a 20 by 20 mm quartz plate. The inner surfaces of microchannels
were coated with 2-methacryloxyethyl-
phorylcholone (MPC) polymers. PBS(-) was
used as a migration buffer. Movies of
migrating cells, which were recorded using a
high-speed charge-coupled device (CCD)
camera, were analyzed by a real-time
particle tracking velocimetry (PTV)
software (Figure 2). Electroosmotic flow
(EOF) mobility was measured using
charge-free beads. EPM of cells was
calculated using the equation:

Uep=Uapp-Ueo (1)
where Uep, Uapp and Ueo are EPM, apparent
EPM and EOF mobility, respectively.
Electric field strength was constant at 100
V/cm in all the experiments.

3. RESULTS AND DISCUSSION
The DNA contents distribution of HL-60 cells measured using a flow cytometer is shown

in Figure 3. This result indicates the cell cycle profile was synchronized at G0/G1 phase for
leptomycin B (Figure 3A), S phase for thymidine (Figure 3B) or G2/M phase for colchicine
(Figure 3C) and was not synchronized for vehicle (Figure 3D), respectively. Next, EPM
distribution of the synchronized cells measured using the CE chip is shown in Figure 4.
The EPM values distributed as follows: 0.25~1.5x10-4 (Figure 4A), 0~1.5x10-4 (Figure 4B),

Figure 2. Real-time cell electrophoresis
system.
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Figure 3. DNA histograms of HL-60 cells treated with leptomycin B (A), thymidine
(B), colchicine (C) and vehicle (D) for 24 hr. After cultivation, HL-60 cells were
treated with 1 ml of RNase (200 g/ml) at 37oC for 30 min, stained with propidium
iodide (50 g/ml) at 4oC for 60 min in the dark and analyzed DNA contents using a
flow cytometer.
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Figure 3. DNA histograms of HL-60 cells treated with leptomycin B (A), thymidine
(B), colchicine (C) and vehicle (D) for 24 hr. After cultivation, HL-60 cells were
treated with 1 ml of RNase (200 g/ml) at 37oC for 30 min, stained with propidium
iodide (50 g/ml) at 4oC for 60 min in the dark and analyzed DNA contents using a
flow cytometer.
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0.25~1.25x10-4 (Figure 4C) and 0~2.75x10-4 (Figure 4D) cm2/Vs. The EPM distribution of
synchronized cells was found to be much narrower than that of non-synchronized cells and
the peak value of EPM distribution is different in each cells. Leptomycin B, thymidine and
colchicine blocked the cell cycle at G1 phase, S phase and M phase by inhibiting
chromosomal region maintenance 1 (CRM1) protein, by inhibiting DNA synthesis and by
preventing polymerization of the tubulin dimers, respectively [4, 5]. Since these drugs act in
the nucleus but not at the surfaces of the cell, EPM is not directly affected by the drugs.
Consequently, these results suggest that EPM is widely different among cell cycle stage.
Since these drugs stop cell cycle only at certain stages as shown in Figure 1, we need
further investigate the evolution of EPM throughout the whole cell cycle.

4. CONCLUSION
The EPM has been demonstrated to be different in each cell cycle stage. On-chip EPM

measurement is a promising analysis method for evaluating cell cycle stage and is expected
to be useful in clinical and pharmaceutical applications.
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cultivation, HL-60 cells were measured apparent EPM by cell electrophoresis
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beads. True EPM was calculated by subtracting EOF from apparent EPM. Electric
field strength was constant at 100 V/cm in all the experiments.
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ABSTRACT
In this paper, we present a new highly adaptable microstructured platform for 3D cell
cultivation in the 96 well microtiter plate format for high throughput screening (HTS) of 
stem cell differentiation and characterization. Moreover, we present new processes 
enabling the manufacturing of these variable platforms.  First in-vitro tests were 
successfully carried out to evaluate their biocompatibility and functionality. 

Keywords: 3D cell culture, microthermoforming, microtiter plate, stem cell 
differentiation 

1. INTRODUCTION
The two main characteristics of stem cells are their ability for an unlimited, undifferentiated 
proliferation and to differentiate into various cell types.  To induce asymmetric mitosis and
tissue maturation, a complex differentiation program, a temporal and spatial sequence of
differentiation factors (soluble and substrate related factors etc.), is expected to be required.
Revealing these programs will need highly combinatorial screenings at high throughput.
This can be performed in an adaptable, parallel and therefore addressable microstructured 
cultivation platform, i.e. a microarray, with 3D microstructures supporting specific 
differentiation by in-vivo-like spatial cell-to-cell interaction.  A parallel platform for 3D cell
cultivation, the ‘CellChip’, representing a polymer array of microcontainers with well-
defined size and shape, has already been presented by our group [1].  A few years later, our
basic idea was also realized in silicon by another group [2]. 

2. METHODS 
Based on the CellChip, we present a new, more adaptable approach concerning adjustment
of fluidic supply and substrate properties.  This approach allows (patterns of) micro- /
nanopores, functional surface modifications and microtextures all over the microcontainer 
insides.  The microcontainer array concept will be combined with the 96 well microtiter 
plate format compatible HTS machine ‘NanoSynTest’, cf. Figure 1 [3].  The core of the
new manufacturing processes for the adaptable cell container array is a 
microthermoforming process, which recently has been developed by us [4, 5].  Within a
press, a thin thermoplastic film/membrane, heated in its thermoelastic / rubber-like state, is 
drawn into the evacuated cavities of a microstructured mold by a pressurized gas.  Due to
the material coherence of the polymer film during the forming, surface and bulk 
modifications generated prior to the forming step are preserved.  This has been proved
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using lithographically patterned UV-induced surface modifications and latent ion tracks, 
which were etched after the forming step. 

Figure 1. HTS machine NanoSynTest, allowing for a nearly simultaneous synthesis and
followed-up screening of biological substances. 

3. RESULTS 
Arrays with microcontainers arranged in a 400 x 400 µm grid were thermoformed in 50 µm
thick films from polycarbonate, cf. Figure 2 (left), polystyrene and cycloolefin polymer. 
The cylindrical containers have an inner diameter and depth of approximately 300 µm. 
Their bottoms have a thickness of down to 5 µm.  Figure 2 (right) shows a 
microthermoformed cell container from polycarbonate with ion track etched pores of 2–
3 µm diameter.  Small numbers of L929 cells in thermoformed polystyrene microcontainers
selectively adhering to lithographically UV-modified areas are shown in Figure 3.

Figure 2.  Cross section of a thermoformed polycarbonate microcontainer array (left) and
a microthermoformed and microperforated cell container from polycarbonate (right; SEM 

micrographs, upside down view).

Figure 3. L929 cells (crystal violet stained) in thermoformed polystyrene microcontainers 
selectively adhering to lithographically UV-modified areas. 

To evaluate the biocompatibility and functionality of the thermoformed container arrays, 
they were inoculated with 2 x 106 Hep G2 cells.  The cells were cultured in a static milieu. 
Their viability was proved over a period of more than 20 days by a live cell assay.  Non-
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adhesion / adhesion of the cells inside thermoformed polystyrene containers could be 
controlled by surface modification, cf. Figure 4.  Prolonged secretion of albumin, a Hep G2 
differentiation marker, provides an indication of the differentiation maintenance.

Figure 4.  Non-adhesion (left) and adhesion (right) of Hep G2 cells inside thermoformed 
polystyrene containers. 

4. CONCLUSIONS AND OUTLOOK 
This paper presents a new highly adaptable microstructured platform for 3D cell cultivation
in the 96 well format for stem cell differentiation and characterization and, moreover, new 
processes enabling the manufacturing of these multivariable platforms.  Successful in-vitro 
tests were carried out using cells of a continuous cell line.  Future work will focus on
applying methods for coupling biochemical cues (patterned / in gradients) on the polymer
surface of the new microstructured 3D cell culture platform and first investigations with 
stem cells in such determined substrates. 
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ABSTRACT

This paper reports a novel approach for performing large scale single cell analysis which
has significant advantages over miniaturized flow cytometry and laser scanning cytometry
(LSC). Regular trapping arrays allow for high density analysis and ease image processing.
Moreover, on-chip sample preparation (e.g. fluorescent labeling, washing) is performed, as
opposed to manual intensive operations of incubation, centrifugation, and resuspension in
previous techniques - saving time and reagents. Additionally, time-dependent phenomena
of a large number of single cells over different time scales are characterized using this
device. This method is well-suited to quantitative systems biology and rapid medical
diagnostics.

Keywords: quantitative biology, cell array, cytoenzymology, single cell trapping

1. INTRODUCTION

Previously, microfluidic traps and dams have been used to trap multiple single cells [1]
without the control over the number of cells trapped, or precise cell position necessary for
quantitative analysis of large numbers of cells. Single cells have also been trapped [2] and
analyzed, but not in a high density manner as is presented. Others have successfully used
dielectrophoretic trapping of single cells in arrays [3] in a similar approach towards array
cytometry.

Here we employ a purely hydrodynamic method of cell trapping where single to multiple
cells are trapped by varying trap dimensions (Fig. 1). The U-shaped PDMS traps are
suspended above the substrate with a 2 micrometer gap to allow flow into the trap.

Figure 1. Hydrodynamic trapping arrays. Phase contrast micrograph of trapping arrays with various
trap geometries. B) Schematic view of the suspended trapping regions. C) Phase contrast micrograph
of trapping of single 10 micron beads. D) Phase contrast micrograph of a high density array of
hydrodynamically trapped single HeLa cells. Scale bars A) 500 microns, C-D) 40 microns.
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The cell trapping arrays are fabricated using a two-layer SU-8/PDMS molding process.
Floating trap structures are organized in an array fashion within microfluidic channels and
constant flow of cells is initiated to fill trapping sites (Fig. 1A-B). Traps with varying
depths were designed and tested with both 10 µm diameter beads (Fig. 1C) and cells (Fig.
1D) to determine the ability to selectively trap various quantities of cells. HeLa cell
solution (1 mL, 5x104 cells mL-1) or 10 µm bead solution (1 mL, 1% w/v) was introduced
into 16 parallel cell trapping arrays. After flow of this volume through the device, the
number of cells/beads per trap for various geometries was determined and is shown in Fig.
2E-F. The data for bead trapping (a stochastic process) is fit well with a Poisson
distribution.

Figure 2. Cell trapping. A-D) Fluorescent images showing the trapping of variable amounts of HeLa
cells depending on trap depth (A – 10 µm, 85% of occupied traps contained single cells; B – 15 µm,
35% contained two cells). Scale bar is 20 µm. E-F) These graphs characterize the distribution of the
amount trapped cells (E) and 10 µm diameter beads (F) for different cell trap depths (squares – 10
µm, circles – 15 µm, triangles – 30 µm), along with Poisson distribution fitting (ν = expected value).
Note the difference in loading between cells and the smaller 10 µm beads.

After filling the trapping arrays with cells, various assays may be conducted at the single
cell level. Over a large timescale, we performed single cell kinetic analysis of
carboxyesterase activity by observing the cleavage of the fluorogenic substrate Calcein AM.
We developed a kinetic model for this process which when fit to the data allowed various
predictions. The model considered that Calcein AM has 6 acetoxy sites where
carboxyesterases can cleave, however, only if both sites on the ring system are cleaved, does
appreciable fluorescence result. Again using this model we characterized, at the single cell
level, the inhibition of intracellular carboxyesterase by a non-specific inhibitor of
carboxyesterase and lipoxygenase, nordihydroguairetic acid (NDGA). Various
concentrations were flowed into the device along with 3 µM Calcein AM, and time-
dependent intensity was recorded. This data was corrected for an exponential bleaching
process characterized in a separate experiment. Image data was analyzed using a custom
Matlab script which identified cells based on coordinates corresponding to the underlying
trapping geometry. Cell area was also obtained, and by using a depth of focus of 8.5 µm
actual concentrations of converted Calcein AM could be determined.

Over a faster timescale experiments were conducted to determine the single cell
permeability response to various membrane disrupting agents. The cells were loaded with
Calcein AM and washed on chip. Single cell response to the membrane disrupting agents
Triton X-100 and SDS was observed for varying concentrations (data not shown).

2. EXPERIMENTAL
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3. RESULTS AND DISCUSSION

Single cell enzyme kinetics for two different cell types (HeLa, 293T) showed a marked
difference in their cell volume normalized responses (Fig. 3A, points). The model predicted
this varied response since the amount of carboxyesterase varies with cell type (Fig. 3A,
lines). The average amount of esterase for 293T cells was 123 ± 32 nM (N=21), while for
HeLa it was much lower: 47.7 ± 9.5 nM (N=15). NDGA was also characterized as an
inhibitor of carboxyesterases (Fig. 3B). NDGA is thought to act non-specifically at the
active site, a Ki or IC50 for NDGA was determined to be 233 nM. An additional result, for
HeLa cells 20 nM of the 50 nM total carboxyesterases was determined to not be inhibited
by NDGA.

Figure 3. Enzyme kinetics and inhibition. A) For the average of HeLa and 293T cells, the amount of
fluorescent converted Calcein AM is plotted as a function of time. The model fit with different
enzyme concentrations for these cell types is also plotted. B) Inhibition curves for varying NDGA
concentrations. Model fits to the data allowed the determination of the IC50 for NDGA on a fraction
of the carboxyesterases present in HeLa cells.

4. CONCLUSIONS

Hydrodynamic trapping with controlled trap sizes is a simple and effective method to
perform single cell analysis on a large quantity of cells for quantitative biology or diagnostic
cytometric applications. We show both short and long time scale analysis is feasible and
present new data on carboxyesterase concentration in two cell types as well as IC50 for
NDGA at the single cell level.
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ELECTROPORATION IN CANCER CELLS TO
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ABSTRACT
In this study, a new micro electroporation cell chip was fabricated by MEMS technology

and tested by using cervical cancer (HeLa) cells. Large statistical data of the critical voltage
and duration time were determined to construct the “phase diagram” which delineating the
boundary for effective electroporation and electric cell lysis at the single-cell level.

KEYWORDS : electroporation, cancer cells, propidum iodide, phase diagrams

1. INTRODUCTION
Electroporation (EP) is one of the important physical methods in biotechnology,

which employs electrical pulses to transiently permeabilize cell membranes [1]. One critical
problem of EP is to determine the optimal electric parameters, such as pulse amplitude V
and duration time td. In this work, a new micro electroporation chip with twelve inputs (Fig.
1) was designed and fabricated using lift-off technique and SU-8 photolithography to study
the “phase diagram” for cervical cancer cells (HeLa cell line). With this design, large-scale
EP experiments with different V and td can be conducted on a single chip at the same time.
This chip can dramatically reduce the testing time by one order of magnitude in comparison
with our previous microchip with single input [2].

Fig. 1. Photograph of a micro EP chip Fig.2. Time-dependent of uptake of PI dye
with 12 voltage inputs. in a HeLa cell: (a) asymmetric transport at

different times, (b) average fluorescence
as a function of time (scale bar: 10 µm).

2. EXPERIMENTAL
The fluorescent Propidum Iodide dye (PI, 15 µg/mL, Sigma Chem. Co., USA) was used

to characterize the EP efficiency. Cultured HeLa cells (ATCC, CCL-2™, VA, USA) were
trypsinized by trypsin/EDTA, re-suspended in the poration medium (comprised of 280 mM
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mannitol, 5mM sodium phosphate, 10mM potassium phosphate, 1mM MgCl2 and 10mM
HEPES (pH=7.4)), and then loaded in the cell chamber. Using the micro EP chip under an
inverted fluorescence microscope (Olympus IX70, Olympus Co., Japan) with a digital CCD
camera (Retiga 1300C, QImaging Inc., Canada), we can simultaneously monitor a large
number of single cell’s EP process under different parameters. Such a type of multi-
parameter measurement cannot be achieved by a conventional electroporator. Fig. 2 shows
the time-dependent molecular transport of the PI dye asymmetrically in a HeLa cell using
fluorescence video microscopy. This approach can also realize the large-scale cell-array that
is crucial for high-throughput in situ electroporation study as shown in Fig. 3. The variation
of fluorescence intensity in different cells reflected the duration time of the induced pores
on the cell membrance which varied with the applied electric pulse strength and width.

Fig. 3. Fluorescence micrograph of the
HeLa cells on a micro EP chip. (a) the
cells’ intensity remains dark before EP.
(b) the intensity increase depends on
applied voltage amplitude after EP
(scale bar: 30 µm; td = 4 ms).

Fig. 4. Average fluorescence intensity as
as a function of applied voltage under
different pulse duration time (each data
point from the average of 10 cells).

3. RESULTS AND DISCUSSION
The fluorescent intensity variation of the suspended HeLa cells as a function of V (or

electric field strength E) under different td were measured as shown in Fig. 4. Therefore, the
critical voltage V to induce single-cell EP and Electric Cell Lysis (ECL) with different td
were readily determined to construct the phase diagram (Fig. 5, from 1,500 data points).
Apparently, V and td can be traded off to a certain extent, i.e. lower V needs longer t to
charge the cell membrane to reach the EP threshold voltage VEP. Conversely, if V is high
enough, it needs only short td. But, treatment of cells with intense E and short td will lead to
an irreversible process where the cell cannot repair the damage and will be lysed. On the
other hand, cells can sustain a longer time period if a mild electric field is applied. Both the
threshold voltages for EP (VEP) and ECL (VECL) in Fig. 5 can be fitted to exponential
functions of td (ms) as follows:

970.6386.9 734.1 += − dt
EP eV (Volt) (SD= 0.254) (1)

868.843.19 229.1 += − dt
ECL eV (Volt) (SD= 0.186) (2)

The electroporation region outlined in Fig. 5 matches qualitatively with previous results [3]
which used traditional electroporation instruments.

Moreover, in the short duration time region (≤ 1 ms), the energy required for
electroporation, as a function of 2

EPV (or 2
EPE ) times td, has a high correlation with the EP

efficiency, i.e. the amount of small fluorescence molecules uptake by each cells (see Fig. 6).
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In this experiment, six duration times (0.1, 0.2, 0.4, 0.6, 0.8, 1ms) combining with different
voltages (from 1V to 30V) have been tested. As for the duration time longer than 1 ms,
there is no such relationship between 2

EPV × td and EP efficiency. It may be caused by the
electromechanical cell distortions or osmotic effects at a large td or VEP had reached a
saturation value which is independent of td when td is large than 1ms. This result is
qualitatively consistent with the previous work [4] and can simplify the optimization of the
parameters in electroporation.

Fig. 5. The phase diagram for
electroportaion and electric cell lysis of
HeLa cells. (from 1,500 data points).

Fig. 6. Electroporation efficiency (the
uptake of dye for each cell) as a function
of energy input at different applied
voltages from 1V to 30V and duration
time from 0.1ms to 1ms.

4. CONCLUSION
A new micro electroporation chip with 12 voltage inputs has been designed, fabricated

using MEMS technology. We demonstrated that a large amount of statistical data (1,500
data points) for the electroporation of cervical cancers (HeLa cell line) at the single-cell
level with different pulse amplitudes and duration times can be easily obtained to construct
the EP phase diagram. The phase diagram and the energy correlation will be highly useful
for electric parameter selection to improve the electroporation efficiency in future cell
models.
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MEMS DEVICE FOR CONTINUOUS BLOOD CELL
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ABSTRACT
New experimental results and theory for a unique MEMS device are presented for

continuous, binary separation of erythrocytes (RBC) and leukocytes (WBC) based on
particle diameter. Previously, we reported the device can separate 5 m, 8 m and 10 m
beads as well as two groups of cells in human blood [1]. In this paper, the critical diameter
for separation is successfully predicted with simulation and confirmed with experiment.
The separation function (lateral displacement versus particle size) was measured
experimentally. Separation of labeled leukocytes confirms the device operation.
Combined with previous results, leukocyte separation in single device is demonstrated with
91% efficiency.

Keywords: Blood, cell separation

1. INTRODUCTION
Recently, there are several efforts on cell separation that are used or could be used

potentially for separation of erythrocytes and leukocytes. For examples, sedimentation
field flow fractionation [2], microstep [3], pinched flow fractionation [4] and biomimetic
autoseparation [5]. We present a device for separation of erythrocytes and leukocytes
based on size. Table 1 compares the geometry and concentration of erythrocytes and
leukocytes in adults. Because of its shape, the height of normal erythrocytes varies from
1.5 to 3.5 m, smaller than leukocytes whose diameter falls between 7 and 20 m. This
difference in size enables us to effectively separate the two types.

2. THEORY
The device is based on the lateral displacement principle, originally developed to

separate submicron-sized beads or bacterial artificial chromosomes [6]. The device design
involves a separation chamber filled by an array of cylindrical pillars. Each row of pillars
has the same center-to-center distance and edge-to-edge distance d, and is staggered by a
finite displacement from the previous row (Fig 1 left). The flow inside the device can be
treated as 2D laminar flow, with each pillar having two stagnation points. Separation lanes
are defined by division lines, which are streamlines ending at stagnation points (Fig 1 right).
The critical separation size is defined as twice the minimum distance between the edge of
pillar and the nearest division line. For a given geometrical design, there is one
corresponding critical separation size. Particle with diameter smaller than the critical
separation size follows a separation lane exactly resulting in zigzag flow pattern which
follows the net fluid flow direction over a long distance. Particle with diameter larger than
the critical separation size flows in displacement mode, meaning it changes between
separation lanes and flow diagonally, not following the net fluid flow direction.
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3. DEVICE FABRICATION
Devices are fabricated in PDMS patterned by DRIE-silicon molds and mounted on glass

slide. The flow pattern inside the device is simulated by solving 2D incompressible
Navier-Stokes equation with FEMLAB (Fig 2). The critical separation size determined by
simulation is 7.1 m. Non-uniform fluorescent labeled polystyrene beads are used to
measure the critical separation size to be approximately 8 m (Fig 3).

4. RESULTS AND DISCUSSION
Human blood cell separation was first demonstrated using whole blood. Statistical

analysis showed the ratio of cells moving in displacement mode to those in zigzag to be
1:502 (Fig 4), which is in agreement with the typical leukocyte-erythrocyte ratio. To
confirm that most leukocytes flow in displacement mode and estimate separation efficiency,
we obtained leukocyte rich plasma by gravity sedimentation and stained the leukocytes
with nuclear fluorescent dye acridine orange. As expected, most of the leukocytes are
found to flow in displacement mode (Fig 5). The fraction of leukocytes with displacements
overlapping erythrocytes is 9%, indicating a small separation error.

5. CONCLUSIONS
We present a MEMS device for separation of leukocytes and erythrocytes based on size.

Simulation successfully predicts the critical separation size. Separation function curve and
separation efficiency are measured experimentally.
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Table 1: Comparison of RBCs and WBCs
Erythrocyte Leukocyte

Cell shape Biconcave
disc

Sphere

Diameter
Average ( m)

6 10

Diameter
range ( m)

5-8 7-20

Count (109/L) 4,200 – 5,800 4.5 – 11.0

Figure 1. Left: device picture overlaid with
geometrical parameters. Right: A small particle
moves in zigzag mode and a large particle
moves in displacement mode. Also shown are
the four separation lanes for = /4.

Figure 2. Simulated flow field inside device.

Figure 3. Separation function curve obtained
with measure bead size distribution (top left
inset) and separation profiles under different
flow rates (bottom right inset).

Figure 4. Separation profile of diluted whole
blood sample. Inserted plot is a close up of
leukocyte data.

Figure 5. Separation profile of stained
leukocyte rich plasma. Inset is an event of
leukocyte flow through
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ABSTRACT 
In this paper we present the integration of protein arrays with a microfluidic device for 

analysis of cell signaling pathways.  The device is capable of performing all the steps 
needed in que-signal response analysis of signaling pathways, including cell stimulus, cell
lysis and protein analysis. The integration of protein arrays is realized with little additional 
complexity to the device fabrication process.  

Keywords: Antibody arrays, Cell lysis, Cell signaling, Protein arrays 

1. INTRODUCTION
Quantitative data on the dynamics of cell signaling induced by different stimuli (ques) 

requires large sets of self-consistent and dynamic measures of protein activities, 
concentrations, and states of modification.  The labor intensive nature of these experiments 
strongly limits the amount of data available.  We have previously presented a microfluidic
segmented flow device that could achieve rapid stimulus and lysis of cells [1][2].  The 
device had an integrated thermal control set-up for optimal performance during stimulus 
and lysis.  However, analysis of the cell lysates were performed off-chip using quantitative 
western blotting, limiting the throughput and automation that can be achieved with the 
device. By on-chip integration of protein arrays with the previously presented device a 
highly integrated microfluidic device for the analysis of cell signaling has been realized.  

2. DESIGN AND FABRICATION
The device consists of a fluidic system defined using soft lithography in a PDMS layer 

bonded to a glass slide (figure 1).  Protein arrays are pre defined on the glass slide along 
with alignment features to guide the placement of the fluidic system.  The fluidic system
contains two main zones, one for cell stimulus and one for cell lysis.  The protein arrays are 
placed at the end of the lysis zone just before the outlet.  During the oxygen plasma surface 
activation of the glass slide prior to bonding of the fluidic system, the protein arrays are 
protected from the plasma using small PDMS stamps.  Besides alignment requirements, the 
integration of the protein arrays thus adds little additional fabrication complexity.      
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Figure 1: Schematic of the fluidic system, with two main zones, one for cell stimulus and one for cell 
lysis. There are three primary inlets ports, one for the cell stream, one for the stimulus and, a gas inlet 
for formation of the segmented gas-liquid flow. Cell stimulus takes place in the first zone and cell 
lysis is initiated in the second zone by introducing a lysis buffer via a secondary inlet located between 
the two zones. Protein arrays are placed at the end of the lysis zone. The optical image shows protein 
spots after bonding of fluidic system on top. The printed spot volume was 1 nl, resulting in a spot 
diameter of ~200µm. No damage to the spots was observed as a result of bonding of the fluidic 
system.

3. RESULTS AND DISCUSSION 
Cell signaling analysis using western blotting has shown that the device is capable of 

very fast and reproducible stimulation and lysis of cells (figure 2A and 2B). However, large 
amounts of BSA present in the cell lysates can distort the electrophoretic separation of 
proteins of similar size as BSA during western blotting, making it difficult to analyze many
important signaling proteins such as JNK (figure 2B) and AKT. Protein arrays alleviate this

Figure 2: A) Schematic of typical cell signaling networks. B) Western blot analysis of ERK and JNK 
signaling in Jurkat E6-1 cells stimulated with D-CD3 for different times. The JNK signal is distorted 
(large error bars) due to large amount of BSA in the lysate.   
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Figure 3: Sandwich detection of recombinant AKT at different concentrations using Anti-phos AKT 
secondary antibody and Strepavidin APC as detection reagent. 

problem by being highly specific towards the capture anti-body and have previously been 
used to quantify protein activation in cell signaling [3].  In this study anti-AKT anti-body
arrays were spotted at 1nl per spot in a PBS/glycerol solution resulting in spots of 
approximately 200µm diameter (figure 1).  A sandwich array is used for detection, where 
the secondary anti-body is fluorescently labeled.  To ensure that the integrity of the arrays
were intact after bonding of the fluidic system and in order to estimate the performance of 
the arrays, a dilution series were performed (figure 3).  The results show that the protection 
of the arrays during the bonding works and that we are capable of detecting protein 
concentrations below 5ng/ml.  Reference spots of BSA conjugated to CY5 showed 
approximately 10% variation across experiments.  

This work presents an integrated device for complete analysis of cell signaling which 
can be integrated into an automated system and thereby expands greatly the number and 
reliability of experiments designed to collect information on signaling pathways.  
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ABSTRACT

A microchip has been developed that performs directed capture and chemical
activation of surface-modified single cells. The cell-capture system is comprised of
interdigitated gold electrodes microfabricated on a glass substrate within PDMS channels.
The cell surface is labeled with thiol functional groups using endogenous RGD receptors,
and adhesion to exposed gold pads on the electrodes is directed by applying a driving
electric potential. CHO cells transfected with a muscarinic receptor were captured and
activated on chip, and monitored with a Ca2+ sensitive dye. The results demonstrate the
ability to direct the adhesion of selected living single cells on electrodes in a microfluidic
device and to analyze their response to chemical stimuli.

KEYWORDS: Cell capture, single cell, microfluidics

1. INTRODUCTION

Previous reports have described substrate modification for cell adhesion [1], cell
electrophoresis [2] and receptor agonist screening [3] in off-chip formats. Here, we
demonstrate a novel combination of single-cell surface modification and electric field
directed adhesion and its use for the capture and chemical activation of living single cells in
a microchip [4]. Our approach is to label the cell surface with thiol functional groups using
endogenous receptors and direct their adhesion to gold electrodes by applying a driving
electric potential. Multiple cell types can be sequentially and selectively captured by
changing the field direction. Once captured, the single cells are activated with an agonist to
a membrane-bound receptor, and the response is monitored optically with a fluorescent
probe. Such directed capture of multiple cell types in a microfluidic device presents a new
paradigm for analyzing the activity and interactions of single cells.

2. EXPERIMENTAL

The cell-capture system is comprised of interdigitated gold electrodes
microfabricated on a glass substrate. The electrodes are insulated with SiO2, and have (16
µm)2 exposed gold capture pads (Figure 1). A PDMS layer was cast from an SU-8 master
and bonded to the wafer, creating microfluidic channels 40 µm deep and 200 µm wide.
Wild-type Chinese hamster ovary cells (CHO-K1) were used, along with CHO cells
transfected with the M1 muscarinic receptor (CHO-M1WT3). Integrin proteins on these
cells have a binding domain for the peptide motif arginine-glycine-glutamate (RGD).
Incubation with the synthetic poly-peptide CCRRGDWLC [5] was used to functionalize the
cell surface with approximately 4.6X106 thiol groups, present on the terminal cysteine (C)
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residues. A suspension of 8.6X106

cells/mL in phosphate buffered saline
was introduced to the channel with a
syringe pump, and incubated with an
electric field of 50 V/cm for times
ranging from 0 to 60 minutes. CHO-
M1WT3 cells were captured and
activated with 100 µM carbachol,
and the response was monitored with
the Ca2+ sensitive dye fluo-4.

3. RESULTS AND DISCUSSION

Maximum single-cell capture
is attained for the 10 min trial, with
63±9% (n = 30) of the electrode pad
rows having a single cell. The
capture technique was also
demonstrated for patterning cells
from two different populations on
adjacent electrodes using sequential
capture (Figure 2). The first group of
cells was captured on the odd
numbered electrodes, and then those
not bound were rinsed away. A
second population was introduced

and the potential was reversed causing them to capture on the even numbered electrodes.
This capture technique is scalable for patterning an arbitrary number of different cell types.

An application of this cell capture technique was demonstrated in the form of
receptor agonist screening. Single CHO-M1WT3 cells were captured and exposed to the
muscarinic agonist carbachol. Cells were loaded with the calcium-sensitive dye fluo-4,
which displayed an increase in fluorescence to 220±74% (n=79) of the original intensity
(Figure 3). Control experiments with CHO-K1 cells without the receptor displayed no
significant change. These results demonstrate the ability to direct the adhesion of living
single cells on electrodes in a microfluidic device and analyze the response to chemical
stimuli.

This device presents several advantages over previous work which demonstrated
multi-cell type patterning. The device uses direct labeling of the cells, instead of the more
common approach of tailoring the substrate for cell adhesion. The novel combination of the
driving electric field and cell thiolation provides adhesion sufficient to withstand subsequent
flow used for rinsing or reagent introduction. Because the captured cells remain viable,
chemical stimulation and optical monitoring reveal cell activity, and additional assays are
made possible.

The technique developed here could be used to pattern several individual cells of
different types on adjacent electrodes, providing a platform to study cell-cell interactions
with single-cell resolution. It could also be extended to position a single cell on an electrode

Figure 1 Schematic of the glass-PDMS microdevice for
single-cell capture. A cell suspension enters the 200 µm
wide PDMS channel through the 0.5 mm diameter fluidic
port. Cells flow over the PDMA-derivitized glass surface
in the 32 µm deep channel and are captured on the (16
µm)2 exposed gold pads centered on the 40 µm wide gold
electrodes. Cells are directed to the desired electrode by
applying a 50 V/cm electric field between the
interdigitated electrodes (200 µm spacing). Inset: electron
micrograph of an electrode showing the three exposed
gold pads on the oxide-coated electrode. Bar = 30
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array, providing a bioelectronic interface
for multiplexed stimulation and recording.

4. CONCLUSIONS

The microdevice developed here
presents a simple and effective means for
the directed capture and analysis of single
cells in a microfluidic chip. This device
also provides a novel platform for future
single-cell genetic studies as well as the
development of a bioelectonic interface for
fundamental studies of cell activity.
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Figure 2 Sequential directed capture of two
populations of CHO cells. A. The first population
of thiolated K1 cells, labeled with CellTracker
Blue, is captured by applying a 50 V/cm potential
to the even-numbered electrodes for 10 min. B. A
second population of thiolated K1 cells, labeled
with CellTracker Green, is introduced into the
channel through the opposite fluidic port and field
mediated binding occurs selectively at the odd-
numbered electrodes. Bar = 40 µm.

Figure 3 Selective activation of M1WT3 cells.
Box-plot of the percentage increase in fluorescence
for the wild-type K1 cells shows no significant
increase in intracellular calcium fluorescence as a
result of carbachol incubation (0.3±27%). Single
M1WT3 cells show a significant increase of
110±74% (n=79) after carbachol activation
(t=12.5, P<0.005). The central bar represents the
median, the small square the mean, and the box
spans the second and third quartiles. The Xs
represent the extreme percentiles, and the bounding
lines are the minimum and maximum values.
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ABSTRACT
We present a new funnel-type microstructure with perfectly smooth surface for

electrophysiological measurements on living cells. The surface properties are optimized by
thermal reflow of a phosphosilicate glass (PSG) layer deposited on the microstructure.
Electrical measurements demonstrate tight sealing of small suspended cells to this new
microstructure without additional surface modifications. Electrical seal resistances in the
Giga-Ohm range could be achieved.

Keywords: Patch-clamp on-chip, microfunnels, phosphosilicate glass (PSG) reflow

1. PATCH-CLAMP MICROSYSTEM
The development of a patch-clamp microsystem for automated electrophysiological

measurements on cells with increased throughput is motivated by a strong industrial
demand to resolve this bottleneck in modern drug screening [1]. In our chip-based system
small suspended cells ( 10-20 m) are positioned on microfunnels by suction.
Subsequently the electrical seal resistance with the material surface is measured. Very high
and stable seal resistances (Giga-seal) are required to resolve currents through ion channels
in a cell membrane. Other approaches for microstructures based on different techniques
have been presented, including SiO2 micronozzles by our group [2,3]. Nevertheless,
increasing the quality and stability of the cell/material seal remains an important issue for
an industrial application and motivates the present development. In contrast to simple flat
apertures presented by most other groups [3], our new microfunnel structure has a shape to
which an immobilized cell can well accommodate.

2. FABRICATION OF THE MICROFUNNEL STRUCTURE
The microfunnels are fabricated by subsequent application of different dry etching

processes in Si, chemical-mechanical polishing (CMP) and thermal oxidation. For the
funnel structure a single oxide mask is required on the front side of the wafer. A key issue
is to cover the final structure with a PSG layer by LPCVD deposition for subsequent
thermal reflow. The process flow is shown in fig. 1a. Fig. 1b is a SEM picture of a cross
section through the final funnel structure before reflow.

3. IMPROVED SURFACE QUALITY BY PSG REFLOW
From classical patch-clamp experiments it is well-known that the lipid head groups of a

cell membrane seal well to the tip of a fire-polished glass pipette. Even if the exact nature
of the interaction during Giga-seal formation is not understood, a perfectly smooth material
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surface is a mandatory requirement for a tight fluidic and electrical seal. Such perfectly
smooth surfaces cannot be achieved with 3-dimensional microstructures like as-fabricated
micronozzles or microfunnels. Reactive ion etching introduces a non-negligible surface
roughness, although the present fabrication process has been optimized for smooth
surfaces. Fig. 2a shows an as-fabricated microfunnel (without PSG layer).

1)

2)

3)

4)

5)

6)
PSG

Si

SiO2

2 m

PSG
SiO2

Si

a) b)

Figure 1a. Microfunnel fabrication process: (1) hole in oxide mask ( 1-2 m), (2) isotropic Si dry
etching, (3) deep reactive ion etching of micro-holes in Si, (4) CMP on front-side to remove
overhang, (5) back-side opening and thermal oxidation, (6) deposition of PSG.
Figure 1b. Cross-section of a microfunnel structure with a 2 m as-deposited PSG layer.

Deposition and subsequent reflow of PSG on the microfunnel structure results in perfectly
smooth surfaces comparable to fire-polished pipettes. Significant reflow of PSG is
normally observed at temperatures above 1000 °C [4]. Fig. 2b shows a funnel structure
after deposition of a 2 m thick PSG layer (6 wt% of P) and reflow. Annealing was carried
out in a furnace in ambient air at a plateau of 900 °C for 30 min (heating/cooling rate 100
K/hour). At this relatively low temperature, surface smoothing is observed. Reflow
temperatures can be adjusted to optimize shape and aperture size of the structure.

4. SEAL RESISTANCE MEASUREMENTS
A first evaluation of the seal resistance with Chinese hamster ovary (CHO) cells yields

very promising values with electrical seal resistances in the Giga-Ohm range. Immediately
after cell positioning the seal resistance can be increased to the 100 M range by applying
a slight negative pressure gradient under the cell through the aperture. Then the resistance
rises continuously to the Giga-Ohm range without additional external manipulation. This
dynamics of the seal formation is comparable to classical experiments with glass pipettes.
Fig. 3 shows the current response of a sealed cell to a voltage test pulse, resulting in a seal
resistance of about 2.6 G . The seal was stable for at least 15 min.

5. CONCLUSIONS
Reflow of PSG layers is a suitable technique to create 3-dimensional insulating

microstructures with perfectly smooth surfaces and rounded rims. In combination with our
newly developed microfunnel, we obtained a microstructure to which small cells can
perfectly accommodate. The relatively large contact area promotes the formation of a tight
seal (Giga-seal). No specific surface treatment was required. Further experiments with
suitable cells will explore the feasibility of pharmacological measurements with this
system.
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Figure 2a. As-fabricated microfunnel structure after thermal oxidation (without PSG). The inner
surface is relatively rough. Figure 2b. Microfunnel after deposition of a 2 m thick PSG layer and
reflow at 900 °C. The surface is perfectly smooth and the aperture diameter could be reduced.

m2 m

Figure 3. Electrical characterization of a CHO cell immobilized and sealed on a microfunnel. The
current response I to a voltage pulse of ± 10 mV / 30 ms (dashed line) is measured (averaged 10
times). I is about 7.5 pA, resulting in a seal resistance R 2.6 ± 0.2 G .
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We report on a microfluidic design for rapid and precise switches between well-defined
chemical gradients and the neutrophil responses to such changes.

Keywords: chemotaxis, gradient, neutrophil, switch

Neutrophils are an essential component of the first line of defense against infections and
have the capability of rapidly generating a migratory response to gradients of chemical
signals including chemoattractants in their environment. Neutrophils migrate up these
chemical gradients from the blood stream into the tissue and then through tissues to their
target. During these complex responses neutrophils are exposed to continuously changing
stimuli and conditions. Although details of the molecular signaling networks inside the
neutrophils have been described, very little is known about how neutrophils succeed in
integrating and responding to their dynamic environment. One of the major obstacles in
this endeavor is the lack of an experimental system that can provide controlled and
reproducible changes of the chemical microenvironment around the neutrophils during
chemotaxis assays.

Over the past 50 years, several techniques have been developed for studying neutrophil
chemotaxis, gradient perception and directional decision-making. However, no current
technique can achieve stability of the chemical gradients in time and space and, at the same
time, have the ability to perform fast and precise gradient changes. For example, the
precision of quantitative measurements of chemotaxis in Boyden chamber [1] (transwell)
assays is significantly deteriorated by the intrinsic instability of the gradient and by the
uncontrolled local variations in chemokine gradient at the level of the membrane during
neutrophil passage. Although a more stable gradient can be generated using Dunn
chambers [2], the long stabilization time for the gradient preclude the use of this technique
for studying the dynamics of the initial polarization events. While such dynamic studies
can be performed using the micropipette assay, inherent instability of the gradient and poor
reproducibility of experimental conditions limit their utility for studying prolonged
migratory responses [3]. More recently, microfluidic systems have demonstrated the
capability to produce stable chemical gradients over extended periods of time[4], although
changing these gradients by replacing the solutions at the inlets results in gradient changes
over time of tens of seconds or longer.
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In response to these shortcomings we developed a series of microfluidic devices for the
temporal and spatial control of chemical gradients by the use of novel microscale valve
structures. Pneumatically actuated valves that allowed the simultaneous control of multiple
channels were built using standard multilayer microfabrication technologies. The valves
were used in combination with two separate gradient generator networks to accomplish the
precise spatial and temporal control of chemical gradients in a 450µm wide channel.
Migration of primary neutrophils in response to interleukin 8 (IL8) gradients has been
recorded and analyzed [4].

Very fast switching was achieved through proper positioning of the valves. A buffer
solution in the main channel was replaced by a newly formed 0 to 12.5nM IL8 chemokine
gradient in less than 4 seconds. Similarly, the direction of a 0 to 12.5nM IL8 gradient was
completely reversed in less than 4 seconds (Figure 1). Neutrophil migration in response to
chemokine gradients was recorded and characterized before and after the change in the
direction of the gradient. Following the exposure to newly formed chemotactic gradient,
resting, unpolarized neutrophils acquire morphological characteristics of polarization and
show persistent directional migration in the direction of the gradient at 5.3 ± 2.5 min
(Figure 2). After the switch in the direction of the gradient, an average 5.6 ± 2.3 min delay
in the response of the neutrophils to the new direction has been measured. The neutrophil
response times to the two new conditions were found to be statistically similar (p=0.34),
suggesting comparable neutrophil response mechanisms to the two changes. The two ties
were significantly longer (p<0.005) than a control with no gradient change (Figure 2).

In conclusion, further elucidation of mechanistic elements responsible for directional
neutrophil migration is possible though the use of microfluidic systems allowing
quantitative measurement of critical components of neutrophil migration.
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Service (RO1 A149757 to MCP and WGT).
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Figure 1. Relative fluorescence during the fast switching of the direction of a linear
gradient. Tracks represent relative fluorescence versus time at 5 different locations, at
75µm distance interval across the channel where neutrophil chemotaxis assays were
performed.
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Figure 2. Neutrophil response time following changes in IL8 gradient. The time for
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direction (empty circles) are statistically similar, but significantly longer compared to a
control population that is not exposed to gradient changes (filled triangles).



PLANAR NANONEEDLES ON-CHIP FOR
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ABSTRACT
We present for the first time a functional planar SiN-nanoneedle system for intracellular

mass transport and in vivo electrophysiological measurements on-chip. Though several
micro- or nanoneedles for cell research have been described in literature, no needles of this
small size equipped with nanosized inner channels or electrodes have been reported. A
propidium iodide assay verifies the excellent penetration performance of the nanoneedles
with diminished leakage from the cell after insertion and release of the needle from HL60-
cells. Hollow needles connected to on-chip sub-picoliter electrochemical dosing systems
are in development.

Keywords: Nanoneedles, intracellular, micro-machining, nanofluidics

1. INTRODUCTION
For intracellular research several techniques are used (e.g. patch clamping,

electroporation), but mechanical hollow needles are superior for their simplicity and
efficiency. In contrast with conventional pulled glass micropipettes the presented SiN-
planar needles can be made by micromachine techniques. Micromachined transdermal drug
delivery microneedles, presented at µTAS2003 by the groups of Horiike [1] and ours [2],
are shaped as vertically standing pillars and can have microchannels inside, but due to the
used dimensions (50 µm to 1 mm) these needles are not very suitable for intracellular use,
and the pillar shape is a disadvantage for on-chip applications. Recently Obataya et al.
presented nanoneedles that gave excellent results on penetration of the cell membrane
without killing the cell [3], but their nanoneedles were not equipped with inner channels or
electrodes.

2. FABRICATION
Three different needles are produced: hollow needles (figure 1), needles with electrodes

of gold, silver or platinum (figure 2) or only plane (figure 3). In the hollow and electrode
needles the channels or electrodes are encapsulated between a LPCVD-nitride bottom layer
(300 nm) and a PECVD-nitride top layer (300 nm). Channel opening or electrode tip is
placed at the needle tip. The plane needle only has the LPCVD layer. The needles are
etched by reactive ion etching and the channels are made by sacrificial layer technique. A
sacrificial chromium line is etched by ion beam etching, after deposition of the top layer the
sacrificial material is removed. The electrodes are formed by wet etching. The planar
needles are placed over a well, etched in silicon by KOH.
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Figure 1. SEM-picture of a hollow
nanoneedle. The channel is clearly visible
in the middle of the needle. Inner channel
dimensions: 150 nm high, 2 µm wide.
Needle dimensions: 0.7 µm high, 3 µm wide
and 5 µm long. The needle is sharpened by
focused ion beam etching.

Figure 2. SEM-picture of an electrode
needle. The electrode tip is 2 µm long, 2
µm wide and 100 nm high. Needle
dimensions as in Figure 1.

Figure 3. Three plane nanoneedles, marked
with 1, 2, and 3. Below the nanoneedles, in
the silicon bottom of the well, dicing lines
are visible, produced during focused ion
beam cutting of the sharp needle shape.
Needle dimensions: 260 nm high, 3 µm wide
and 10 µm long.

Figure 4. Microscopic picture of a HL60-
cell punctured by a nanoneedle. The cell
is positioned in the middle of the white
square; the needle tip is the white tip in
the top of the white square. In the lower
left corner the external micropipette is
shown.
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3. RESULTS AND DISCUSSION
In figure 4 a HL60-cell is placed at the needle tip by an external micropipette, marked by

the white square. After removing the cells from the nanoneedle a solution of propidium
iodide was added to stain non-viable cells. After puncturing the cell membrane many cells
were still viable. During these preliminary measurements no cell leakage was observed.

An electrochemical sub-picoliter dosing system is currently in development. This dosing
system will be capable to dose volumes small enough not to rupture the cell membrane
while injecting drugs, chemicals or biological samples into a normal sized cell and large
enough to get a chemical analysis measurement from the cell contents after an extraction.

4. CONCLUSIONS
We demonstrated a nanoneedle suitable for biomedical cell research. Injection into and

extraction from viable HL60 cells will be realized by means of integration of the
demonstrated hollow nanoneedles with the sub-picoliter dosing system. In vivo
electrophysiological measurements will be performed using the electrode needles.
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RI�WKH�PLFURIOXLGLF�FKDQQHO�E\�ILQHO\�DGMXVWLQJ�WKH�SUHVVXUH�GLIIHUHQWLDO�DFURVV�WKH�VWUXFWXUH��)LJ���$��

7KH�$OJLQDWH�VROXWLRQ�LV�WKHQ�EURXJKW�LQWR�FRQWDFW�ZLWK�&D���FRQWDLQLQJ�PHGLXP��LQLWLDWLQJ�JHO
IRUPDWLRQ��)LJ���%����)LJ���&�LV�D�PLFURJUDSK�RI�D�\HDVW�FHOO�WKDW�KDV�EHHQ�WUDSSHG�LQ�D�QDUURZLQJ�RI

WKH�FKDQQHO�VWUXFWXUH��GXH�WR�ORZ�FRQWUDVW�WKH�JHO�LWVHOI�UHPDLQV�LQYLVLEOH�

��7+(25<
+\GURJHO IRUPDWLRQ LQ RXU PLFURFKLS LV EDVHG RQ GLIIXVLRQ RI &D�� WR UHDFW ZLWK VRGLXP
DOJLQDWH �)LJ� ��� DQG FDQ EH XQGHUVWRRG LQ WHUPV RI VLPSOH HTXDWLRQV RI WUDQVSRUW DQG

%� *HO IRUPDWLRQ &� ([SHULPHQWDO UHVXOW$� 3RVLWLRQLQJ
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FRQVXPSWLRQ RI &D�� DV LW UHDFWV ZLWK WKH DOJLQDWH >�@� 7KH LPSHGDQFH PHDVXUHPHQW LV
FDUULHG RXW LQ D WHWUDSRODU UDWKHU WKDQ LQ D ELSRODU FRQILJXUDWLRQ WR PLQLPL]H WKH LQIOXHQFH RI
WKH VXUIDFH VWDWH RI WKH HOHFWURGHV �)LJ� ��� 7KH LPSHGDQFH LV FDOFXODWHG IURP WKH UDWLR DQG
SKDVH RI WKH YROWDJH GURS EHWZHHQ WKH SLFNXS HOHFWURGHV FRPSDUHG WR WKH FXUUHQW SDVVLQJ
WKURXJK WKH V\VWHP� /LPLWDWLRQV DUH ORDGLQJ GRZQ RI WKH KLJK LPSHGDQFH FLUFXLW E\ WKH
SLFNXS DPSOLILHUV GXH WR WKHLU ILQLWH LQSXW FDSDFLWDQFH RI D IHZ S) DW WKH KLJKHU IUHTXHQF\
HQG ����N+] DQG EH\RQG�� DQG EORFNLQJ RI WKH LQMHFWLRQ FXUUHQW DW ORZ IUHTXHQFLHV� JLYLQJ
ULVH�WR�D�PHDVXUHPHQW�EDQGZLGWK�IURP�OHVV�WKDQ�����+]�WR�DERXW����N+]�

)LJ�����,PSHGDQFH�PHDVXUHPHQWV���,PSHGDQFH�PHDVXUHPHQWV�DUH�FDUULHG�RXW�LQ�D�WHWUDSRODU
FRQILJXUDWLRQ��ZLWK�ODUJH�FXUUHQW�LQMHFWLRQ�HOHFWURGHV�DQG�VPDOO�YROWDJH�SLFNXS�HOHFWURGHV�FORVH�WR�WKH
FHOO��)LJ���$����$�FDOLEUDWLRQ�VHULHV�LV�VKRZQ�LQ�)LJ���%��XVLQJ�.&O�VROXWLRQV�RI�NQRZQ�FRQGXFWLYLW\�
)LJ���&�VKRZV�SUHOLPLQDU\�UHVXOWV�REWDLQHG�ZLWK�MXUNDW�FHOOV���7KH�FKLS�XVHG�LQ�WKLV�H[SHULPHQW�KDG

VRPHZKDW�VPDOOHU�HOHFWURGH�VSDFLQJ�WKDQ�WKH�FKLS�LQ��%��OHDGLQJ�WR�ORZHU�LPSHGDQFH�

���(;3(5,0(17$/
0LFURFKLSV DUH IDEULFDWHG IURP ��� P IORDW JODVV ZDIHUV� E\ ILUVW GHSRVLWLQJ SODWLQXP
HOHFWURGHV E\ D OLIW�RII SURFHGXUH DQG WKHQ SDWWHUQLQJ 68�� E\ SKRWROLWKRJUDSK\� 7KH
FKDQQHOV DUH FORVHG E\ UHYHUVLEOH VHDOLQJ WR D IODW SLHFH RI 3'06 FRQWDLQLQJ WKH DFFHVV
KROHV�IRU�WKH�IOXLGV�
)LQHO\ FRQWUROOHG SUHVVXUH GULYHQ IORZ LV XVHG WR SRVLWLRQ D FKRVHQ FHOO VXVSHQGHG LQ DQ
DOJLQDWH VROXWLRQ LQ D QDUURZLQJ RI WKH PLFURIOXLGLF FKDQQHO �)LJ� ��� 7KH SUHVVXUH LV
FRQWUROOHG E\ DQ DQDORJRXV SQHXPDWLF FLUFXLWU\ RXWOLQHG LQ >�@� DOORZLQJ IRU VPRRWK
VZLWFKLQJ�EHWZHHQ�GLIIHUHQW�OLTXLGV�
:H XVH DQ $JLOHQW +3���� /&5�PHWHU IRU WKH LPSHGDQFH PHDVXUHPHQW� 7R LQFUHDVH WKH
LQSXW LPSHGDQFH RI WKLV GHYLFH� 23$����$0 RSHUDWLRQDO DPSOLILHUV ZHUH XVHG DV YROWDJH

$� 7HWUDSRODU FRQILJXUDWLRQ
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followers, using the circuit described in [7]. The signals from two voltage followers were

compared by an AD8065 operational amplifier in differential configuration before feeding

the signal back to the LCR-meter for impedance evaluation. Yeast cells were used as a

mechanical model for cell positioning, and jurkat cells were used as a model for electrical

measurements.

4. RESULTS AND DISCUSSION

Using slow laminar flow and well timed adjustment of the pressures in the different inlet

holes, cells can be positioned to within a few micrometers. This makes the method a low-

cost alternative to other single cell positioning techniques such as DEP or laser tweezers,

provided no relative movement between the liquid and the cells is required.

Calibration measurements with KCl solutions of different conductivities, as well as

impedance measurements on jurkat cells are presented in Fig. 2. In the frequency range

studied, the cell membrane is essentially insulating, and the cells increase the impedance

measured between the pickup electrodes. Potential applications include monitoring of

single cell volume and viability, as the impedance depends both on the integrity of the cell

membrane and the membrane enclosed volume.

5. CONCLUSIONS

The preliminary impedance measurements presented were done without gel formation, so

the position of the cells is not quite stable and detailed interpretation of the spectra is

confounded by the effect of varying geometry. More precise measurements in the presence

of the alginate gel will be presented on the microTAS 2005 conference itself.
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TOWARDS SINGLE CELL FINGERPRINTING IN
MICROFLUIDIC DEVICE FORMAT: SINGLE CELL

MANIPULATION, PROTEIN SEPARATION AND
DETECTION

W. Hellmich1, K. Leffhalm1, A. Sischka1, T. Duong1, N. Jensen2, K. Niehaus2,
K. Tönsing1, A. Ros1, and D. Anselmetti1

1Experimental BioPhysics & Applied NanoSciences, Bielefeld University, Germany
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ABSTRACT
Our single cell analytical experiments for future protein fingerprinting combines

microfluidic on-chip protein electrophoresis with latest laser technology for single cell
manipulation and (label-free) protein detection, and is presented by the following issues: 1)
Single cells were trapped and navigated by optical tweezers (OT) in a PDMS microfluidic
device, and lysed at a predefined position. 2) Separation and detection of proteins was
achieved with laser induced fluorescence (LIF) detection in the visible (488 nm) as well as
in the UV (266 nm) spectral range for label-free protein detection. 3) First successful
experiments with single GFP-transfected Sf9 insect cells exhibit distinct single component
electropherograms.

Keywords: Single cell analysis, microfluidics, protein separation, label-free detection

1. INTRODUCTION
Single cell analytics for proteomic analysis is considered as a key method in the

framework of systems nanobiology [2] which allows a novel proteomics without being
subjected to ensemble-averaging, cell-cycle or cell-population effects, in contrast to
conventional protein fingerprinting which is at the level of 105-106 cells.
The present work is based on the pioneering developments in micro total analysis (µTAS)
or lab-on-a-chip systems [3,4], LIF detection of proteins [5] and single cell fingerprinting
with capillary sieving electrophoresis [6-8].
In this manuscript, we focus on three main issues: Firstly, trapping and navigating of single
target cells by means of OT in a PDMS microfluidic device. Secondly, separation and
(label-free) protein detection with LIF detection in the VIS (488 nm) as well as in the UV
(266 nm) spectral range. Thirdly, monitoring of first single cell electropherograms with
single GFP-mutated Sf9 insect cells in this microfluidic device.

2. EXPERIMENTAL
Details on chemicals and reagents [1], fabrication and operation of the microfluidic

device [9], optical tweezers and liquid handling [10], VIS/UV-LIF detection [11,1], have
already been published elsewhere. Sf9 insect cells (Spodoptera frugiperda) from Novagen
(USA) were transfected with pIEx4-vector (Novagen, USA) containing the gene for the
fusion protein. The Sf9 cells expressed a 49.5 kDa GFP-labelled ´loss-of-function´ mutant
(T31N-GFP) of the cytoplasmic G-protein ArF1 of Medicago truncatula.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

406 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

407

3. RESULTS AND DISCUSSION
a) Single Cell Manipulation and Lysis: Single cells were optically selected, trapped

and injected into the microfluidic channel with OT. The manipulation of the cell and its
transfer to the crossing of our microfluidic device was realized with the dedicated x/y-
stage. Once the cell was navigated into this position the optical trap was switched off and
the cell was allowed to adhere to the microchannel wall. Cell lysis was performed either by
flushing 0.5% SDS in PBS by hydrostatic pressure from channel 4 to 2 or by applying an
electric field pulse of 1250 V/cm for 50 ms between channels 4 and 2. Both was controlled
by optical bright-field microscopy (Fig. 1 d-g). Complete cell lysis was typically achieved
within 6 seconds. Subsequent protein separation and detection was performed in channel 2.

Figure 1. Microfluidic device with crossing and cell trap (b) SEM of the cell trap, (c) single cell
navigated by OT (d-g) optical micrographs of a single cell at the injection position during SDS lysis.

b) VIS/UV-LIF Detection of Proteins: Electropherograms of fluorescein (100fM) and
proteins (avidin 84 nM) my means of VIS-LIF (488 nm, 25 mW) (Fig. 2a and b) and label-
free (native) UV-LIF (266 nm, 6 mW) (Fig. 2c) are shown in figure 2. With respect to the
detection volume 100fM fluorescein solution corresponds roughly to 50-100 molecules,
which is well below the anticipated number of low abundant protein copies in a single cell
(~104 [1]). Furthermore, this is to our knowledge, the smallest dye concentration
electrokinetically injected and detected in a microfluidic device so far.

Figure 2. Electropherograms of fluorescein and proteins by means of VIS-LIF (a,b) and UV-LIF (c).
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c) Single Cell Electropherograms: Figure 3 shows two single cell electropherograms
(A: SDS-lysis, B: electric field pulse lysis (EF)) recorded by VIS-LIF detection (488 nm, 2
mW, Ar+). The separation buffer contains 100mM Tris, 100mM CHES, and pullulan (4-
8%) (pH 8.6). As expected from a single component analyte one distinct peak can be
identified in both electropherograms which is attributed to the expressed GFP-construct
protein. These are to our knowledge the first electropherograms of a single protein from a
single cell in a microfluidic device.

Figure 3. Single cell electropherograms with single component peak from the expressed GFP variant
(A. SDS Lysis, B. EF-Lysis) with micrograph insets of fluorescent cells at the injection position.

4. SUMMARY & CONCLUSIONS
We developed a novel microfluidic single cell protein fingerprinting setup for systems

nanobiology, and successfully tested for 1) trapping and navigating of single biological
target cells by OT in a PDMS microfluidic device with consecutive lysis at a predefined
position with SDS or an electric field pulse, 2) electrophoretic separation and detection of
fluorescent dyes and proteins via VIS-LIF and label-free UV-LIF detection, and 3)
recording of first single cell electropherograms of GFP-mutated Sf9 insect cells. These
experiments proved the validity of the single cell analytical concept, and will allow novel
and fascinating single cell experiments for systems nanobiology in the future.
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TRANSISTOR-LESS, MASSIVELY-PARALLEL 
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DIELECTROPHORESIS 
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ABSTRACT 
This paper presents the first example of massively-parallel individual manipulation of 

bio-particles by negative dielectrophoresis (DEP), compatible with transistor-less and 
transparent chips. A prototype microsystem using gold and Indium Tin Oxide (ITO) on 
glass have been used to implement a bidimensional array of micro-sites, establishing 342 
dielectrophoretic micro-traps; each trap is able to get control over an individual cell (or 
microbead) and can be reconfigured by software to transfer the cell to any adjacent trap, 
making thus possible a digital control on the movement of many individual cells along 
different paths. Possible applications of this device include single-cell sorting, 
programmable cell-to-cell interaction and single-cell drug delivery.

Keywords: Array, cell, dielectrophoresis, sorting 

1. INTRODUCTION
In [1] we first presented the “moving DEP-cages” approach for single cell manipulation 

in a two-dimensional space; the implementation of this technique has permitted the 
development of a flexible Lab-on-a-chip (LOAC) platform based on standard CMOS [2,3],
whereby the individual control on thousands of micro-cages is achieved by embedded 
circuitry. 

Figure 1. Reflection-microscope image of the array.
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We hereby demonstrate the possibility of using a “transistor-less” approach to get free from
the use of active CMOS substrates, combining for the first time the capability of handling
an array of individual cells with the advantage of optical transparency. Unlike other 
solutions based on the use of optical or optoelectronic tweezers [4], the proposed approach 
does not require external bulky instruments and offers a contact-less approach to the cell
manipulation, which is impossible with other transistor-less techniques, like those based on 
positive dielectrophoresis [5]. 

2. CHIP ARCHITECTURE
A microchamber is defined by the chip surface and a conductive-glass lid. The chip 

implements 342 dielectrophoretic traps arranged on a bidimensional 18u19 array of 
identical 100Pm u 100Pm micro-sites (Figure 1). Each micro-site is composed of a core 
electrode, connected to the same sinusoidal voltage Vphin applied to the transparent ITO 
lid-electrode (not shown), and two concentric squared rings: ring-c[i,j] and ring-r[i,j]
connected column-wise and row-wise to signals col[i] and row[j] respectively. The core 
electrodes (dark in the picture) have been realized on the METAL-1 layer (ITO has been 
used to get transparency), while the ring-c[i,j] and ring-r[i,j] electrodes (bright in the 
picture) have been realized on the METAL-2 level (Ti/Au). Connecting the signals col[i]
and row[j] to a sinusoidal voltage Vphip = Vphin, each micro-site creates a DEP 
“potential barrier” around the core, yielding a closed, isolated DEP trap. A cell/bead can be 
transferred to any adjacent trap by temporarily opening and closing in sequence all the 
barriers between them, which is obtained by properly acting on the voltages applied to
columns and rows of both the involved micro-sites, as sketched in Figure 2. A generic path
can be constructed by sequencing and combining the effects of basic steps, enabling each 
cell to be moved from a starting position to any destination in the array.

Figure 2. Transmission-
microscope snapshots of 
basic step sequence for the 
movement along the 
horizontal direction (1 step 
to left): the transparent 
core electrodes appear 
bright, while Ti/Au ring 
electrodes appear dark; a 
similar sequence is used 
for the movement along 
the other directions.

3. RESULTS AND DISCUSSION
The effectiveness of the approach has been demonstrated by driving successfully a 

single micro-bead along a path in a bidimensional space, without changing the trapping site 
of any other particles in the array (Figure 3). This device is suitable for many biological
applications, such as the isolation of individual cells from a mixed sample (e.g. clone-
picking). Handling simultaneously and individually a multiplicity of cells is also possible, 
by properly scheduling and/or serializing cell movements in order to comply to
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architectural constrains. For example, cells on the same row and spaced at least two 
columns apart from each other can: i) move simultaneously in the same vertical direction ii) 
move simultaneously in any horizontal direction. 

Figure 3. A 25µm polystyrene micro-bead is routed from the starting position (left circle) 
toward a target position (right circle). Applied voltages are 100kHz@3Vpp. The time 
required to move from one micro-location to the next is about 6-7 seconds. 

Notable advantages of this approach include:
1. only two metal levels (three masks including vias) are required (low fabrication 

setup costs); 
2. compatibility with most types of substrates, including plastic or glass (the technique

can be easily embedded in a complex LOAC); 
3. minimum cage pitch 5 times the metal pitch, yielding traps of tens of microns even 

with moderate photolithographic resolutions, or micron sized traps when using 
deep-submicron technologies;

4. I/O scaling linearly with array size as only N+M addressing lines are needed for an 
NuM array.

4. CONCLUSIONS
Massively-parallel individual manipulation of bio-particles by dielectrophoresis, 

compatible with transistor-less and transparent chips, has been demonstrated on a prototype 
microsystem. Due to the simplicity of its implementation, we believe that the manipulation
technique presented herein could become a standard approach suitable to any LOAC which 
can benefit from handling individual cells. 
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IONIC LIQUID DROPLET AS MICROREACTOR
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ABSTRACT
The original combination of ionic liquids and open EWOD (Electrowetting On Dielectric)

based on actuated system is particularly suited to perform parallel chemical synthesis for
the drug discovery industry. The advantages and particularities of ionic liquids used in
combination with EWOD chemical processor have been investigated first. Then, a
feasibility study for a Grieco reaction was achieved.

Keywords : Droplet, EWOD, Ionic liquid, Drugs design, Parallel Synthesis

1. INTRODUCTION
EWOD based systems can provide through sequential electrode actuation, elementary

fluidic functions such as drop displacement, splitting, dispensing, merging and mixing with
no moving parts or external pressure.

Room temperature ionic liquids (RTILs) are increasingly used in chemical synthesis as
solvents [1] for their high solubility power and their low evaporation rate. There are also
used as electrolyte materials for their high ionic conductivity and their large electrochemical
windows [2]. Finally, there are used in biological applications [3], as they are bio-
compatible with several biological species, such as lipase. Low reagent consumption and
toxic waste reduction, drive the pharmaceutical industry towards miniaturized and
integrated systems for chemical synthesis. However, to our knowledge there has been very
little work done with ionic liquids in microsystems. De Mello and co-workers [4] has used
them in microchannels and showed that their high viscosity (Table1) requires high driving
pressure.

As a new microfluidic approach, combining ionic liquids as droplet microreactors with
EWOD as the fluidic motor [5], appears as a very promising solution for low volume
chemical synthesis, due to the low evaporation rate of RTILs, which, allows the handling of
very small volumes and because of the easy handling of multiple droplets by EWOD
actuation, which enables easy parallel synthesis.

2. RESULTS AND DISCUSSION
On an EWOD based fluidic device, behaviour of ionic liquids is very different from

aqueous solutions, thus impacting the overall processor design. Indeed, the low surface
tension (table 1) of RTIL reagents leads to very low voltage actuation (decreased 3 X
compared to aqueous solutions). However, their high viscosities have an impact on the
displacement speed of RTIL droplets, which is much slower than water for an equivalent
applied tension.
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Table 1 : Particular characteristics of ionic liquids in comparison with water
Ionic liquids Viscosity (cP) Contact angle (θ)

on Teflon surface
Surface tension

(mN/m)
Minimum
actuation

voltage (V)
[bmim][PF6] 450 93.7 44.04 ± 0.08 16 – 21
[bmim][BF4] 219 94.2 46.67 ± 0.19 23 – 30
[tmba][NTf2] 58 77.0 34.75 ± 0.35 12 – 21

water 0.89 110 72 40 - 50

Ten different ionic liquids were tested for displacement on an EWOD chip, all with
success, showing the versatility of the system. Then, we tested elementary fluidic functions
in open systems under air such as mixing and merging, and in closed systems, such as
dispensing operation. Moreover, the particular properties of ionic liquids allow the use of
open systems not only for drop displacement but also for EWOD splitting operations
(figure 2), which are impossible with standard aqueous solution. Having an open system is
particularly advantageous for viscous solution since friction forces are reduced.

As a feasibility study, a Grieco’s reaction was performed on an EWOD chip. Grieco’s
reaction involved four components: an aniline, an aldehyde, an olefin and the trifluoroacetic
acid as a catalyst. This Ionic Liquid Supported Organic Synthesis [6] was performed using
an aniline grafted on a Task Specific Ionic Liquids in the ionic liquid solvent [bmim][BF4]
(figure 2). On the one hand, by doing so, we benefit of outstanding chemical reaction in the
same way as classic homogeneous organic chemistry, and on the other hand simplified
purification as in supported chemistry.
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Figure 2: Schematic representation of Grieco’s reaction

Figure 1: Splitting of [tmba][NTf2] by EWOD actuation in an open system
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After purification, the ionic liquid droplet, used as a micro-reactor, was characterized by
ESI/MS. The molecular ion of the desired final compound showed characteristic mass at
m/z = 441,6 amu. The reaction was total in two hours incubation.

We used a two catena microchip to perform on line electrochemistry detection. The first
catenary plays the role of the working electrode and the second is both the counter electrode
and the reference electrode. In order to have an easy detection, we used nitrobenzaldehyde
for Grieco’s reaction, and have targeted the reduction of the nitro group in the desired final
product. A reduction peak was obtained at –1.4V versus the pseudoreference electrode. By
integration of the peak the conversion rate was estimated to 95%.
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Figure 3: Voltammetric response of the final product and set up

3. CONCLUSIONS
A much more powerful chemical processor [7] is currently designed, which will include a

large number of reservoirs for handling a large number of chemical reagents, in order to
create high-throughput parallel synthesis reactor.
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ABSTRACT

In this paper, we report a method to produce a large number (>1500) of unique synthetic
DNA oligonucleotides (oligos) using a micromachined substrate on a Maskless Array
Synthesizer (MAS). Each micromachined microwell is engineered to hold a single bead of
a targeted diameter of 175um. In application to DNA synthesis, we have successfully
packed these microwell plates with controlled pore glass (CPG) beads. The small volume
of each well, together with the highly parallel nature of the MAS system allowed this
method to be faster and less expensive (reduced reagent consumption) when compared to
traditional DNA synthesis techniques.
Keywords: Bead Array, Solid Support, High Throughput, DNA Synthesis

1. INTRODUCTION
Maskless Array Synthesizer using Texas Instrument’s digital light processing (DLPTM)

technology was first demonstrate in 1998 [1]. Using the digitally controlled mirrors and a
highly efficient photosensitive chemistry [2], high density DNA microarrays with user
specified sequences can be synthesized on a solid surface. The MAS produces oligos that
are covalently attached to the synthesis support, which is usually a glass slide.

The ability to synthesize 1,000’s of user specified nucleic acid sequences on a chip is
especially powerful when applied to reagent manufacturing. Currently, DNA and RNA
oligos are produced using nucleic acid synthesizers such as ABI 3900 and Bioautomation
MerMade machines. These synthesizers use mainly robotic dispensing techniques to
control the DNA/RNA sequence they produce. Being a robotic technique, the synthesis
volume for each sequence is typically >30µL (MerMade uses 70µL columns). The serial
dispensing process coupled with the larger fluidic volume causes the synthesis to be long
and expensive. Currently, the cost of manufacturing nucleic acid oligos is around 7 cents
per base. Unless the cost of reagent is reduced, the manufacturing cost is not expected to
improve with time.

However, DNA microarrays are not a good source of reagent grade oligos due to the
small synthesis scale (number of molecules produced). The number of molecules produced
in a synthesis is proportional to the available synthesis surface area. In the case of a
microarray, the total synthesis area is 2.2 cm2 (shared among all of the synthesized
sequences), producing an estimated 44 pmole of material. In comparison, a commercial
synthesizer column produces from 10,000 ~ 100,000 pmole of material; yet, most of this
material is wasted since a 50 µL PCR reaction only requires 1 pmole of oligomer as primer.

* Currently at Colibrys Inc., Stafford Texas, USA. Larry.Chu@colibrys.com
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The microwell plate will produce oligos in an experimentally relevant scale, producing > 1
pmole per bead.
2. DESIGN AND SIMULATION

The basic structure of the microwell is shown in Figure 1. The wells are defined using
two pyramid shaped voids with their apexes aligned and merged to form a through-flow
structure. The top side of the well has four mechanical flaps that serves to select and
localize the correct diameter beads (150<d<200µm). The flaps are designed with a
stiffness such that beads can be pulled into the top well by applying a vacuum suction on
the backside. Yet, the flaps are sufficient to prevent bead removal due to fluidic flow.

Figure 1: Concept of a bead capturing microwell with bead diameter selection. (Left) the cross section of the
plate, (middle) top view, and (right) fabricated device with a bead inside.

One of the key concerns in this design is the fluidic resistance that the well and bead
presents. To validate and improve the well design, we used FEMLAB 3.1 for the
incompressible steady-state flow FEM analysis. We first verified that the FEM results are
physical; i.e., FEM results are shown to be within 5% of analytical and experimental results
for a capillary flow problem. Next, we proceeded to simulate a single top well structure
with variations in flap designs and bead diameters. The results are summarized in Table 1.

0 1 2 3.10-3m/s
Figure 2: (Top) Flow velocity profile of a well with 175
um bead (bottom) well with the top flap features.

Table 1: Summary of single well FEM results.
Max.
Re.

Num.

P
Drop
(Pa)

Flow
Resist.

(10-9 Pa sec/m3)
Well only 0.0296 0.229 29.5
With flap 0.0257 0.273 35.2

150um bead 0.0369 5.87 758
175um bead 0.0341 4.32 557
200um bead 0.0377 5.08 655

Figure 3: Concept of a sandwiched microwell plate.

From the single well simulations, it is evident that the flap adds very little flow
resistance while adding a bead causes a large change. However, there is no clear trend
between bead diameter and resistance increased. We use the single well data to investigate
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the flow behaviour of a row of wells and showed that the flow velocity across the entire
chip varies by less than 50%; this variation, although undesirable, can be compensated by
optimizing the flow volume to yield uniform oligos quality across the chip.

3. EXPERIMENTAL RESULTS
The fabricated microwell plate is shown in Figure 4, where an empty and a partially

packed section of the array is also shown. Fluidic manifolds are constructed as illustrated
in Figure 3, and the synthesis block is mounted on a MAS machine (Figure 5). Synthesis is
carried out using an ABI Expedite as the fluidic delivery system. After synthesis, oligos
are cleaved off the support surface and analyzed using P32 radio-labelled PAGE (Figure 6).

Figure 4: (Left) Top view of the microwell plate, (center) a section of the chip before bead isolation, (right) after
bead packing, showing partially pack array.

Figure 5: Showing the synthesis block with the
microwell plate mounted on a MAS machine with UV
illuminating ¼ of the chip area.

Figure 6: P32 labelled PAGE gel image of the eluted
product from a synthesis run using the microwell plate.

4. CONCLUSIONS
Microwell plates designed to provide massively parallel nucleic acid synthesis have been

demonstrated in this work. By using microwells that have mechanical flaps that capture
and retain CPG beads, we have shown that it is possible to use a MAS system to synthesize
custom nucleic acid sequences on an experimentally relevant synthesis scale.
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ONLINE MONITORING OF REACTION
INTERMEDIATES IN CONTINUOUS FLOW

MICROFLUIDIC SYSTEMS
R.F. Winkle1, R.C.R. Wootton1, G. Walter2 and A.J. deMello1
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ABSTRACT
The use of Raman spectroscopy to detect and monitor intermediates in chemical

synthesis has been demonstrated for the Corey-Fuchs reaction, with the results being
recorded in real-time with in-line analysis. The formation of the intermediate is shown by
the appearance of a new peak at ~1600cm-1 as well as the disappearance of the
characteristic aldehyde peak at ~1750cm-1.

Keywords: In-line monitoring, intermediates, microreactor, raman

1. INTRODUCTION
In-line monitoring of reactions within microfluidic systems using Raman spectroscopy

has previously be shown to be effective for the monitoring of product production. [1],[2]
In this case by looking at the formation of an intermediate, information for the design of
the reactor system is gained because the optimum point for the addition of the next reagent
can be found.

The Corey-Fuchs reaction, scheme 1, is a commonly used multi step synthetic route
which extends the carbon backbone of a molecule. [3] The synthesis involves the
conversion of a formyl group to a ethynyl group via a vinyl intermediate stage, which has
been monitored using Raman spectroscopy.

CBr4

PPh3 Ph3P CBr2

Br2

O
Br

Br

n-BuLu

Scheme 1. Corey-Fuchs reaction scheme

2. EXPERIMENTAL
A schematic of the microfluidic setup is shown in figure 1. The microreactors were

fabricated from glass using standard wet etching techniques and thermal bonding of a cover
plate. Raman spectroscopy was performed using a LabRam Infinity (Jobin Yvon) system,
employing a 633nm laser.
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Figure 1. Schematic of the microfluidic setup.

3. RESULTS AND DISCUSSION
Figure 2 shows that after flowing through the microfluidic system the alkene

intermediate has formed by the presence of the peak at ~1600cm-1 and that all the
benzaldehyde has been used up by the fact that there is no peak in the 1750cm-1 range. As
can be seen by increasing the flow rate there is no change in the spectrum so this stage of
the reaction is occurring in less than the residence time of the microfluidic system, which
means that the addition of the next reagent can happen without influencing previous stages
of the synthetic route.
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Figure 2. Raman spectra of the reaction mixture and a standard benzaldehyde solution

4. CONCLUSIONS AND OUTLOOK
The use of Raman spectroscopy to monitor intermediates has been demonstrated for the

Corey-Fuchs reaction, but we anticipate that it can be applied to many more synthetic
pathways in the future allowing rapid optimisation of reaction conditions and reactor
design.
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ABSTRACT

1. INTRODUCTION
Liver toxicity is the most common reason for withdrawal of drug candidates by the Food
and Drug Administration (FDA) [1]. With the average cost to obtain FDA approval for a
drug candidate estimated at $403 million (2000 dollars), withdrawal of a medication due to
liver toxicity represents a tremendous loss of resources [2]. The number of late-phase drug
developmental failures due to liver toxicity could potentially be reduced through the use of
hepatocyte-based systems capable of modeling the response of in vivo liver tissue to toxic
insults. The goal of this project is the realization of an independently addressable array of
primary human hepatocytes for use in high-throughput liver toxicity screening. With this
article, we report progress towards realizing that goal. We have successful developed a
microfluidic array of primary rat hepatocytes capable of supporting long term liver-specific
synthetic and detoxification functions.
2. ARRAY DESIGN
The array was constructed by combining soft lithographic techniques [3] with traditional
microlithographic techniques and a previously described collagen surface modification
technique [4]. The system, shown in figure 1, was an 8X8 array of 3.25 mm diameter wells
rendered in polydimethylsiloxane (PDMS). Each well within the array was comprised of
two chambers. The primary chamber was 150 m in height and contained micropatterned
primary rat hepatocytes in co-culture with 3T3-J2 fibroblasts. The bottom surface of each
primary chamber was comprised of glass that has been micropatterned with collagen to
enable selective hepatocyte adhesion. Surrounding each of the 40 m collagen circles were
the 3T3-J2 fibroblasts. This primary chamber was in continuity with a microfluidic
network that allowed the cells to be continuously perfused with cell culture media. The
secondary chamber of each well was 100 m tall and was separated from the primary
chamber by a 100 m thick membrane of PDMS and was connected to its own microfluidic
network that carried heated (37 oC), humidified room air with 10% carbon dioxide.

Nearly half a billion dollars in resources are lost each time a drug candidate is
withdrawn from the market by the Food and Drug Administration (FDA). The
number of late-phase drug developmental failures due to liver toxicity could
potentially be reduced through the use of hepatocyte-based systems capable of
modelling the response of in vivo liver tissue to toxic insults. Here we report the
development of a 64 (8X8) element array of microfluidic wells capable of supporting
micropatterned primary rat hepatocytes in co-culture with 3T3-J2 fibroblasts.
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3. ARRAY SEEDING
To seed the system, the glass slide containing the media perfusion network and the collagen
patterned wells were immersed in Dulbecco’s Modified Eagle Medium (DMEM)
containing primary rat hepatocytes at a concentration of 0.75*106 cells/ml. The
hepatocytes bound to the 40 m collagen circles are shown in panel (a) of figure 2. On day
2, the cell culture media was replaced with complete media containing 3T3-J2 fibroblasts at
a concentration of 0.75*106 cells/ml. These slides were then allowed to incubate overnight.

The following day, the slides were capped with the gas perfusion networks. To provide
a constant flow rate of media to the systems, each of them was attached to a 10 mL syringe
containing complete media. The syringes were loaded into a programmable pump set at a
constant flow rate of 1 L/min. The media flowed into each array through a single channel
and out through a single channel. The fluid from the outlet channel was sampled each day.
To supply the cells with oxygen, one end of the gas perfusion network was attached to a
house vacuum line and the other end was left open to the environment of the incubator.
Four arrays were maintained in an open configuration to serve as controls for the closed
and perfused arrays.
4. METABOLIC AND PROTEIN SYNTHETHIC FUNCTION
In figure 3, the average daily albumin and urea concentrations measured in the effluent of
the eight perfused arrays are plotted over the course of the study. Also shown are the
average daily albumin and urea concentrations of the four open control devices. The
average daily albumin production in the perfused arrays from day 20 until the study was
intentionally terminated at day 32 was determined to be 78.4 g/day ( = 3.98 g/day, N =
8). This is 53.1% of the average albumin production measured within the control devices
over the same time interval, 147.6 g/day ( = 16.3 g/day, N = 4). The average daily urea
production in the perfused arrays from day 20 on was determined to be 109.8 g/day ( =
11.9 g/day, N = 8). This is 54.8% of the average urea production measured within the
control devices over the same time interval, 200.4 g/day ( = 17.0 g/day, N = 4).
5. DISCUSSION
Figure 3 demonstrates that the array is capable of supporting steady-state primary
mammalian hepatocyte protein synthesis in the form of relatively constant albumin
production from day 20 to greater than one month. It also shows stable metabolic function
in the form of relatively constant urea production. These results underscore the idea that a
microfluidic platform can be used to perform long-term co-culture of primary hepatocytes.
These results also show that the hepatocytes in such a system are capable of long-term
protein synthesis and detoxification functions that are relatively repeatable from array-to-
array.
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Figure 1. Photograph of array prototype including the interface used to clamp the glass
slides and connect to the microfluidic channels contained between the slides.

Figure 2. Phase contrast micrograph (X20) of the co-culture within the wells of the array.
Hepatocytes adherent to the collagen micropatterns on day 2 are shown alone in panel (a),
and on day 3 surrounded by 3T3-J2 fibroblasts in panel (b).

Figure 3. Average daily albumin and urea concentration within eight closed and
continuously perfused devices is represented by the grey circles. The open control devices
are represented by the black circles. Error bars represent standard deviation (N=3).
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ABSTRACT

In this study, we report a microfluidic device with 10µm size micro-gap to observe
quantitatively the HepG2 cancer cell migration rate with respect to time. This device not
only allows us to monitor cancer cell migration through the device microgaps in realtime
but also provides to quantify individual cell’s migration rate across the microgaps of 10µm
in width. Rows of 146 microgaps along the channels enabled a high throughput of data in
just one device.

Keywords: Microfluidic, Migration, Metastasis

INTRODUCTION

Cell migration is a cellular process that plays a vital role in cancer metastasis and the use of
microfabricated devices to study this process is an interesting area of research over the past
decades. In Vitro models like the filter assay using the Boyden chamber [1] and Transwell
assay [2] are among the most widely employed. These methods provide only the qualitative
information about the cell movement. Other models like the Dunn viewing chamber [3] is
only meant for studying individual cells adhered on a cover glass. Another microfluidic
chemotaxis chamber (MCC) for investigating chemotaxis of cancer [4] is also reported but
is designed for producing gradients of different growth factor. Therefore, we fabricate a
microfluidic device that aims to track single cell migration and quantify their migration rate
easily.

MATERIALS AND METHODS

The device was fabricated using polydimethylsilane (PDMS), which was cast over a master
mold made out of SU8 photoresist. The PDMS was then bonded to an optically clear glass
substrate. As shown in Fig. 1, the device had three microchannels (300µm wide) parallel to
each other and two rows of 10µm width microgaps. We used HepG2 cancer cells for all our
experiments. The cells were cultured in 5% CO2 incubator at 37o C in Dulbeco minimum
essential medium (DMEM; GIBCO) supplemented with 10% fetal bovine serum (FBS;
GIBCO) and 1% PSA (Penicillin G/ Streptomycin /Amphotericin; Sigma). They were
detached from culture flasks by treatment with trypsin-EDTA (Sigma) for two minutes.
After the detachment, they were again suspended in the culture medium for 10 minutes at
room temperature to inactivate any remaining trypsin activity. After centrifugation at 1200
x g for 8 minutes, they were diluted in serum-free DMEM to an optimum density of
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Figure 1 SEM image of the device showing the 3 microchannels with 10micron width
microgaps.

approximately 103 cells/device and stored in suspension. The HepG2 cancer cells were
initially seeded into the top and bottom channels for observation under the inverted
microscope. After cell adherence, chemoattractants were added into the middle channels.
Hourly imaging of the migration process across the microgap channels was then performed
and the migration path of the cells was then plotted. The migration rate was quantified by
taking the distance travelled over its time taken.

RESULTS AND DISCUSSION

As shown in Fig. 2, once the cells were seeded and adhered to the glass substrate, they were
allowed to proliferate and hourly imaging of microchannels was taken. Figure 3 shows a
series of phase contrast micrographs that illustrate the migration of individual cancer cell
along the microgaps at hourly interval. The location of the cancer cell at different time was
then mapped out and the migration rate of each individual cell was calculated by dividing
the distance traveled by the cell over the time taken. Figure 4 shows more images of cancer
cell movement across the microgap channels.

Figure 2 Optical Microscope image showing the cell migration process from the bottom
channel to the middle channel through the microgaps.

Figure 3 Optical microscope images of an individual HepG2 cancer cell migrating towards
the middle channel.

100!m

300!m
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Figure 4 Optical Microscope images of cancer cells migration across microgaps.

CONCLUSION

In this work, PDMS microfluidic device is designed and fabricated for the quantitative
measurement of HepG2 cell migration. This cell is migrated through the 10 micron gap at
the average migration rate of 5!m/hr. For cell migration experiments, although in-vivo
models are more physiologically relevant than in-vitro models, they are however time-
consuming, expensive and labor intensive. Our microfluidic device is a simple device to
study this important metastatic process and to understand the basic mechanism involved in
cell migration.
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Abstract
This paper reports a small apparatus for heavy metal measurement in aqueous solution aimed for 

environmental pollution monitoring. The detection principle is simple; an optical spectrometry
from plasma that is generated by confined electric current through sample solution in micro fluidic
channel. In this study, the dependencies of the channel length, support electrolyte concentration, 
applied voltage and pulse width on sensitivity and accuracy were investigated It is revealed that
higher voltage and higher support electrolyte concentration are suitable for  heavy metal 
measurement. The detection limit for Cd is 300ppb. 

Keywords: Environmental analysis, Atomic emission spectrometry, Micro plasma, High
sensitive detection 

1. Introduction 
Many approaches have been done to miniaturize plasma sources [1-3] and optical emission 

spectrometry (OES), in case of gas samples [1] and liquid samples [2]. In these works, micro plasma
was generated with He or Ar plasma gas, and samples were injected into plasma. However, in these
works, large amount of plasma gas and power source were needed especially for liquid sample, 
because the injection of liquid sample into small plasma causes instability in plasma. Therefore total
setup become large by including gas cylinder. Also for liquid sample, nebulization is another critical 
point. In this work, we report novel micro plasma for liquid sample OES, namely “confined liquid 
electrode plasma (cLEP) ”. The principle is shown in figure 1. An aqua solution sample was put in
the channel and direct current voltage (500~1500V) was applied from Pt electrode inserted into the 
reservoirs at both sides. Electric current (~10mA) was confined at the neck position of the narrow
channel, which results in generation of water vapor bubbles, and then a plasma. The sample atoms to
be measured in the solution were co-evaporated and emitted light in the plasma. The advantages of 
this method are; (1) Neither plasma gas nor nebulizer is required. (2) No contamination from 
electrode because the electric field around the electrodes are low and the plasma does not touch the 
electrodes. (3) Required power consumption (~0.3W) and sample amount (<<1µL) are very low. (4)
Plasma is sealed in the channel, so handling and optical coupling are very easy. (5) Ultra low 
background and high sensitivity.

In the last microTAS conference, we reported this principle and sodium measurement[4]. In this
paper, we investigated the channel length dependence, support electrolyte concentration
dependence, applied voltage dependence and pulse width dependence on sensitivity and stability, 
for various elements, and then improved the detection limit and the reproducibility for heavy metal 
measurement.  
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2. Experimental 
Experimental setup is shown in figure 2. Microfluidic chip was made of PDMS and quartz glass

plate by soft-lithography using SU-8 thick resist. Typical channel width and height were 200µm 
and 70µm, respectively. High voltage was applied by Pt electrodes. Optical emission spectra were
analyzed by OceanOptics USB2000 handy-type spectrometer. The plasma image was observed by
microscope, and recorded by high speed CCD camera, in order to check the plasma position and its
reproducibility. 

3. Results and discussion 
At first, we tried to improve the reproducibility of plasma position. The probability of the event

that plasma generated at the adequate position of the channel center is shown in figure 3, as a 
function of the narrow channel length. In case of the narrow channel length > 200 m, the plasma
generated not only at center but also various positions so that it is not suitable for accurate 
measurement. When the narrow channel length = 10µm, the plasma generated at center but its 
shape is not symmetrical. From these results, we concluded that 200µm is the best to generate 
plasma reproducibly, and used this length during following experiments. 
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Fig.2  Experimental setup
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Figure 4 shows support electrolyte concentration (Cs) dependence on spectra for 636 ppm Cu
solution. Increase of applied voltage have a similar tendency to increase of Cs, and both of them are
effective for not only high sensitivity but also good reproducibility, especially for heavy metal
elements. Figure 5 shows the improved reproducibility of 50ppm Cd solution. Figure 6 is a spectra 
of 50ppm Cd measured by higher grade spectrometer of Acton SpectraPro 500i. From this the
detection limit for Cd is currently about 0.3ppm. 

4.Conclutions 
For heavy metal measurement in solution by cLEP, it is revealed that the higher voltage and

higher support electrolyte concentration improve detection limit and reproducibility. The estimated
limit-of- detection for Cd from the 0.1M HNO3 solution was currently 300ppb. 
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A MULTICHIP-ARCHITECTURE-BASED FLEXIBLE
AND EXTENDIBLE NEURAL STIMULATION DEVICE
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ABSTRACT

An LSI-based multi-chip neural stimulation device is fabricated and demonstrated. The
proposed multi-chip device consists of small intelligent neural stimulation chips (unit chip).
It can work with other unit chips cooperatively. Any number of the unit chips can be
configured as the multi-chip neural stimulation device. Compared to single-chip
architecture, the proposed multi-chip architecture has advantages in mechanical strength
and flexibility, and extendibility. That makes the multi-chip neural stimulation device more
suitable for in vivo applications such as retinal prosthesis. We developed a thin, flexible
packaging technique for the multi-chip neural stimulation device with LSI-compatible
Pt/Au stacked biocompatible bump electrode.

Keywords: CMOS, multi-chip, neural stimulation, retinal prosthesis

1. INTRODUCTION
Recently, an increasing number of works on develop-ment of LSI-based neural interface

devices have been reported [1-3]. We have been developing retinal prostheses devices
based on CMOS vision chip technology [4-6]. This research aims to develop an
implantable visual prosthesis device that electrically stimulates retinal neural network with
visual recovering image generated by an intelligent image sensor (vision chip). For in vivo
applications such as retinal prosthesis, the device should be thin and flexible in order to fit
the physical shape of target biological neural systems. In order to overcome this issue, we
proposed a device architecture consisting of small unit chips that cooperatively work under
a single set of control signals. In the present work, we design and fabricate a general-
purpose LSI-based cooperative multi-chip neural stimulation/recording device. It can be
applied not only retinal prostheses, but also various in vivo and in vitro research works and
applications. We also demonstrate the device packaging techniques that achieve a thin and
flexible multi-chip neural stimulation/recording device for in vivo applications

2. DESIGN AND PACKAGING OF THE MULTI-CHIP STIMULATION DEVICE
Fig. 1 shows block diagram and layout of the unit chip of the multi-chip neural

stimulation device. The chip is designed with 0.6µm 2poly 3metal standard CMOS
technology. Size of the unit chip is 600µm × 600µm. This size enables to reduce the
thickness of the unit chip down to 50-100µm without taking a severe risk of breaking. The
unit chip has 9 stimulation electrodes and control circuits. The addresses of the 9 electrodes
are from "0001" to "1001". The unit device is controlled via four lines: POWER, GND,
CONTROL, and STIM. The unit chip has an 8-bit asynchronous counter as the address
buffer. The addressing counter counts up the digital pulses applied to the CONTROL line,
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and the unit chip interprets the value of the counter as the address of the selected electrode.
The upper four bit and the lower four bit represent the addresses of the selected chip and
the selected electrode, respectively. The selected electrode on the selected chip is connected
to the STIM line. Once selected, one can carry out the neural stimulation at the selected
electrode via STIM line. Fig 2 shows the addresses of the unit chips on the designed die
and a typical wiring pattern for a 16-chips neural stimulation device.

Packaging of the chips is also an important issue to realize a feasible LSI-based neural
stimulation/recording device. We have been developing packaging technologies for LSI-
based neural interface devices. In the present work, we apply them to the proposed
cooperative multi-chip neural stimulation/recording device. Fig. 3 shows an assembled
multi-chip neural stimulation device. A 3×3 unit chip array is mounted on a polyimide
flexible substrate. The chips have Pt/Au stacked bump electrodes on their surface for
electrical retinal stimulation. The device can be bent and the risk of breaking the Si chips is
far less than conventional single-chip architecture.

3. FUNCTIONAL DEMONSTRATION OF THE MULTI-CHIP DEVICE
We confirmed that the implemented addressing function works correctly and

characterized the current injection properties of the device in saline environment. The
switching time of the device is shorter than 100ns, and the injection capability of larger
than 500µA×100µs. A typical voltage profile during current injection is shown as Fig. 4.
Reports on the neural stimulation using Pt electrodes suggests that the trace presented in
Fig. 4 is reasonable for cathodic-first, biphasic charge injection[7].
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Figure 1. Block diagram and the layout of the unit chip
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A NEW AUTONOMOUS IMPLANTABLE
MICRO POWER SUPPLY USING BONE STRAIN-BASED

PIEZOELECTRIC ENERGY HARVESTING
J. Loverich, I. Kanno, and H. Kotera

Department of Mechanical Engineering, Kyoto University, Japan

ABSTRACT
Low-power implantable micro analysis systems such as blood glucose sensors have

received significant interest in recent years. Powering such micro devices with conventional
methods is a concern because batteries have a finite life and transcutaneous energy
transmission using RF or magnetism requires bulky hardware and frequent charging. To
address these issues, this paper proposes a new device that harvests energy in vivo from
repetitive loading of bones. The proposed autonomous power supply uses a small patch of
piezoelectric material attached to a load-bearing bone and a simple rectification circuit to
accumulate electrical charge that develops in the piezoelectric material during each bone
loading period.

Keywords: energy harvesting, micro power supply, bone strain

1. INTRODUCTION
Significant work involving human energy harvesting internal to the body includes a

device that generates electrical energy using a temperature differential between the body
and the ambient [2]. Another implantable device harnesses energy from variation in blood
pressure [3]. The implantable energy harvesting concept presented here is novel because it
uses variation in bone loading to generate electrical power. Such energy harvesting is
possible because the elastic modulus and strain levels in bone during routine activity are
well-matched to the requirements for achieving significant mechanical-to-electrical energy
transduction with piezoelectric materials (during walking, surface strain levels in the tibia
bone approach 1960 µε and during chewing similar strain levels are expected in the
mandible) [1].

Figure 1. Bone strain piezoelectric energy harvesting device

~4.0 mm Piezoelectric layer

Energy harvesting circuit and storage capacitor

Staples and platform used to couple the
piezoelectric element to the bone

Rubber isolation layer

Surface bone strain levels on an order of 1960 µε are induced in a
thin piezoelectric patch to generate electric charge

Tibia bone
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The bone strain harvesting concept is significant because simulation results predict it to
have more than an order of magnitude higher power generation density than the thermal and
blood pressure devices. Other promising micro power supplies such as bio-fuel cells are in
their early stages of development and it is difficult to draw a comparison with the proposed
piezoelectric bone energy harvester.

2. PIEZOELECTRIC ENERGY HARVESTING
The electrical energy that can be generated by a bone-strain piezoelectric energy

harvesting device can be easily estimated using piezoelectric theory and bone loading data
for an average person walking. Based on linear piezoelectric constitutive equations, the
open circuit voltage on patch of piezoelectric material (poled in the 3-direction, normal to
the surface of the patch) is given by

( )
t

ssd

SSd
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2
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ε
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where S1 and S2 are the in-plane principle strains induced in the piezoelectric patch due to
bone deformation, d31 is the piezoelectric constant, t is the thickness, T

3ε is the dielectric

permittivity, and s11 and s12 are the compliance coefficients. In this case, the piezoelectric
patch behaves as a capacitor ( tAC T

P 3ε= ) in series with a voltage source. The energy

stored in the piezoelectric material during a single loading cycle is

2

2

1
PPP VCE = (2)

A simple rectification circuit shown in Figure 2 is used to accumulate electrical charge
that develops in the piezoelectric material during each bone loading period.

Figure 2. Piezoelectric element, energy harvesting circuit, and generic load

3. EXPERIMENTAL RESULTS AND DISCUSSION
To experimentally demonstrate the bone strain piezoelectric energy harvesting concept,

a 3 cm2 patch of PVDF piezoelectric film was bonded to a sample of compact bone from
the pig tibia. A simple rectification circuit consisting of two diodes and a 100nF storage
capacitor were used to accumulate electrical charge from the piezoelectric element.
Simulation and experimental results for repetitive loading of the pig bone sample are shown
in Figure 3.
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Figure 3. a) Experimental setup and b) results compared with theoretical simulations

The results in Figure 3 show that electrical energy can readily be generated under
typical bone loading conditions. The difference between the theoretical prediction and
experimental results is likely due to energy dissipation in the measurement equipment and
elasticity in the bond layer between the piezoelectric film and bone.

Simulation results using the new (K0.44Na0.52Li0.04)(Nb0.84Ta0.10Sb0.06)O3 lead-free
piezoelectric material (d31 = -152 pC/N) indicate that a 4x4 mm by 36 µm thick
piezoelectric patch attached to a tibia bone could power a 500 µW micro analysis system at
a duty cycle of 0.5% [4]. This corresponds to operating for 75-6 second in duration periods
every 24 hrs. A high energy density lithium-ion battery having the same size as the
piezoelectric energy harvester could power the 500 µW sensor at a similar duty cycle for a
maximum of 119 days before exhaustion [5].

4. CONCLUSION
This paper proposes a new implantable micro power supply that harvests energy in vivo

from repetitive loading of bone. A small patch of piezoelectric material attached to a load-
bearing bone and a simple rectification circuit is used to accumulate electrical charge that
develops in the piezoelectric material during each bone loading period.
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APPLICATION OF MAGNETIC MICROMACHINE
FOR MICROPUMP
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ABSTRACT
We proposed an application of a magnetic micromachine for a micropump. When a

rotating magnetic field was applied, the machine rotated and pumped a surrounding liquid.
As the machine works wirelessly, we can obtain a small and disposable pump. When a
plate installed the machine in a fluid channel was set on a stage for generating a rotating
magnetic field, the machine worked as the pump. In this system, the flow rate could be
controlled by the rotating frequency.

Keywords: magnetic micromachine, micropump, rotating magnetic field, disposable
pump

1. INTRODUCTION
This paper reports an application of a magnetic micromachine for a micropump.

Micropumps are the micro fluid devices which can pump a very small amount of liquid.
Micropumps have been studied using piezoelectrical materials [1], Shape Memory Alloys
[2] and so on. These micropumps can generate a pressure of several kPa. However, as
these pumps are as large as several mm in size, it is difficult to use for TAS(micro Total
Analysis System). Moreover, the pumps using electrophoretic devices can’t pump the
liquid quantitatively. In this study, we propose the micropump with the magnetic
micromachine. The magnetic micromachine requires no power supply cables, no batteries
and no controlling systems on the machine body. As the machines work wirelessly, we can
obtain a small and disposable pump. In addition, the machine works under very wide-range
kinematic viscosity of the liquid. We have examined the basic properties of the pump, and
we have found that the produced pressure and the flow rate could be controlled by the
rotating frequency [3]. In this study, we proposed a disposable pump system with the
magnetic micromachine. We examined the properties of the pump system such as the
rotating frequency and the flow rate with variations of the kinematic viscosity of the liquid.
In addition, we examined the basic properties of this pump such as the pressure and the
flow rate with variations of the kinematic viscosity of the liquid using a tube and two-
dimensional coils instead of the plate and the stage.

2. DISPOSABLE PUMP SYSTEM WITH MAGNETIC MICROMACHINE
Figure 1 shows a schematic view of the magnetic micromachine. This machine was 

composed of NdFeB magnet ( 0.5 × 10 mm) and a spiral blade made by a tungsten wire (
0.25 mm). When a rotating magnetic field was applied, the machine rotated synchronously
because the magnet was magnetized in the diametrical direction. The spiral blade
produced the pumping pressure with the rotation. To obtain a disposable pump, we
fabricated a plate with the micromachine as shown in figure 2. The size of the plate was
120 × 100 × 5 mm. Figure 3 shows the photograph of the space for installing the machine
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in the fluid channel. The size of the space was 11 ×
1.1 × 1.1 mm. The size of the fluid channel was 
width of 0.5 mm, depth of 1.1 mm. We installed the
machine, and poured silicone oil in the fluid channel.
The machine worked as the pump only when the
rotational magnetic field was applied. Therefore we
designed a stage for generating the rotational
magnetic field. Figure 4 shows the photograph of
the stage. The size of the stage was 120 × 120 × 65
mm, and the stage included two coils for generating
a rotating magnetic field. The pump worked only
when the plate was set on the stage. 
Figure 5 shows the relation between the rotating

frequency and the flow rate with variations of the
kinematic viscocity. The magnetic field strength
was 1.6 kA/m. The flow rate increased in
proportion to the rotating frequency in each
kinematic viscocity, and the flow rate was equal at
the same rotating frequency regardless of the
kinematic viscosity of the oil.
The results shown in Figure 5 was explained by

Hargen-Poiseuille’s law. The flow rate was
calculated by equation (1).

(1)

where Q is the flow rate, P is the differential
pressure, is the kinematic viscosity of the liquid, L
is the length installed the liquid in the fluid channel,
and r0 is the diameter of the fluid channel. L and r0

was constant. The different pressure P in this
equation described the generated pressure by the
machine in this experiment. The generated pressure
increased in proportion to the kinematic viscosity
because the Reynolds number was smaller than 1
and the inertia force could be neglected. Therefore
the flow rate Q was independent of the kinematic
viscosity

3. BASIC PROPERTIES OF MICROPUMP
WITH MAGNETIC MICROMACHINE
To clarify the basic properties of this pump, an

experiment was carried out using a tube and two-
dimensional coils instead of the plate and the stage.
Figure 6 shows a schematic view of the experimental
equipment. The magnetic field strength was 1.6
kA/m, the rotating frequency was 30 Hz, and the

Figure 3. Photogragh of the space
installing the micromachine in the
fluid channel.
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Figure 4. Photogragh of the stage
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magnetic field.
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inner diameter of the silicone tube was 1.6
mm. Figure 7 shows the relation between
the pressure and the flow rate with
variations of kinematic viscosity. It was
found that the relation between the pressure
and the flow rate was linearly in each
kinematic viscosity. Moreover, this pump
could work under wide-range kinematic
viscosity of the oil.

4. CONCLUSIONS
To obtain a disposable pump system, we fabricated a stage for generating the rotating

magnetic field and a plate with the fluid channel. The pump worked only when the plate
was set on the stage. In this system, the flow rate could be controlled by the rotating
frequency, and the flow rate was equal regardless of the kinematic viscosity of the oil.
Moreover, in this pump, the relation between the pressure and the flow rate was linearly in
each kinematic viscosity, and this pump could work under wide-range kinematic viscosity
of the oil. This unique character of this pump is suitable for applications of microfluidics
and bioengineering systems.
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HYDRODYNAMICALLY CONTROLLED DROPLET
BREAKUP IN MICROFLUIDIC DEVICES

Saki Doi1, Masumi Yamada2, Masahiro Yasuda1, and Minoru Seki1

1Osaka Prefecture University, JAPAN and 2The University of Tokyo, JAPAN

ABSTRACT
Here we proposed a new method for active control of droplet breakup utilizing

hydrodynamic force in microfluidic channels. Droplets, which were formed at a T-junction,
were introduced into a bifurcation point, and then divided into two small droplets. By
introducing the continuous phase into one of the downstream channels from the bifurcation
point, and by controlling its flow rate, the breakup size of droplets could be controlled
freely and accurately. Also, the size of droplets could be predicted by regarding the
microchannel network as a resistive circuit. This method is highly advantageous, since
smaller-sized droplets can be produced, which cannot be generated with usual microchannel
emulsification techniques.

Key words: microchannel, flow control, droplet breakup, emulsion

1. INTRODUCTION
Microfluidic devices are suitable for generating monodispersed micro droplets, thus

many researchers have reported microchannel emulsification (1-3). However, it is difficult
to generate droplets smaller than ~20 m, since the surface tension becomes overwhelming
in such a small scale. There have been some reports concerning droplets breakup in
microfluidic devices (4), however, sizes of divided droplets are determined by the
microchannel geometry. In this study, a new method has been proposed for the active
control of droplet breakup in microfluidic devices.

2. PRINCIPLE
The principle is shown in Figure 1. At the T-junction, monodispersed w/o emulsions are

formed. By controlling the flow rate into one of the downstream from the bifurcation point
(this flow is called ‘tuning flow’), the distributed flow rates into branch channels at the
bifurcation point are precisely controlled, and the breakup size can be tuned without
necessitating any physical or chemical valves.

(a) Water (b) (c) (d)

Oil

Tuning flow (oil)

Figure 1. Principle of breakup control of droplets. (a) A schematic diagram of the
microchannel design. (b) ~ (d) Schematic illustrations of the droplet breakup at the
bifurcation point. When the tuning flow is not introduced (b), droplets are divided into two
equal volumes. When the tuning flow rate increased (c, d), the size of the divided droplets
into the lower channel decreased.
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The breakup sizes of droplets can be
predicted when the microchannel network
is regarded as a resistive circuit, as shown
in Figure 2. In this diagram, pressure loss

P, flow resistance R, and volumetric flow
rate Q correspond to V, R, and I in Ohm’s
law, respectively. The breakup ratio will
be proportional to the flow distribution
ratio, Q1:Q2, which is univocally
determined by the microchannel
dimensions, flow rates Q0 and Q3, and the
viscosities of the fluids.

Q1

Figure 2. Schematic diagram of the
microchannel network as an analogue of a
resistive circuit. Q3 is the tuning flow rate.

3. EXPERIMENTAL
PDMS microdevices were fabricated through usual photolithographic techniques. The

microchannel depth and width were typically 25~50 m, and 20 m, respectively. Olive oil
was used as the continuous phase and the tuning liquid, while water stained with a red dye
was used as the dispersed phase. At a room temperature, the viscosity of olive oil was ~84
times as large as that of the water. The liquids were introduced into the microchannel using
syringe pumps, and the flow rates were independently controlled.  The droplet breakup
processes were observed under an optical microscope, and the images were captured using
a high-speed camera at 250 flames per second.

4. RESULTS AND DISCUSSION
First, it was examined whether the

droplets size could actually be controlled
by introducing the tuning flow. The ratio
of the sizes of the divided droplets, and
their theoretical values were shown in
Figure 3, and photographs showing the
droplet breakup at the bifurcation point are
shown in Figure 4. As can be seen, when
the tuning flow rate increased, the size of
the droplets divided and introduced into
the upper channel increased. The
minimum size of the divided droplets was
~5 m, suggesting that this method is
suitable for producing small-sized particles,
which are difficult to generate with usual
microchannel emulsification methods.
Also, it was demonstrated that the
measured values well corresponded to the
theoretical values.

0 0.5  1.0  1.5
Volumetric flow rate of tuning flow (Q3)

[mL/h]

Figure 3. Comparison of breakup ratios
between theoretical and measured values.
Square and circle markers show the
droplets divided and introduced into the
upper and the lower channels, respectively.

On the other hand, the concept of this method could be expanded into more complex
systems, as shown in Figure 5. This is a droplet processor, with which size-controlled two
droplets were introduced into the confluence channel, and the composition or sequence of
droplets could be precisely controlled.
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Q0

Q3

(a) (b) (c) 100 m

Figure 4. Photographs of droplet breakup at the bifurcation point. Q0 was kept at 0.3
mL/h. Q3 was (a) 0 mL/h, (b) 0.02 mL/h, and (c) 0.12 mL/h.

Q3Q0

Q0’
Q3’ (c)(b)(a) 100 m

Figure 5. Schematic diagram of the droplets processor, and photographs of droplets at the
confluence point. Q0 (Q0’) and Q3’ were kept at 0.2 mL/h and 0.1 mL/h respectively. Q3
was (a) 0 mL/h, (b) 0.1 mL/h and (c) 0.2 mL/h.

5. CONCLUSIONS
A new method for active control of droplets breakup has been successfully demonstrated.

The results show the validity of this method, since this valve-less tuning system can be
easily applied for particle production and various droplet-based chemical reactions.
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Figure 1: (a). Angled view of the device. Patch
channels were filled with blue dye and cell
manipulation channel were filled with green dye. (b).
Close-up view of the patch clamp channels and cell
manipulation channels. (c). Schematic of the set-up.
(d)-(e). SEM of the patch aperture.

RAISED LATERAL PATCH CLAMP ARRAY IN OPEN-
ACCESS FLUIDIC SYSTEM

Adrian Y. Lau, Paul J. Hung and Luke P. Lee
Department of Bioengineering, University of California, Berkeley, USA

ABSTRACT
A novel lateral patch-clamp array with cell trapping locations raised above the substrate
was developed. The fabrication method creates an open-access fluidic system by involving
both microfabrication and macro-machining processes. This paper demonstrates the
capability of using such an open-access fluidic system for high throughput patch clamp
measurements. Seal resistances over 350M were measured consistently. Patch clamp
recording were obtained with from Kv2.1 potassium transfected CHO cells.

INTRODUCTION
Patch clamp recording has been the major research tool for electrophysiology by
characterization of membrane ion channel currents. But the inherit complexity of the
technique limit its uses in high throughput applications such as drug discovery screening
and drug safety screening, and fueled the development of chip-based device in attempt to
automate the technique for parallel operations. [1] Planar patch clamp array made of silicon
[2], silicon nitride [3], glass [4], polyimide [5], and silicone elastomer [6] have been
demonstrated; however, the overall system is expensive because complicated fabrication
methods is required for fluidic integration. In addition, all the above methods are not
compatible with high magnification optical microscopy due to the opaque nature of the
substrate and the overall thickness after integration with fluidic interfaces. Planar patch
clamp approach is therefore deficient when used for single-cell level studies. Lateral patch
clamp on PDMS [7] using soft lithography technology [8] has shown superior simplicity in
terms of fabrication in additional to the transparent property of the material. However,
pervious study [7] shows relatively low
seal resistance formation at around
150M ; moreover, the substrate-
touching patch channel configuration
gives the patched cell an uncommon
deformation, whereas its impact on
cellular response is still not clear. In this
paper, we present here a novel patch
clamp array with the cell trapping
locations “raised” above the substrate to
better resemble traditional glass
micropipette openings. A novel
fabrication technology was developed
and verified, and seal resistances over
350M were consistently measured
with mammalian HeLa cells. The
device will be suitable for high
throughput electrophysiology research
and development that requires excellent
optical compatibility.
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Cell trapping channel

Other channels

Pour PDMS

Silicon wafer

Detach & create
fluidic connection

Cell trapping channel

Other channels

Pour PDMS

Silicon wafer

Detach & create
fluidic connection

PDMS/PDMS
Irreversible bonding

Detach & create
reservoir by punching

Bond to coverglass

Silicon wafer

Spin coat PDMS
membrane

Suction to trap cell and take
electrical measurement

Current & resistance

Figure 2: Fabrication process of the device.
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Figure 3: Characterization of seal resistances
dependence on patch aperture areas with HeLa
cells.

DESIGN AND FABRICATION
The PDMS device was composed of three components: multiple lateral patch openings
“raised” above the bottom of the glass slide at a pre-determined distance, an open chamber
machined by hole-puncher, and multiple microfluidic channels to manipulate cells and
introduce reagents. The fabricated device was shown in Fig 1a and 1b. Cell suspension can
simply be introduced into the open chamber by
a regular pipette. The patch channel can then be
used to trap single cell with the help of the
nearby cell manipulation channel, after then
current measurements can be taken via off-chip
electrodes. Fig 1c showed the working principle
of the set-up. The SEM images of the patch
openings of the device shown in Figure 1d and
1e confirmed the smoothness of the surface
despite the macro-machining process. The
fabrication process is illustrated in Fig 2.

RESULTS AND CONCLUSION
All the electrical measurements were done inside a faraday cage to isolate the
electromagnetic interference from the 60Hz wall plug and the outer environment. All off-
chip fluidic connections were made by inserting PTFE tubing into the punched holes. For
seal resistance characterization, mammalian cell line HeLa were prepared and suspended in
filtered Phosphate Buffer Solution (PBS) and kept warm at 37°C before use. The device
was filled with the same PBS solution to eliminate any bubble inside the microfluidic
device. Ag/AgCl electrodes were purchased from Warner Instruments for electrical
measurement. The head stage of the low noise high voltage amplifier (Dagan Corporation)
was electrically connected to the cell trapping channel (signal) and the ground channel
(reference). Resistances were measured from this time point on. Cells in PBS were then
loaded in a 3mL syringe and applied through the cell introduction channel. Negative
pressure was applied on the cell trapping channel when cells flowed around the patch
location. When the cell was “patched”, the resistance went up and saturated at certain level.
Devices with different patch channel
dimensions were prepared, resulting in a
variation in patch aperture. The aperture
dimensions ranges from 2µm x 2µm to
5µm x 5µm. When the cell is absent, the
biggest potential drop will occur over the
small patch channel, and thus the open
channel resistance is inversely proportional
to the aperture area. The open channel
resistance is therefore used as an indicator
of aperture area. More than 30 HeLa cells
were trapped using the channels with
different aperture dimensions, and the seal
resistances measured. The results is plotted
against the normalized aperture area of the
channel being used, and is shown in Fig 3.
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A second order polynomial curve fit was used to fit the data, and it showed clearly the trend
that smaller aperture area dramatically increases the seal resistance.

To test the feasibility of using the platform for whole-cell patch clamp measurements, CHO
cells expressing kv2.1 potassium ion channels were used. The cells obtained was based on a
tetracycline-activated expression system, thus the cells are incubated with 4ug/ml of
tetracycline 24 hours before used. Before experiment, the cells are harvested with normal
procedure and suspended in buffer solution containing (in mM) 140 KCl, 2 CaCl2, 2 MgCl2,
20 HEPES, 10 Glucose. The buffer pH was adjusted to 7.3 with KOH and osmolality
adjusted to 300 mOsms with glucose. The cells were passed into the device and trapped
using the method described above. After a stable seal resistance was reached, a sharp and
brief negative pressure was applied onto the patch channel to break the cell membrane at
the patch area. After that, a typical step pulse sequence from -120mV to 120mV was
applied, and the current response obtained. The applied voltage and the raw current
response data (before leak correction) were shown in Fig 4a. I-V curve was plotted based
on the data, and the result was shown in Fig 4b. The results matched well with previous
studies with traditional micropipette ion channel measurements.

Here we describe the preliminary development of a high throughput patch clamp system.
The combination of macro and micro machining technologies create PDMS devices with
raised lateral channels and open-access chambers. This allows rapid prototyping of high-
density patch clamp device that is simple to fabricate, easy to use and optically transparent.
The results obtained from whole-cell measurements are comparable to previous studies,
confirming the feasibility of using the device for accurate high throughput ion channel
studies.
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PREPARATION AND ELECTRICALLY MONITORED
MANIPULATION OF GIANT LIPID VESICLES FOR

IMPROVED MASS TRANSPORT ON-CHIP
Eunice S. Lee, David Robinson, Judith L. Rognlien, Cindy K. Harnett, Blake

A. Simmons, C.R. Bowe Ellis, Paul M. Dentinger, Christel M. Munoz,
Rafael V. Davalos

Sandia National Laboratories, P.O. Box 969, Livermore, CA 94551,USA

ABSTRACT
Robust, giant vesicles (10-20 m) have been developed which are able to withstand

electrical and mechanical manipulation in a microfluidic device. These vesicles can be
guided and trapped, with the controllable transfer of material into or out of their confined
environment through electrically monitored electroporation.

Keywords: electroporation, GUV, giant liposome, sample management

1. INTRODUCTION
In existing microfluidic devices, diffusion and nonuniform flow velocities often cause

unwanted mixing and dilution, resulting in broad, nonuniform concentration profiles and
reaction rates. When only trace amounts of sample material are available, these effects can
seriously degrade device performance. To achieve improved control of mass transport and
sample volume in microfluidic devices, analytes can be kept in containers on a size scale
comparable to device features, which can be opened when mixing and diffusion are desired
and closed during transport and analysis.

Giant lipid vesicles (10-20 m diameter) are a simple prototype of such a container.
Various giant vesicle preparation methods have been reported using either
electroformation[1-3] or the evaporation of a nonaqueous lipid solution, film hydration, and
dispersal in an aqueous buffer[4,5]; however, these schemes are not suitable for many
microfluidic applications due to problems with reproducibility and vesicle strength under
electrical and/or mechanical stress.

Here, we present a preparation scheme of giant vesicles which can withstand electrical
and mechanical manipulation in microfluidic devices and its integration into a prototype
platform. This method also forms a substantially greater distribution of vesicles containing
analytes, such as dye, compared to other previous methods. Analytes can then be loaded
into or out of the vesicles by electroporation, which increases the permeability of the lipid
membrane by exposing the vesicle to electric pulses. By combining robust vesicles with
electrically monitored electroporation, we present the first demonstration of giant vesicle
electroporation in a microfluidic environment. This study provides a practical and simple
way to handle picoliter volumes of analytes on-chip.

2. EXPERIMENTAL
Giant vesicle preparation - Initially, a 50 mM lipid stock solution was made by adding

10 mg PEGDOPE and 160 mg lecithin (1:50 PEGDOPE:lecithin) to 4 mL filtered
chloroform. A stock dye solution was prepared by combining 1 mL DI water with a vial
containing 1 mg (subsequently hydrolyzed) succinimidyl Alexa Fluor 488 carboxylate dye.
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120 L of 1:50 PEGDOPE:lecithin stock solution was then combined with 1.2 L of the dye
stock solution.

100 mg poly(tetrapropylammonium acrylate) was added to 3.2 mL filtered chloroform to
make a stock polyelectrolyte solution.

20 L PEGDOPE-lecithin-dye solution was pipetted into a 4-mL vial, and 1 L of
polyelectrolyte solution was then added.

The chloroform was evaporated by gently blow drying under a nitrogen stream. The open
vial was placed under vacuum overnight at room temperature to completely evaporate the
chloroform.

After drying, 2 L DI water was added as a drop on the sidewall of the vial. The vial was
capped and placed in a 37 ˚C oven for 10 min, forming a hydrated film. A capped vial of
filtered 75 mM (Pr4N)2 glutarate in water was also heated at 37 ˚C for ten minutes.

The vials were then removed from the oven, and 1 mL of 75 mM (Pr4N)2 glutarate was
pipetted into the vial of lipid-dye-polyelectrolyte solution. The capped vial was incubated at
37 ˚C for 1 hour. Ethanol can be used as the lipid solvent, along with the
tetramethylammonium salts.

Microfluidic electroporation technology - We have developed a prototype microfluidic
platform utilizing a four-electrode geometry to deliver and sense electric pulses. With this
configuration, it is possible to immobilize individual vesicles on low-pressure ports,
electrochemically open and close them, and monitor their porosity by measuring gain or loss
of fluorescence intensity and electrical current passing through the vesicle walls using
LabviewTM software. The test platform (Fig. 1(a) and 1(b)) consists of two macro-scale
fluidic chambers (outfitted with electrodes) which are interconnected through a pore using
standard silicon microfabrication technology[6-8]. The platform incorporates a replaceable
silicon chip with a supported 1µm thick dielectric silicon nitride membrane in which a pore (6
µm in diameter) is patterned. The top chamber contains an inlet port for easy sample
introduction using a pipette, and the bottom chamber is optically transparent for visual
inspection using an inverted microscope. The two chambers are then filled with conductive
solutions, and an aliquot of vesicles can then be introduced into the top chamber by simply
using a pipette. In this configuration, hydrostatic pressure is applied to immobilize a single
vesicle on the pore (Fig. 1(c)). A pressure transducer (Senstronic USA, San Francisco, CA) is
also connected to the test platform, allowing the delivery of electroporation signals to the
immobilized giant vesicle at a consistent pressure.

chip

manifold top & bottom

pore

vesicle

(a) (b) (c)

Fig. 1. Test platform (a) exploded view, (b) components, and (c) optical images of a giant
vesicle being trapped on the pore.

3. RESULTS AND DISCUSSION
Controlled electroporation of giant vesicles specifically in microfluidic context is made

possible by considerably altering a vesicle preparation method originally developed by
Yamashita. To improve vesicle strength under electrical and mechanical stresses in
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microfluidic device, we found that including a polyelectrolyte (Poly tetrapropylammonium
acrylate) during preparation appears to favorably bias the osmotic pressure in the vesicle,
keeping sufficient tension on its membrane while it is subject to both pressure gradients (for
trapping) and electric fields (for electroporation). Analytes or reagents can also be included
as components of the dry lipid film, as we demonstrate with an Alexa Fluor 488 dye.

Vesicles were trapped on the pore using pressures less than 1 psi. When trapped, the
only current path in the device is through the seal between the vesicle and the pore.
Therefore, upon trapping, a large increase in resistance was observed. When an applied
voltage induced electroporation, a significant increase in the current was seen, resulting
from an increase in vesicle membrane permeability. In Fig. 2(a), the onset of
electroporation appears at 1.0V. In addition to electrical evidence of electroporation, the
fluorescence intensity was also measured to verify release of an analyte, such as a dye,
during electroporation. The increase in current during each pulse and the corresponding
decrease in fluorescence intensity after each pulse, shown in Fig. 2(b), demonstrate both
electrical and optical evidence of electroporation.
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3D INTEGRATION OF MICROLENSES 
TO REALIZE A LOW-POWER AND HIGH-SENSITIVITY 

OPTICAL DETECTION SYSTEM 
FOR A DISPOSABLE LAB-ON-A-CHIP 

Sung-Il Chang and Jun-Bo Yoon 
Korea Advanced Institute of Science and Technology (KAIST), Korea 

ABSTRACT 
A new optical detection system consisting of 3D-integrated microlenses, reflector, and 

LED was proposed and realized. The microlenses were fabricated with 3D diffuser 
lithography and PDMS replication method. The propsed optical system showed 3 times 
better sensitivity than the conventional planar optical detection system did. 

Keywords: Diffuser lithography, Microlens, Optical detection system 

1. INTRODUCTION
As a need for self-diagnosis and point-of-care increases remarkably, researches on a very

cheap, but highly sensitive disposable lab-on-a-chip are being accelerated. Among them, it 
has been one of the key issues to integrate a low-power and high-sensitivity optical 
detection system into a lab-on-a-chip. As a result, microlenses have been widely utilized to
focus and intensify an excitation light and an emitted fluorescence light [1-5]. However, 
more sophisticated design of the microlenses to gather as much light as possible is
imminent for the extremely low-power optical detection system. Furthermore, the 
integration of various microlenses having their own functions has been overlooked in the 
previous works, while the importance of the microlens itself has been recognized. 

In this paper, we proposed an integrated optical detection system suitable for a cheap and 
low-power disposable lab-on-a-chip, based on a powerful fabrication technology of 
versatile microlenses that we have developed recently. 

Photo
detector

Surface microlens

Reflector

Glass

LED

Microfluidic
channel

3D planar
microlens

Microfluidic sample flow
containing fluorescence dyeExcitation

light

Emitted fluorescence light

Figure 1. Schematic view of the proposed optical detection system for an extremely low-power and 
low-cost disposable lab-on-a-chip 
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2. RESULTS AND DISCUSSION
Figure 1 shows a schematic view of the proposed detection system. The proposed 3D 

planar microlens having a rounded sidewall collects the weak excitation light from
common LED into a focal point to maximize its intensity. Through an elaborate design of 
the microlenses, the excitation light is focused on the focal point of the surface microlens 
so that the emitted fluorescence light may be collected to the photodetector through the 
surface microlens with a high efficiency. Moreover, the reflector reflects the downward 
fluorescence light to the surface microlens to enhance detection sensitivity.  

Figure 2 shows the fabrication process. The photoresist molds for the microlenses and 
the microfluidic channel were formed by using novel 3D diffuser lithography [6-7] and 
their cross-sectional SEM images were shown in Fig. 2(a) and (b), respectively. We
replicated the molds with PDMS and bonded with each other. Finally, PDMS peel-off from
the molds was followed by bonding it on a slide glass coated with a gold reflector. SEM
photographs of the fabricated detection system and the microlenses are shown in Fig. 3. 

Substrate

3D planar
microlens

Surface
microlens

Channel

(a) 

100 Pm100 Pm

(b)

70 Pm 208 Pm

(c)
Figure 3.  (a) Cross-sectional SEM 
photograph of the fabricated detection 
system. The expected paths of lights
were also shown with dotted lines. 
Enlarged photographs of the (b) surface 
microlens and (c) 3D planar microlens

For the characterization of the fabricated system, we used 10-3 M Rhodamine 
fluorescence dye solution in ethanol (Oexcitation=525 nm Oemission=555 nm) and an epoxy-

Si substrate
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Glass substrate

Photoresist

Photoresist

Substrate
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Photoresist
Substrate

 (a)                                   (b) 

Si substrate

PDMS

Glass substrate

PDMS100 Pm 100 Pm

(c)                                   (d)

Si substrate

PDMS

Glass substrate

Slide glass

Surface microlens

Gold reflector

3D planar
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Microfluidic
channel

(e)                                   (f)
Figure 2. Fabrication process of the integrated 
optical detection system. (a)(b) Photoresist mold 
formation by using a 3D diffuser lithography. 
(c)(d) PDMS spin coating (e) PDMS bonding and 
curing (f) PDMS peel-off and bonding on a slide 
glass coated with a gold reflector 
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packaged green LED excitation source which is as cheap as $0.35. Microscope photograph 
in Fig. 4 shows the emitted fluorescence light through the surface microlens.  

We obtained the excellent optical spectrometer measurement results showing that the 
proposed system enhanced the intensity of the emitted fluorescence light about three times 
as shown in Fig. 5. Furthermore, we also measured the intensity of the fluorescence light
with different LED powers to test the minimum power required to the system. Even at the 
low consumed power of 7 mW (generally used LED consumes several tens to hundreds of 
mW), we could distinguish the fluorescence light from the background noise. 
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Figure 4.  Microscope 
photograph showing the 
emitted fluorescence light 
through the surface microlens 
when an LED was used for an 
excitation source 

Figure 5.  Optical spectrometer 
measurement results of the 
fabricated optical detection 
system with the integrated 
microlenses and the reflector. 

Figure 6.  Intensity of the 
fluorescence light with different 
powers consumed by LED. 

3. CONCLUSIONS 
To summarize, we greatly enhanced sensitivity of the low-power disposable lab-on-a-

chip more than three times by using the inexpensive LED light source and the 3D 
integrated microlenses combined with the reflector. This work will help the realization of
the very low-cost biochips for various biomedical purposes. 
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DEVELOPMENT OF UV THERMAL LENS 
MICROSCOPE (UV-TLM) FOR ULTRASENSITIVE AND 

DIRECT DETECTION OF NON-LABELED 
BIOMOLECULES ON A MICROCHIP 

Manabu Tokeshi1,2, Shinichiro Hiki2, Kazuma Mawatari1, Akihide Hibara3

and Takehiko Kitamori1,2,3

1Kanagawa Academy of Science and Technology, Kanagawa, Japan  
2Institute of Microchemical Technology, Kanagawa, Japan 

3The University of Tokyo, Tokyo, Japan 

ABSTRACT 
This paper describes the development of an ultraviolet thermal lens microscope (UV-

TLM) that can detect directly non-labeled biomolecules in microchips. The performance of 
the UV-TLM was evaluated by the limit of detection (LOD) using standard solution of 
adenine. The LOD for adenine was calculated to be 1.4 10-8 M. This sensitivity was 100 
times higher than that obtained by conventional spectrophotometry. 

Keywords: Non-labeled biomolecules, Quasi-continuous wave, Thermal lens 
microscope, Ultraviolet pulse laser 

1. INTRODUCTION 
Thermal lens microscope (TLM) is our original detector for sensitive detection of

non-fluorescent molecules in liquid [1]. Although the principle of the TLM is based on 
light absorption of target analytes, the detection sensitivity is independent the optical path
length. Thus, the TLM is particularly suitable for the short optical path length such as in
microchips. We have made several successful demonstrations of microfluidic systems using 
the TLM as a detection tool [2]. However, the detectable targets of the TLM were limited
because visible lasers were only available for the excitation sources. Therefore, the 
development of a TLM with the excitation wavelength of 210-280 nm is desired, in order to
detect biomolecules such as proteins and DNA that have absorption bands in only UV 
range. 

2. PRINCIPLE 
To develop the UV-TLM, we devised a quasi-continuous wave (QCW) method by

using a pulsed laser with a high repetition rate of 80 kHz. In conventional TLM, a 
continuous wave (CW) laser, which was modulated at 1 kHz by a light chopper, was used 
as an excitation source, in order to amplify the synchronized weak signal using a lock-in 
amplifier. Since the CW lasers within the range of 210-280 nm, such as the second 
harmonics of Ar ion laser have low power, and are expensive and large, they are not 
suitable as the excitation source of UV-TLM. 

On the other hand, since ordinary pulsed lasers have large peak power, the targets are 
often decomposed and photo-bleached. Especially with the UV lasers the problem is 
serious. Then, the QCW method was applied to UV-TLM. The principle of the QCW
method is shown in Figure 1. 
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Figure 1. The principle of the QCW. (a) Continuous wave (CW). (b) Quasi-continuous 
wave method using the pulsed laser with high repetition rate. 

3. EXPERIMENTAL 
Figure 2 shows a schematic illustration of the experimental set up. A quartz microchip

(width: 100 Pm, depth: 50 Pm) was used as a sample cell. The samples were aqueous 
solution of sunset yellow (H266=12000) and adenine (H266=13000). At first, we optimized 
the experimental conditions (laser power, repetition rate, flow velocity, etc.) of the UV-
TLM using sunset yellow solutions. 

Figure 2. Experimental set up. The excitation beam from a YAG laser (wavelength: 266 
nm, pulse width: 20 ns) with the repetition rate of 80 kHz was used as a QCW.

4. RESULTS AND DISCUSSION
Figure 3 shows the dependence of the TLM signal intensity on flow velocity. Below 

10 mm/s-1, the signal intensity was relatively low due to photo-decomposition caused by the 
excitation beam. Over 10 mm/s-1, the signal intensity gradually decreased because of the 
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Figure 3. Dependence of the TLM signal
intensity on flow velocity. Laser power: 4.3 
mW. Repetition rate: 80 kHz. 

influence of the flow of heat. Next, 
adenine solutions inside a 
microchannel were measured by the 
UV-TLM as a typical biomolecule. 
The dependence of the TLM signal
intensity on the concentration is 
shown in Figure 4. Using this result,
we determined the LOD of adenine to 
be 1.4 10-8 M. This sensitivity was 
100 times higher than that obtained by
conventional spectrophotometry. 

Next, we applied the UV-TLM to 
HPLC application. Fluorene and 
pyrene were used as a test sample.
From the obtained chromatograms, it
was verified that the sensitivity is 350 
times higher that that of a 
spectrophotometer. 

5. CONCLUSION 
We have developed the UV-TLM

for detection of non-labeled 
biomolecules. The UV-TLM showed 
good performance. Using the UV-
TLM as a detector on HPLC, the 
sensitivity are satisfactory. The 
detector developed here is expected to
be applicable to separation sciences. 
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MICROALBUMINURIA DETERMINATION ON A
MICROCHIP WITH FLUORESCENCE DETECTION

BASED ON THIN-FILM ORGANIC LIGHT EMITTING
DIODES

O. Hofmann1, X. Wang2, J.C. deMello3, D.D.C. Bradley2 and A.J. deMello31

1Molecular Vision Ltd., 2Department of Physics and 3Department of Chemistry,
Imperial College London

ABSTRACT
As a first step towards a disposable diagnostic microchip for determination of urinary

human serum albumin (HSA), we report the use of a thin-film organic light emitting diode
(OLED) as an excitation source for microscale fluorescence detection. The OLED has a
peak emission at 540 nm, is simple to fabricate and operates at drive voltages below 10 V.
In a PDMS microchip, HSA was reacted with Albumin Blue 580, generating a strong
emission at 620 nm when excited with the OLED. HSA concentrations down to 10 mg/L
could be detected, enabling the determination of microalbuminuria (MAU), an increased
urinary albumin excretion indicative of renal disease.

Keywords: Microalbuminuria, fluorescence detection, OLED, integration

1. INTRODUCTION
Albumin tests in cartridge and microchip systems are typically based on immunoassays

and rely on fluorescent labeling and laser based fluorescence detection. A simpler
alternative is the AB580 assay based on a red-emitting fluorophore with specific affinity to
albumin. AB580 exhibits a two orders of magnitude increase in fluorescence quantum
efficiency upon binding to albumin [1]. On a conventional fluorometer this assay has
yielded HSA detection limits of 1.4 mg/L. Yager et al. applied this assay to a glass
microchip to test their T-sensor system using a fluorescence microscope for detection [2].
In contrast, the presented work is aimed at performing the AB580 assay on a disposable
elastomer microchip for diagnostic applications using an integratable low-cost thin-film
organic light source for fluorescence detection [3]. To our knowledge this is the first report
of a diagnostic microchip comprising an organic semiconductor based light source [4].

2. EXPERIMENTAL
A schematic view of the set-up and microchip layout is depicted in Figure 1. The PDMS

microfluidic layer was molded from a two level SU-8 master and sealed between a
chromium aperture plate and a glass coverplate. Excitation of the HSA-AB580 complex
mixed on-chip was performed using the poly(p-phenylene vinylene) [PPV] derivative
OLED. To circumvent the use of optical filters, an orthogonal detection geometry was
implemented. Figure 2 depicts the overlap of the OLED emission with the excitation
spectrum of the complex.
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Figure 1. (A) Schematic of experimental set-up for microalbuminuria determination. (B) PDMS
microchip layout with inlets for AB580 (1) and HSA (2), mixing channel (3), detection chamber (4),
outlet (5) and orthogonal detection point (6). Mixing channel was 800- m-deep, 800- m-wide and 5-
cm-long.
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Figure 2. OLED emission spectrum (1) and
overlap with excitation (2) and emission spectra
(3) of 1.2 M AB580 dye after addition of 100
mg/L HSA.

3. RESULTS AND DISCUSSION
Figure 3A shows the recorded complex emission spectra as a function of HSA

concentration. While the 550 nm band is due to scattered excitation light, a concentration
dependent increase of the complex emission at 620 nm can be observed, with water and
non-complexed AB580 dye serving as controls. The HSA-AB580 complex emission band
area as a function of the HSA concentration is depicted in Figure 3B. In agreement with
previously published data the complex formation obeys the mass action law. However,
given the large access of AB580 employed here, a linear range from 1-100 mg/L HSA is
still obtained. The limit of detection for HSA is ~10 mg/L, which is clearly sufficient for
the determination of MAU in clinical applications. Similar results were obtained with the
OLED driven at 30 mA.
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Figure 3. HSA quantitation after mixing with 1.2 M AB580 dye. (A) Emission spectra for different
HSA concentrations. Spectra were normalized on 550 nm band. (B) HSA quantitation via band area
at 500 to 700 nm. Inset shows linear range in diagnostically relevant HSA concentration range.
Hatched area corresponds to 15-40 mg/L cut-off limit for MAU. Limit of detection is ~10 mg/L. For
OLED driven at 20 mA.

4. CONCLUSIONS
Given the low cost of both the microchip and OLED light source and possible battery

operation, the presented work is an important step towards the realization of portable and
disposable microfluidics based diagnostic tests. In conjunction with similarly simple
organic photodiode detectors this could lead to diagnostic devices ideally suited for the
point-of-care market.
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MICROMACHINED A-Si:H
FLUORESCENCE DETECTOR
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ABSTRACT
We report monolithic integration of a SiO2/Ta2O5 multilayer optical interference filter

(simulated OD at 490 nm ~5.8) and a hydrogenated amorphous Si (a-Si:H) pin photodiode
detector for microfluidic electrophoresis devices. The very thick (~5.8 µm) and robust
optical interference filter have been successfully patterned and directly integrated on the a-
Si:H pin photodiode detector. With an efficient elimination of excitation light (~490 nm),
the fabricated devices exhibit excellent quantum efficiency (>0.7) in the spectral range
between ~520 and ~580 nm that almost covers emission spectra of most practical labelling
dyes. Proximity (<1 µm) of the optical interference filter and the a-Si:H photodiode will
reduce background photocurrent due to laser light scattering and improve the limit of
detection (LOD).

Keywords: Micromachining, a-Si:H, Fluorescence Detector

1. INTRODUCTION
Various advantages of using a-Si:H photodiodes as fluorescence detectors have been

demonstrated, including its material compatibility with microfluidic biochemical analysis chip, low
dark current and low cost manufacturing process and high sensitivity in emission wavelength of most
practical labelling dyes [1]. Hybrid integrated detectors in which a ZnS/YF3 multilayer optical
interference filter and an a-Si:H pin photodiode are manually assembled have been also
presented, exhibiting LOD of 17 nM for fluorescein solution flowing in a microchannel [1,
2]. Although they are sufficiently sensitive to perform microfluidic separation of DNA
restriction fragment digests, amino acid enantiomers and PCR amplicons [1-3], the LOD
was limited by relatively high background photocurrents arising from specular laser light
scattering. In this paper, we have performed monolithic integration of a SiO2/Ta2O5
multilayer optical interference filter and an a-Si:H pin photodiode not only for
manufacturing suitability but also for further reduction of LOD.

2. EXPERIMENTAL
An annular a-Si:H pin photodiode was fabricated by plasma decomposition of SiH4-based

gas mixture at a temperature of 250°C and conventional lithography. The details have been
already published elsewhere [2]. Silicon oxide was then deposited on the a-Si:H pin
photodiode by plasma CVD (Chemical Vapor Deposition), which is followed by sputtering
of 10 µm thick Al and 500 nm thick Si layer. The Si and Al were patterned by reactive ion
etching and wet etching, respectively, forming overhang structure. After a SiO2/Ta2O5
multilayer optical interference filter was coated by ion assisted deposition, Al was removed
using standard etchant (phosphoric acid 78.9 %, nitric acid 2.8 %, acetic acid 3.0 %),
lifting-off the unwanted filter and Si.
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3. RESULTS AND DISCUSSION
Figure 1 shows optical micrograph of the

micromachined fluorescence detector in
which the patterned SiO2/Ta2O5 multilayer
optical interference filter is integrated on the
a-Si:H pin photodiode detector. A pinhole in
the optical filter, the annular a-Si:H
photodiode and transparent glass substrate
allow vertical laser excitation through the
detector, facilitating the construction of
excitation and detector module, as is shown
in Figure 2. Figure 3 shows spectral response
of the micromachined a-Si:H fluorescence
detector under a reverse bias voltage of 0 V
compared with an a-Si:H photodiode without
the optical interference filter. With an
efficient elimination of excitation light (~490
nm), the micromachined fluorescence
detector exhibits excellent quantum
efficiencies (>0.7) in the spectral range
between ~520 and ~580 nm.

In the previous hybrid integrated detector,
the LOD was limited by high background
photocurrents arising from specular laser
scattering. One of possible causes is the side
wall of the optical filter pinhole. Indeed
black paint coating of sidewall drastically
reduced the background photocurrent, but
scattered laser light may still leak and reach
the detector. Therefore, it is expected that
LOD would be improved in the monolithic
construction, because the distance between
the optical filter and detector could be
shortened. Furthermore, an shielding layer
such as metal coated on inner sidewall of a
filter pinhole may be effective to reduce LOD.

When the micromachined fluorescence
detector is combined with VCSEL (Vertical
Cavity Surface Emitting Laser diode), such
fluorescence detection module is inherently
scalable for heavily multiplexing
microfluidic biochemical analysis. Although
a blue-green VCSEL suited for biochemical
analysis is not available at present, infrared
laser light generated from InGaAs VCSEL
(~980 nm) can be efficiently frequency-
doubled by an SHG (Second Harmonic

Figure 2. Schematic cross-sectional
view of a micromachined a-Si:H
fluorescence detector combined with a
frequency - doubled VCSEL for
microfluidic biochemical analysis. A
SHG element inserted in a cavity
comprised of a DBR mirror and an
external mirror realizes efficient
frequency-doubling of infrared light
(~980 nm) from InGaAs VCSEL.

Figure 1. Optical micrograph of the top
view of the micromachined a-Si:H
fluorescence detector.
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Generation) element inserted in the cavity
comprised of a DBR (Distributed Brag
Reflection) mirror of VCSEL and external
mirror, which would be an alternative
excitation source, as is illustrated in Figure 2.
In near future, using this excitation and
detection module, LOD of the
micromachined a-Si:H fluorescence detector
will be characterized in terms of the
concentration of fluorescein solution flowing
in a microchannel.

4. CONCLUSIONS
We have monolithically integrated a high

quality SiO2/Ta2O5 optical interference filter
on an annular a-Si:H photodiode for
microfluidic biochemical analysis. The
multilayer optical interference filter was
successfully patterned using Si/Al bilayer lift-off process. With an efficient elimination of
excitation light (~490 nm), the fluorescence detector exhibits excellent quantum efficiency
(>0.7) in the spectral range between ~520 and ~580 nm. Combined with a frequency-
doubled InGaAs VCSEL as an excitation source, the micromachined a-Si:H fluorescence
detector is inherently scalable for heavily multiplexed microfluidic biochemical analysis.
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Figure 3. Spectral response of an a-Si:H
photodiode under a reverse bias voltage
of 0 V with and without a SiO2/Ta2O5
multilayer optical interference filter.
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PROTEIN BINDING DETECTION IN COMPACT
PHOTONIC CRYSTAL MICROCAVITIES

L.W. Mirkarimi, E.Chow, D.H. Yang, M.A. Bynum, M. Sigalas, A. Grot
Agilent Technologies Inc., Palo Alto, CA

ABSTRACT
We experimentally demonstrate the measurement of affinity based binding on ultra-

compact, photonic crystal microcavity sensors. Each photonic crystal microcavity sensor
localizes the optical field to a cylindrical volume 180nm in diameter and 250nm tall.
Biomolecule binding events on the surface of the microcavity sensor increase the
refractive index of the cavity, which increases the resonant wavelength. The transmission
spectrum of the sensors are measured to obtain the change in the resonant wavelength, ,
centered at 1450nm for each sensor. Analyte delivery is accomplished through a
prototype microfluidic package, fabricated by bonding lithographically defined polyimide
surfaces. Using protein A as the capture agent, we measure the binding of IgG on several
sensors integrated on a single Si chip.

Keywords: photonic crystal resonator, microcavity, affinity-based sensor,
Si microfluidic package

1. INTRODUCTION
Miniature optical sensors that specifically identify biological substances are of interest

in drug discovery and medical research. Parallel sampling of multiple analytes in
microfluidic format offers advantages of high throughput and low analyte volume, which
is important to biological researchers [1]. However, most work done on analytes at
naturally occurring concentrations requires signal amplification and labeling. Label free
affinity based optical sensing is attractive due to the simplicity of assay preparation.

Photonic crystal based biosensor devices have been proposed by several authors [2-4].
Chow et al. demonstrated the sensitivity or wavelength ( change per refractive index (n)
of the microcavity to bulk index fluids is approximately 200 nm [2]. The combined
attributes of small sensing area (<10 m 2) and increased optical field intensity at the
analyte make it attractive for small analyte volume and cellular collocation applications.
The photonic crystal microcavity sensors discussed in this paper offer the promise of
label-free, parallel sampling and detection of small volumes of multiple analytes.

2. EXPERIMENTAL RESULTS
The microcavity sensors are fabricated by etching a triangular array of cylindrical air

holes (d= 255 nm) with a lattice constant of a=440nm on silicon-on-insulator (SOI)
substrates. The center hole is made smaller (176 nm) to create a resonant cavity (Figure
1). The resonant wavelength, is defined by the design parameters to fall within the
range of our tunable lasers (1370-1580 nm). The resonant wavelength shifts as the index
of material in the holes changes. For this laboratory prototype sensor, in-plane light is
coupled to the microcavity with integrated Si waveguides (Figure 1). The measured
response to bulk index changes ( / n) is approximately 200 nm and the standard
deviation of the noise in our equipment is less than 0.001nm [2].
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Figure 1: Top view of a scanning electron Figure 2: SEM of polyimide surface a)

Input
5um

baOutput

2.75 m

micrograph of photonic crystal microcavity  prior to and b) after plasma treatment.
sensor. The resonant cavity sensing area is
noted within the white circle.

We prepared a prototype microfluidic package with a process that could be scaled up for
manufacturing. Polyimide was defined by photolithography on both the SOI substrate
and glass cover plate followed by bonding at 380oC in a Karl Suss FC150 bonder. Surface
plasma treatments were critical to provide a roughened surface for a strong bond. The
scanning electron micrographs of an untreated and treated surface are compared in Figure
2. Nanoport microfluidic assemblies were attached to the cover plate over the machined
holes to interface with the fluid delivery system (Figure 3). Alternative prototypes
included PDMS gaskets with a removeable top plate for ease of sample regeneration.
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The sensor surface was prepared for binding experiments by electrostatic adsorption of
a 15 nm thick multi-layer polyelectrolyte film. A seed layer of polyethyleneimide (PEI
(+)) and sequential electrostatic adsorption of polystyrene sulfonate (PSS (-)) and
polylysine (PLS (+)) are deposited onto the sensor. Samples were dried prior to optical
measurements. The film thickness of the polyelectrolytes was measured on bare Si
substrates with ellipsometry to confirm the thickness of the layer. The resonant
wavelength shift is about 1.5 nm per nm of adsorbed polyelectrolyte. Burr et. al.
demonstrated that the theoretical calculations agree with the experimental results [5].

The resonant wavelength of the sensor with the initial polyelectrolyte film is 1473.2
nm (Figure 4). Electrostatic immobilization of Protein A (0.17mg/ml) onto the sensor
resulted in a of 0.4nm. Rabbit IgG yielded a shift of 1.2 nm when it binds to protein A.
By flowing IgG over the polylysine, non-specific binding was determined to be minimal
with less than 0.2nm. These results were consistent over a minimum of 10 sensors that
were measured under similar conditions. Assuming an index of 1.49 and full monolayer
coverage, the thickness of protein A and IgG are approximately 0.8 and 2.4 nm,
respectively. Our observed thicknesses are somewhat lower than the thickness of an entire
monolayer, indicating partial coverage of the sensor surface. Future experiments will
include hydrophobic immobilization of proteins on the sensor surface and sampling at
different concentrations.

3. SUMMARY
Sub-monolayer, affinity based binding of rabbit IgG to Protein A was demonstrated in

photonic crystal microcavity sensor. Arrays of these compact photonic crystal
microcavity sensors offer label-free, parallel sensing of small analyte volume which can
potentially reduce throughput and offer improved statistics in biological research.
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Figure 1. The biophotonic chip for single living cell measurement. (a) Overview of the
integrated chip. (b) Schematic of the chip.

REFRACTIVE INDEX MEASUREMENT OF SINGLE
LIVING CELL USING A BIOPHOTONIC CHIP FOR

CANCER DIAGNOSIS APPLICATIONS
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1School of Electrical and Electric Engineering, 2School of Biological Science
Nanyang Technological University, Nanyang Avenue, Singapore 639798

3Defence Medical & Environmental Research Institute, DSO National
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ABSTRACT
This paper presents a new approach to determining the effective refractive index of

single living cell. By means of it, the refractive index of living cell can be automatically
measured in real time without any extra treatments on the cell, meanwhile, offering low
cost and high accuracy of disease diagnosis.

Keywords: Refractive index, Living cell, External cavity laser, and Microfluidics

1. INTRODUCTION
Recently, there is wide interest in rapid in-situ analysis of biological cells and detection

of ultra-small-volume samples. The refractive index (RI) plays a vital role in many places
of biophysics, biochemistry and biomedicine. Previously, the interferometric methods have
been used to measure the RIs of liquids or particles [1]. However, it is difficult to handle
the inhomogeneous matters like biological cells using those methods. Moreover, they are
used to measure the RI of the static sample because the interference patterns are extremely
prone to any vibration even the breath. The present work aims to determine the effective RI
of single living cell in real time with an integrated chip shown in Figure 1(a). The chip is
formed by bonding a metal-coated glass slide with a PDMS slab molded using soft
lithography technology [2]. An analysis unit is embedded in the chip to measure the RI as
shown in Figure 1(b). A laser diode serves as the light source, one of whose surfaces, in

association with a gold-coated mirror oppositely positioned, form the external laser cavity.
A microlens set is designed to improve the beam quality so that the light can be only
focused on one single cell. The cells driven by the electrokinetic force are delivered into the
analysis region along the microfluidic channels. The different RI between the cell and the
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Figure 2. Physical model of the
measurement system.

buffer changes the effective cavity length so that the laser emission is subsequently varied.
By monitoring wavelength and power, the effective RI of the cell can be computered.

2. THEORY
Based on laser theory, the alteration of the external cavity length normally results in two

phenomena, frequency shift and intensity modulation. The first-order approximation of the
emission frequency and the output intensity I
under a weak external feedback are given by [3]

)]arctan(cos[1{2
)]arctan(sin[

0
extL

ext

C
C 1

]cos1[0 extmII 2

where 0 and I 0 are initial emission frequency and
intensity, respectively. C is an important parameter
indicating the external feedback strength relating to
external cavity length. stands for the linewidth
enhancement factor. m is the modulation
coefficient of the self-mixing interference. As

Figure 2 shown, n0 is the RI of laser diode (3.5); d and L represent the length of diode and
effective external cavity, respectively. By solving Eq. (1) and Eq. (2) in the presence of the
weak feedback, the effective external cavity length L is able to be obtained, which is
expressed )( LnL ii

i
, where ni and Li represent the refractive index and the

dimension of individual components of the external cavity, respectively. Considering the
cases loaded and unloaded cells in the buffer, the difference RI results in

)(2 23 nnrL , where n3 and n2 are the RI of cell and buffer, respectively. r is the
size of the cell. Thereby, the RI of the cell is able to be calculated after acquiring L.

3. EXPERIMENTAL RESULTS AND DISCUSSION
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Figure 3. (a) The emission spectrum of beads. (b) The output power variation produced by
bead B. (c) Wavelength shift versus external cavity length.

The experiment includes two parts, system calibration using two polystyrene beads with
a nominal RI of 1.59, and measurement of five types of cancerous cells. the emission
spectrum and the output power are recorded and shown in Figure 3(a) when the two beads
(Bead A, 9.7 µm and Bead B, 15.5 µm) are passing through the analysis region. The
wavelength shift is 0.05 nm for Bead A and 0.01 nm for Bead B, respectively. The bead B
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Table 1 The results of calibrations using polystyrene beads

Beads
& Cells

l *

( m) I (nm)
Norminal

value RI Error

PBS - - - 1.33 - -
ø10 µm 9.7 3 0.05 1.59 1.594 0.25%
ø15 µm 15.5 5 0.01 1.59 1.585 0.32%

Table 2 The measurement results of cancerous cell

Beads & Cells l ( m) I (nm) RI
Culture Medium - - - 1.350
HeLa 17.66 1 0.08 1.392
PC12 11.11 0 0.03 1.395
MDA-MB-231 18.72 1 0.03 1.399
MCF-7 17.48 1 0.02 1.401
Jurkat 12.82 0 0.07 1.390

* l represents the size of the bead or cell; I and stand for
the number of modulation period and wavelength shift,
respectively.

produces 5 periods in power variation as shown in Fig. 3(b); similarly, the bead A produces
3 modulation periods. According to Eq. (3), the initial L is calculated to be 436.5 µm, with
1.33 of PBS buffer RI and 403.5 µm external cavity length. The vertical axis in Fig. 3(c)
indicates that the wavelength shift; the horizontal axis is the length of external cavity
corresponding to the wavelength shift. Thus, the RIs of the beads are calculated after the
change of cavity length is read out from the horizontal coordinates. Five types of cancerous
cells are measured following system calibration. The buffer-unloaded L for cell
measurement is fixed to 250 µm. Cell size is determined by microscopy imaging.

The calibration results shown in Table 1 are the average values of three measurements,
which rigorously match the
nominal value 1.59 with a
marginal difference of 0.25.
The effective RIs of cancerous
cells are shown in Table 2. All
cells indices measured are
larger than 1.37, the typical RI
of normal cells, which reveals
that the relative bigger nucleus
usually endows cancerous cell
the larger effective RI. The
results of the experiments
imply the RI measurement
probably enables to diagnose
the cancers in early
development of the diseases
without the requirement of
sample treatment.

4. CONCLUSIONS
An innovative method is demonstrated to measure the RI of single living cell. High

sensitivity of resonant cavity is combined with the microfluidic manipulation to achieve a
high accuracy. The resolution in detecting length variation can be theoretically down to 10
nm, which overcomes the scattering limitation encountered in the conventional methods for
cell analysis. This microchip might be a valuable tool for clinic diagnosis in near future.
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TOWARD ONE MILLION-FOLD SENSITIVITY
ENHANCEMENT BY SWEEPING IN CAPILLARY

ELECTROPHORESIS COMBINED WITH THERMAL
LENS MICROSCOPIC DETECTION USING AN 

INTERFACE CHIP
T. Tsuneka1, K. Sueyoshi1, K. Uchiyama2, A. Hattori2, F. Kitagawa1 and 

K. Otsuka1

1Department of material chemistry, Graduate School of Engineering,Kyoto 
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ABSTRACT 
This paper reports thermal lens microscope (TLM) detection coupled with capillary 

electrophoresis (CE) by using an interface chip (IFChip) to achieve highly sensitive 
detection with high reproducibility. Toward further improvement of the detectability for 
non-fluorescent compounds, on-line sample preconcentration by sweeping was applied to
CE–TLM using the IFChip (CE–IFChip–TLM). As a result, over one million-fold increase
in the sensitivity was successfully achieved. 

Keywords: Capillary electrophoresis, Thermal lens microscope, Interface chip, 
Micellar electrokinetic chromatography 

1. INTRODUCTION
Recently, a wide variety of detection methods have been employed in CE. Among them, 

TLM [1] is a highly sensitive detection scheme for non-fluorescent compounds. In the 
application of TLM to CE, a simple way to combine them is the on-capillary detection
method. However, in such a case optical configurations of TLM become complicated 
because the capillary has a curved surface. The curved surface reduces both sensitivity and
reproducibility. To improve this limitation, an
IFChip which has flat surfaces was
connected to the capillary for the CE
separation. Kitamori’s group previously
reported the CE–IFChip–TLM analysis of
derivatized amino acids by capillary zone
electrophoresis [2]. However, further 
investigations are still required to achieve an
efficient separation and a reproducible
detection. In this paper, CE–IFChip–TLM
was investigated to make highly sensitive 
detection scheme possible for the separation 
of non-fluorescent and neutral analytes by 
micellar electrokinetic chromatography 
(MEKC) and its fundamental characteristics 
are discussed. 

2. EXPERIMENTAL 
Schematics of the IFChip are shown in Figure 1. Schematics of IFChip for CE-TLM. 
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Figure 1. IFChips were fabricated on a Pyrex glass and a quartz plate. Access holes were
drilled to connect the fused silica capillary (50 Pm i.d., 365 Pm o.d.) at the etched end of 
the microchannel (100 Pm width and 40 Pm depth). The bottoms of the holes were flattened
to reduce the dead volume. 

TLM (ITLM-11, Institute of Microchemical Technology) measurement in the CE-TLM
analysis was performed as follows. An excitation laser beam (488 nm) introduced to an
optical microscope coaxially with a probe laser beam (670 nm) and irradiated to the 
microchannel through an objective lens (× 20, NA = 0.5). The probe laser beam passed 
through a condenser lens was monitored by a photodiode. 

3. RESULTS AND DISCUSSION 
In the CE–IFChip–TLM analysis, the

detection point on the IFChip would affect 
the analytical performances since the laser 
beam of the TLM can be scattered by the
capillary at the connection point [2]. In this
study, the TLM detection was conducted at 
100 Pm apart from the connection 
interface between the capillary and the 
IFChip as shown in Figure 1. 

In the MEKC–TLM analysis of Sudan I
(SdI) and Sudan R (SdR) which are
nonfluorescent and neutral azo dyes, the
separation efficiency in the on-capillary
detection method and the CE–IFChip– 
TLM were compared. A baseline separation and sensitive detection were successfully 
achieved by using a Pyrex glass IFChip as shown in Figure 2 but the peak width was 
slightly broader than that obtained with the on-capillary method, which might indicate the
decrease in the separation efficiency due to the dead volume at the connection point. It can 
be also seen from the data in Table 1 that the theoretical plate number obtained with the 
Pyrex glass IFChip was lower than that in the on-capillary detection, while the 10-fold 
improvements in the reproducibility for peak height were obtained by using the IFChip due
to the improved optical configuration compared with the on-capillary detection method. 
However, the highest theoretical plate was attained by the application of the quartz IFChip. 
These results indicated that a difference in the materials between fused silica (capillary) and 
Pyrex glass (IFChip) caused a turbulence of the electroosmotic flow (EOF) at the
connection point, which brought the decrease in the theoretical plate. Thus, it was found 
that the quartz IFChip provided higher analytical performances in MEKC–TLM. 

In comparison with the limit of detection (LOD), the LODs for SdI obtained by the 
on-capillary and the IFChip detection were 80 ppb (300 nM) and 300 ppb (1.2 PM),
respectively. Since the 
complicated optical configuration 
caused on the surface of the 
capillary reduced the detection
sensitivity, the 3.8-fold
improvement in the LOD would
be attained by using the IFChip. 
These results demonstrated that 

Figure 2. An MEKC�IFChip�TLM analysis
of two azo dyes. 1, 10 ppm SdI; 2, 5 ppm SdR. 

Table 1 RSD for peak height and theoretical plate of SdI 
obtained with three detection methods 

RSD (%) for 
peak height 

Theoretical 
plate 

On-capillary 34.6 130000 
Pyrex glass IFChip 3.4 92000 
Quartz IFChip 3.6 170000 
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the reproducible and sensitive detection can 
be achieved by using the IFChip in CE–TLM. 

Toward further high concentration
sensitivity, sweeping was applied as an 
on-line preconcentration technique to the 
MEKC–IFChip–TLM analysis. The sweeping
phenomenon in MEKC, first reported by
Quirino and Terabe [3], utilizes the interaction 
of a pseudostationary phase (PS) such as SDS 
micelles in the BGS and a sample matrix that 
is free of the PS. Under the acidic condition, 
neutral analytes in a sample solution zone
show slower migration by the application of a 
negative potential due to the suppressed EOF.
On the other hand, the SDS micelle fastly migrates to the anode, and thus the samples are
swept by the SDS micelle intruding from an inlet vial and concentrated at the interface
between the BGS and the sample solution zone. In the MEKC–IFChip–TLM analysis of
SdR, an extremely sharp peak was obtained by the sweeping as shown in Figure 3. The 
LOD of SdR under the sweeping condition was 2 pM by using the quartz IFChip, while in
conventional MEKC the LOD was evaluated to be 300 nM. Taking into account the 
difference of the peak height, the 1700000-fold enhancement of the detectability was 
obtained. Therefore, ultra sensitive detection of non-fluorescent compounds was 
successfully achieved by sweeping and MEKC–IFChip–TLM. 

4. CONCLUSION 
We demonstrated the combination of TLM detection with CE by using the IFChip. In

comparison with an on-capillary detection method in CE–TLM, the 10-fold improvements
in the reproducibility for peak height were obtained by using IFChip. Separation efficiency
in the application of the quartz IFChip was almost comparable to that in the conventional 
on-capillary detection. The detection limit of an azo dye was estimated to be 300 nM. 
Furthermore, the 1700000-fold increase in the sensitivity was successfully achieved by
sweeping, and the LOD of SdR was determined to be 2 pM. 
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ABSTRACT
In this paper the novel method of calibration of glucose amperometric type sensor

implemented in an integrated microdialysis based micro system is presented. This method
consists in evaluation of the charge, resulting from the glucose consumption in the
enzymatic reaction, transferred to the electrode under stop-flow conditions.

Keywords: Calibration, electrochemical sensors, lab-on-a-chip, microdialysis

1. INTRODUCTION
Microdialysis is an on-line sampling technique used for in-vivo monitoring. This

technique is based on a size-selective diffusion of the analyte through a semi-permeable
membrane so that, the dialysate is a macromolecule–free sample ready for analysis without
any pretreatement. Microdialysis is performend with use of a microdialysis probe,
consiting of a dialysis tube, coupled with an appropriate analyzer. The connection between
the microdialysis probe and the analyzer introduces a certain lag time in analysis.

To minimize the lag time, a miniaturized microdialysis based system has been
developed [1]. The integrated microdialysis system consists of several functional blocks:
microdialysis probe, electrochemical sensor array and calibration facility.

Although, principles of analytical chemistry encompass methods of sampling as well as
measurement including calibration of detectors, the calibration procedure still causes
problems espacialy in same cases e.g. on-line and in-vivo monitoring.

A novel method of calibration of glucose sensor implemented in an integrated
microdialysis based micro system has been developed. The calibration method consists in
evaluation of the charge, resulting from the glucose consumption in the enzymatic reaction.

2. THEORY
As a model, an enzynmatic reaction of an oxidase enzyme is considered where the

substrate is oxidized by the enzyme in the presence of co-substrate (oxygen) and hydrogen
peroxide is produced. The transduction of the enzymatic reaction is achived
amperometrically then, the current response is related to the hydrogen peroxide flux to the
working electrode. One-dimentional mass transfer to an electrode is described by the
Nernst-Planck equation [2]:

)()()()(
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)( xVxC
x
xxCD

RT
Fz

x
xC

DxJ jjj
jj

jj
(1)

where Jj is a flux of species j at distance x from the electrode, Dj is a diffusion coefficient
for j, V – velocity, zj – valency, xxCj )( and xx)( are concentration and potential
gradients at distance x from the electrode respectively.
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When the convection mass transport is absent and the migration is negligible, the
current at the working electrode is the following:

jJAFni (2)
where Jj is the diffusion dependend flux of species j, n - number of transfered electrons, F -
the Faraday constant and A - the electrode area.
Mass of the substrate (m) and a number of the substrate particles (np) consumed in the
enzymatic resulting in the charge transferred to the electrode ( ) are the following:idt

idt
Avne

Mm mol (3)

idt
ne

n p
1 (4)

where Mmol – molar mass, e – charge of an electron and Av – the Avogadro number.
An effect of the substrate depletion can be observed under specific circumstances, in

particular when the volume of the sample is comparable or smaller than the reaction space
of the enzymatic biosensor. Then, based on a charge transferred at the electrode, the total
amount of the substrate as well as number of the substrate particles present in the sample
solution can be calculated. Under the condition of well defined plug of a calibrant (the
substrate concentration, volume), this approach can be used for the sensor calibration. It
also reveals potential of electrochemical sensors utilization in nano range analysis (eq. 4).

3. EXPERIMENTAL
The integrated microdialysis system was realized in a silicon-glass sandwich technology

(Fig. 1.a). The microdialysis probe and flow-through electrochemical sensor array were
formed by fixing of a dialysis tube (ID 200 µm, from regenerated cellulose, MWCO
20 kD).
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Figure 1. Layout of the microdialysis system (a) and geometry of the senosor cell (L=18 mm) (b).
The amperometric sensor and the built-in calibration facility based on dual-pump

electrochemically actuated microdosing system have been described previously [3,4].
The reaction cell of the sensor (Fig.1.b) was filled with enzyme - glucose oxidase type

II (GOx) - solution of concentration of 8 mg/ml. Volume of the reaction cell was around
5 µl while volume of sample passing through the sensor along the semipermeable tube was
50 nl. The sample was transported at a flowrate 2 µl/min. When it reached the sensor, the
flow was stoped till the whole amount of the glucose was consumed.

4. RESULTS AND DISCUSSION
Under flow conditions the decay of the current peak results from the sample transport

along the sensor and sample dispersion, while in the case of the stop-flow conditions the
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observed decay of the current peak results from the effect of glucose depletion in the 
sample due to its consumption in the enzymatic reaction. Since our device had relatively 
large reaction cell (5µl), the effect of glucose depletion in 50 nl sample stoped in the sensor 
passage was observed.
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Figure 3. Response of the flow-trough amperometric sensor for samples of different glucose 
concentration 12.5, 25 and 6.25 mM. 

Based on the experimental data (Fig.3) the mass of glucose consumed in the enzymatic 
reaction under stop-flow condition was calculated according to equation (3). These results 
are in close agreement with the apparent mass of glucose contained in the calibration plugs 
of 50 nl volume and different initial concentrations (12.5, 25 and 6.25 mM). The apparent 
glucose concentration in the plugs was corrected for dispersion caused by the plugs 
transport to the sensor space. The dispersion was calculated according to the Vanderslice 
formula [5]. Since the charge is calculated for the current peak from baseline-to-baseline, to 
evaluate sensor sensitivity only one calibrant is used.  

5. CONCLUSIONS 
 A novel approach to calibration of amperometric type sensors was developed. The 
method is based on the effect of glucose consumption in the enzymatic reaction performed 
under stop-flow conditions. The calibration is applicable for on-line monitoring. 
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ABSTRACT
A novel type of nano-porous electrode systems has been developed with the ultimate

goal of enhancing sensitivity of electrochemical biosensors by employing redox cycling
between sub-µm spaced electrodes. At the same time, low cost fabrication technologies are
used in order to allow for widespread application of these systems. So far, amplification by
a factor of six through redox cycling in nanopores has already been demonstrated.

Keywords: nano-porous electrode array, redox-cycling, electrochemical sensor,
nanosphere lithography

1. INTRODUCTION
High sensitivity of transducers is vital in the

attempt to make new protein targets available for
diagnostic assays, as there is no such amplification
scheme available for proteins as there is with PCR-
technology in the DNA-world. Interdigitated
electrode (IDE) arrays with sub-µm spacing have
been shown to exhibit greatly enhanced sensitivity
[1-3]. However, requiring uv- or e-beam
lithography, so far widespread commercialization
of IDE has been hampered by the relatively high
cost of fabrication of these devices. In contrast, no high definition lithography is required
with nanopore sensors. Rather, electrode spacing is defined by the thickness of an
insulating layer in between a metallic bottom electrode and a porous top electrode (Fig.1).
This paper reports results on fabrication process technology, micro-structure analysis and
electrochemical properties. 
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Figure 1: schematic depiction of
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2. EXPERIMENTAL
Basic principles of chip fabrication by nanosphere lithography were reported previously

[4]. A detailed description on progress made with respect to the generation of high packing 
density of pores is given in Chapter 3. The electrochemical cell is defined by a silicon ring,
deposited on the chip. An integrated gold-electrode and a formatted Ag/AgCl-wire serve as
counter- and reference electrode, respectively. The electrochemical cell is interfaced with a
bi-potentiostate (NMI). PBS (pH 7,4) is used as basic electrolyte. For electrochemical
characterization p-Aminophenol is utilized as redox couple. 

3. RESULTS AND DISCUSSION
Sensor chips (Fig.2) with four sensor positions and a centrally positioned counter

electrode were fabricated. At first the basic electrode and subsequently an insulating layer
are deposited on glass. By the help of a monolayer of BSA adsorbed as an adhesive agent
on top of the insulator micro- or nanospheres are deposited by self-assembly in a closely
packed layer. Etching in an oxygen plasma results in a regular pattern of isolated particles
which act as shadow masks during the deposition of the top electrode layer. After removal

of the particles, pores are etched in CF4 plasma employing the porous top electrode as
etching mask. Fig.3 shows the porous top electrode of a sensor chip. In this particular
preparation, the electrode was deposited by sputter deposition from a target mounted at a
distance of about 15mm from the chip. This results in considerable down-scaling of the
pore diameter as compared to particle size. Focused ion beam etching (FIB) of a
nanosensor reveals the layer stacking and the morphology of an individual nano-pore
(Fig.4). Metal layers consist of titanium / gold / titanium in case of the bottom electrode and
titanium / gold for the top electrode where titanium serves as adhesion promoter. The
slopes are almost vertical and no delamination of metal and insulator layers is observed.
Leakage currents as low as 1pA at 1V on 1mm2 electrode area have been measured.
Capacity of a system with 200nm insulating layer is on the order of 400pF.
Signal amplification by redox cycling in nanopores has been observed on a chip with pores
of a diameter of about 1µm (Fig.5). Pore-density is determined to be 120000/mm2.

Figure 4: Cross section of
the metal / insulator / me-
tal – system prepared by
FIB (Focused Ion Beam)
showing the morphology
of the layer system and of
a nanopore.

Figure 3: SEM micrograph
of the nano-porous top-
electrode. One non-
removed particle is still
visible, demonstrating the
down-scaling effect when
using particles as shadow
masks during metalization.

Figure 2: sensor chip with
four sensor positions, a
large counter electrode
and connecting pads in
the periphery

top electrode

insulator
bottom electrode
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P-aminophenol is oxidized within the pores at the bottom electrode. Upon energizing the
top electrode at reducing potential, the current measured at the bottom electrode increases,
thus indicating signal amplification by redox cycling. The amplification factor increases
with increasing concentration of p-aminophenol. A measurable amplification was observed
starting at a concentration of 10nM. At concentrations of 200mM amplification factor
becomes saturated at a maximum value of 6 with the pore geometry investigated so far.

4. CONCLUSIONS
The sensitivity of sub-µm-spaced nanoporous electrode systems has been improved

successfully by preparing an enhanced density of nanopores. This was achieved by
applying a self assembling nano-particle-deposition technique which generates highly
packed shadow masks for nanoparticle lithography. The enhanced density of nanopores
allows for high current densities and low detection limits. In the future, pore dimensions
will be optimized towards maximum signal amplification and biochemical assays will be
established and evaluated on the nanosensor chip. 
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A FULLY INTEGRATED PLASMA ELECTRON
SOURCE FOR MICRO MASS SPECTROMETERS

J.-P. Hauschild, E. Wapelhorst, J. Müller, M. Doms
Hamburg University of Technology, Germany

This paper presents the concept and the fabrication of a novel, fully integrated electron and
UV light source using a micro plasma. The electron source is primarily developed for use in
a micro mass spectrometer (MMS) [1]. It offers a high density electron beam at a low supply
gas and energy consumption.

KEYWORDS: Electron Source, Micro Mass Spectrometer, Micro Plasma, UV-Light Source

INTRODUCTION Mass spectrometers are essential measurement tools for high preci-
sion chemical analysis. For the ionization of the sample gas, electron impact ionization is
advantageous for the MMS [2]. Since this ionization mechanism requires a high density
electron beam with a defined electron energy, an integrated plasma based electron source is
preferable to alternative approaches, e.g., a hot filament [3] or an external laser source. This
system is realized by standard silicon processes and features an efficient energy supply for
the plasma by direct RF-coupling through electroplated vias.

FUNCTION PRINCIPLE A schematic cross section of the electron source is shown in
Figure 1. It consists of three units: The spark and RF-supply electrodes, the plasma chamber,
and the electron accelerator. The plasma chamber is a trench which is closed by a borosilicate
lid at the bottom and by an etched extraction grid on the top. The pressure in the plasma
chamber is maintained by the combination of a capillary inlet as flow resistance and the
extraction grid as pressure aperture. With a pressure applied to the capillary, the pressure in
the plasma chamber is adjusted to 100Pa. To ignite a stable RF plasma in the chamber, a spark
is generated between the spark electrodes while the RF signal (250mW@2.45GHz) is present.
By applying a voltage Ve between the extraction grid and the acceleration grid, electrons are
extracted from the plasma and accelerated to a defined kinetic energy. To increase the electron
current density to 1 A

cm2 , the electron beam is focussed in the acceleration area by its geometry.
The acceleration area is evacuated by a vacuum pump to 1Pa, in future e.g., by a micro vapor
jet pump [4], to avoid electron-atom collisions. The system generates an electron beam of
adjustable and defined energy, e.g. a 100µA beam at an electron energy of 70eV. The total
size is smaller than 2mm2, and the operating gas flow is less than 0.3sccm. At a later stage,
pressure monitoring [5] and a SMD RF-generator will also be integrated.

FABRICATION The electron source is fabricated in three substrates:
Substrate 1 is a double side polished (DSP) 1mm silicon wafer into that the plasma cham-

ber is fabricated by two etch steps. In the first step, a deep trench with an elliptic shape is
etched from the back into the wafer by anisotropic deep reactive ion etching (DRIE). This etch
step is stopped just before the trench breaks through, so that a membrane with a thickness of
10-15µm remains. The etch depth is controlled by indicator structures that take advantage
of the effect that different feature sizes have different etch rates, i.e., the DRIE process is
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terminated when an indicator structure larger than the plasma chamber breaks through. In the
second step, the extraction grid is etched into the silicon membrane from the top of the wafer.
Each hole has a diameter of 12µm with 10-15µm high sidewalls. Simultaneously an orifice is
structured into the thin silicon membrane to establish the gas supply for the plasma chamber.

Substrate 2 is a 500µm thick borosilicate which acts as lid and electrical contact for the
plasma chamber. Holes are etched by hydrofluoric acid into the substrate which are filled by
electroplated copper. Then a tungsten thin film, deposited by sputtering, is structured to form
the spark electrodes and to cover the vias.

Substrate 3 is a thermally oxidized DSP 500µm silicon wafer. First, a metal grid is
patterned on the top layer. The gas supply and the acceleration area are etched from the back
with a two step isotropic etch process, each with an etch depth of 250µm : After the hole for
the electron acceleration area has been etched 250µm deep, the etch mask is opened in the
area of the gas supply, and the etch process is continued.

Substrates 1 and 3 are bonded eutectically as described in [6]. Finally, this silicon “sand-
wich” is bonded anodically to the borosilicate cap (substrate 2).

MEASUREMENTS The characterization of the electron source was performed as de-
noted in Figure 1: To measure the total electron current, the deceleration voltage was set to
Vg=0, i.e., the detection electrode has the potential of the acceleration grid. The electron
current was measured with respect to the acceleration voltage Ve. At the desired opera-
tion voltage Ve, the current exceeds 100µA, see Figure 2. In order to evaluate the energy
distribution, the acceleration voltage is held constant (Ve=70V) while Vg was varied. The
electron energy distribution shows the desired maximum at 65eV, see Figure 3. By varying
Ve this maximum can be shifted towards the desired electron energy. The second maximum
indicates back scattered electrons: Electrons that hit the acceleration grid, interact with the
electron sheaths of the tungsten atoms, are partially reflected with an energy loss and are ac-
celerated towards the detector electrode. For the MMS this low energy electrons (10eV) have
no impact on the performance.

CONCLUSION The presented electron source emits a high density electron beam with
adjustable electron energy. It is ideal for use in a MMS to ionize the sample gas. Further
benefits of the system are the small dimensions, the uncritical vacuum requirements and the
low gas and power consumption. The described structure is also suited for use as a high
density UV-light source.

REFERENCES

[1] G. Petzold, P. Siebert, and J. Müller, “A micromachined mass spectrometer,” in Proceed-
ings µTAS 2001, vol. 2, (Monterey, CA, USA), p. 230, 2001.
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ABSTRACT 
Laser Desorption / Ionization on nanopore structured materials was developed to 
analyze the small molecule without background noise. Our proposed method could 
also apply to drug screening combined with ultrafiltration.  

Keywords: Mass spectrometry, small molecule analysis, nanopore materials 

1. INTRODUCTION  
Matrix-assisted laser desorption/ionization time of flight mass spectrometry 

(MALDI-TOF-MS) for the analysis of small molecules, however, was little 
attention, because most of the widely used matrixes have low molecular weight less 
than 500 Da, and during the ionization step by laser irradiation, matrixes produce 
many matrix related peaks in the low mass range [1-2]. 

2. RESULTS AND DISCUSSION 
In this study, the use of nanopore materials as an energy mediator in laser 

irradiation has a potential to generate low-mass analyte signal without noise and 
thus to precisely interpret analyte in low-mass range. Figure 1 showed the mass 
spectrum obtained from the nanopore materials. As seen in Figure 1, the only 
sample peaks corresponding to alanine and Asp-Gly were shown by the use of 
nanopore materials. No other strong background peak was detected in Figure 1.  

To validate the application for drug screening, binding assay was 
performed by the incubation of human serum albumin with library. Figure 2a 
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Figure 1: Schematic of the electron source in the characterization setup
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1. INTRODUCTION  
Matrix-assisted laser desorption/ionization time of flight mass spectrometry 

(MALDI-TOF-MS) for the analysis of small molecules, however, was little 
attention, because most of the widely used matrixes have low molecular weight less 
than 500 Da, and during the ionization step by laser irradiation, matrixes produce 
many matrix related peaks in the low mass range [1-2]. 

2. RESULTS AND DISCUSSION 
In this study, the use of nanopore materials as an energy mediator in laser 

irradiation has a potential to generate low-mass analyte signal without noise and 
thus to precisely interpret analyte in low-mass range. Figure 1 showed the mass 
spectrum obtained from the nanopore materials. As seen in Figure 1, the only 
sample peaks corresponding to alanine and Asp-Gly were shown by the use of 
nanopore materials. No other strong background peak was detected in Figure 1.  

To validate the application for drug screening, binding assay was 
performed by the incubation of human serum albumin with library. Figure 2a 
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showed the positive reflectron mass spectrum of the 11 library before incubation 
with HSA, and each peak was labeled corresponding to its library. Figure 2b 
showed the mass spectrum of the released library from protein- drug complex after 
incubation with HSA. Comparison of three spectrum clearly proved that bound 
library were 5, 6, 8, 9, 10 and 11, which were well correlated with other literature’s 
results [3]. 

Figure 1. Mass spectrum of alanine at m/z 90, Asp-Gly at m/z 191with nanopore materials 

Figure 2. MS spectrum of screening of drug library: (a) before the incubation with HSA; (b) 

released bound drugs from HSA 
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3. CONCLUSION 
In conclusion, our proposed matrix-free approach is simple but powerful 

method to analyze low-mass molecules with high sensitivity and reliability and 
could be applied to small molecule screening, for instance, inhibitor, enzyme 
substrate, metabolite and drug screening.  
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ABSTRACT 
A microhotplate gas sensor integrated into a polymer-based microfluidic system for 

monitoring of volatile organic compounds (VOCs) in water is designed, fabricated and 
characterized.  This device is designed to sample a water source, control the sample vapor 
pressure within a microchannel using integrated resistive heaters, and direct the vapor past 
the integrated gas sensor for analysis.  

Keywords: gas sensor, water monitoring, polymer, volatile organic compounds 

1. INTRODUCTION
There is a growing concern regarding the quality of water supplies, which are susceptible 

to both natural and man-made chemical contamination. Contamination by volatile organic 
compounds (VOCs) is of particular concern due to the potential for significant negative 
effects on human health.  While traditional VOC contaminant testing relies on labor-
intensive sample collection and laboratory analytical methods, distributed in-situ 
monitoring is needed provide more effective and cost effective protection of water supplies. 
To this end, a compact, surface acoustic wave technology was recently described [1].  
However, this device relies on passive transport of gas from a water source through a 
membrane, and does not support higher levels of integration for water delivery or vapor 
pressure control. 

In contrast to previous work, a fully integrated polymer microfluidic gas sensing system 
for water quality monitoring is reported here. The sensor platform is fabricated using a 
novel technology allowing direct integration of discrete silicon chips into a larger polymer 
microfluidic substrate. This silicon-in-plastic approach enables seamless fluidic and 
electrical interconnects between the polymer substrate and silicon chip.  As shown in the 
device schematic in Fig. 1, sampled water in the liquid phase is brought past an integrated 

Figure 1. Device schematic of the water 
monitoring system.
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Figure 2. The fabrication process of 
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Fig. 3  Photograph of the integrated 
microfluidic gas sensing system.
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Fig. 4  Simulation results of methanol vapor 
transport in the 10 mm long air flow channel. 

air flow       to chip 

liquid flow 

membrane

thin film heater which raises the vapor pressure of VOCs within the sample. Water vapor 
and VOCs in the gas phase are then separated from the liquid through a 
polytetrafluoroethylene (PTFE) porous film, and delivered to an integrated gas sensor chip 
for contaminant identification and quantification.   

2. DESIGN AND FABRICATION 
The silicon-in-plastic fabrication method allows the sensing platform takes advantage of 

low-cost polymer replication methods for realizing fluid routing, vapor pressure control, 
and gas separation, while utilizing well-characterized silicon gas sensor technology for the 
functional detection elements.  The fabrication process, as outlined in Fig. 2, is based on a 
modified version of a previously reported process [2].  Briefly, a silicon gas sensor chip is 
embedded into a polycarbonate plate using an epoxy (353ND, EPO-TEK) layer to level the 
exposed surface to within 1µm.  The gas sensor chip used in this polymer system is a 4-
element microhotplate gas sensor developed by NIST researchers [3].  Parylene C is 
deposited as a passivation layer, while also serving to bridge small gaps which may occur 
between the sensor/epoxy/polycarbonate interfaces. Au/Cr layers are deposited and 
patterned to provide electrical interconnections and heaters for vapor pressure control.  
XeF2 isotropic silicon etching is used to release the suspended microhotplates in-situ, after 
patterning of the parylene and Cr/Au layers.  SnO2 and TiO2 sensing films are deposited on 
the microhotplates by chemical vapor deposition.  The microfluidic network is formed in a 
second PC sheet by hot embossing and thermally bonded to the substrate containing the 
sensor chip.  Finally, conductive epoxy is applied at the connection pads through vias in the 
embossed sheet to provide electrical access to the system for vapor pressure control and 
microhotplate control and sensing.  A fabricated device is shown in Fig. 3.   

Solvent extraction from the liquid is a key requirement for the water monitoring system.  
In this study, on-chip solvent extraction was achieved by evaporation of the solvent using 
an air-liquid two-phase flow system.  A 50 µm thick hydrophobic PTFE membrane with 
70% porosity and 0.22 µm average pore size was thermally bonded between two PC layers.  
The lower layer contains a microchannel which intersects the upper U-shaped channel, with 
the PTFE membrane separating the channels.  The upper channel delivers a continuous 
stream of water which is heated with integrated thin film resistive elements to control vapor 
pressure.  The resulting vapor passes through the membrane and is delivered to the gas 
sensor by a continuous air flow.  The theoretical performance of the air-liquid two-phase 
flow system was evaluated by solving the 2-D convective-diffusion equations.  A detailed 
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ABSTRACT 
 This paper reports an investigation of a rapid surface plasmon resonance (SPR) signal 
amplification scheme based on the rate of formation of an enzyme-catalyzed precipitate.  
Briefly, a reaction involving surface-localized enzymes, the amplification labels, and a 
bulk substrate solution, “the developer,” results in the formation of an insoluble 
precipitate.  The accumulation of this precipitate significantly increases the refractive 
index (RI) near the sensor surface and may be monitored using SPR imaging.  While 
demonstrated here for a simplified enzyme-substrate system, this signal enhancement 
technique may be readily expanded to improve the sensitivity of SPR sensor-based 
immunoassays through the use of enzyme-conjugated immunoreagents. 

Keywords: Enzyme immunoassay, signal amplification, SPR imaging 

1. INTRODUCTION
 A number of researchers have previously investigated the use of biocatalytic signal 
enhancements for SPR biosensing and other analytical detection techniques.  In 2001, Su 
and O’Shea reported a cuvette-based SPR instrument for enhancing protein binding assay 
sensitivity via enzyme-catalyzed precipitation reactions [1].  More recently, Kim et al.
applied a similar microfluidic amplification technique to SPR imaging-based 
immunoassays [2].  However, both demonstrations focused on end-point measurements of 
the amplified SPR signal.  Similar enhancement schemes have been developed for quartz 
crystal microbalance and ellipsometry measurements [3, 4], where the rate of precipitate 
deposition was shown to provide a more robust signal than end-point measurements.  The 
present work adapts these kinetic measurements to the SPR platform to investigate the 
potential of this amplification scheme for SPR-based measurements. 

2. THEORY
 SPRI is a surface-sensitive optical technique capable of detecting small refractive index 
changes, allowing for real-time monitoring of biomolecular interactions occurring within a 
few hundred nanometers of the sensor surface.  In the precipitation reaction explored in 
this work, the surface-bound enzyme, horseradish peroxidase (HRP), produces an insoluble 
precipitate through the one-electron oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) 
[5].  The accumulation of this enzyme product near the sensor surface increases the local 
refractive index, which may be quantified with SPRI.  The rate of precipitate formation 
and accumulation near the sensor surface is expected to be proportional to the amount of 
enzyme bound to the SPR biosensor surface.  
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vapor transport model has been developed to model the two-phase flow system, including 
2-D membrane vapor diffusion and bulk gas flow, with sample results shown in Fig. 4.  

3. EXPERIMENT AND RESULTS 
Initial characterization of the water monitoring system was performed using methanol as 

a test analyte. A mass flow controller was used to deliver filtered dry air flow through the 
gas channel, and a syringe pump provided precise liquid flow in liquid channel. A laptop 
computer was used to control the sensor temperature and measure the conductometric 
response of the gas sensor elements.  The integrated gas sensor was operated in a rapid 
temperature-programmed sensing (TPS) mode [3], with hotplate temperature repeatedly 
ramped from 60 C to 480 C over 200 ms, and a baseline temperature of 200 C for 300 
ms imposed between ramps.  For all experiments, the flow rate of dry air is set to 0.5 sccm, 
and the flow rate of liquid is set to 20 µL/min.  Five analyte concentrations were tested in 
this experiment, namely 0, 1, 10, 100 and 1000 ppm methanol in DI water.  Fig. 5 shows 
two complete TPS cycles for a SnO2 film sensor element in response to each analyte 
concentration, with response normalized to the baseline value (0 ppm) to reduce 
conductance drift.  In this study, a Guterman-Boger Artificial Neural Network (ANN) 
modeling approach has been applied to identify the small differences between TPS patterns. 
Fig.6 shows the estimated concentration by the applied ANN model.  For concentrations 
above 10 ppm, the average measurements are within 4.5% of the actual values. While the 
sensor platform provides good sensitivity at 1 ppm, the measured concentrations 
overestimate the true concentration by an average of 64%. 

4. CONCLUSION 
A water monitoring system based on the integration of microhotplate gas sensors into 

polymer microfluidics has been developed to monitor and characterize VOCs in water 
supply systems. The fabricated device was used to detect 1 ppm methanol in water.   

REFERENCES 
[1] C. K. Ho, E. R. Lindgren, K. S. Rawlinson, L. K. McGrath and J. L. Wright, Sensors, 3, 

pp. 236-247, 2003. 
[2] L. Zhu, C. Kimball, N. Sniadecki, S. Semancik, D.L. DeVoe,  Proc. MicroTAS 2003, 

pp. 1231-1234, Squaw Valley, CA, Oct. 5-9, 2003. 
[3] S. Semancik, R.E. Cavicchi, M.C. Wheeler, J.E. Tiffany, G.E.Poirier, R.M. Walton, J.S. 

Suehle, B. Panchapakesan, D.L. DeVoe, Sensors and Actuators, v. B77, pp. 579-591, 
2001. 

0.00E+00

5.00E-01

1.00E+00

1.50E+00

2.00E+00

2.50E+00

3.00E+00

3.50E+00

4.00E+00

4.50E+00

228 233 238 243 248 253

Time (S)

R
am

p 
/ B

as
e 0ppm

1ppm
10ppm
100ppm
1000ppm

Fig. 6  Comparison between actual and 
estimated methanol concentrations.

Fig. 5  TPS response to methanol at 
concentrations ranging from 0-1000 ppm.



INVESTIGATION OF A RAPID MICROFLUIDIC 
SURFACE PLASMON RESONANCE IMAGING (SPRI) 

SIGNAL AMPLIFICATION SCHEME BASED ON  
THE RATE OF FORMATION OF AN ENZYME-

CATALYZED PRECIPITATE 
Melissa S. Hasenbank, Elain Fu, and Paul Yager 

University of Washington, Seattle, WA, USA

ABSTRACT 
 This paper reports an investigation of a rapid surface plasmon resonance (SPR) signal 
amplification scheme based on the rate of formation of an enzyme-catalyzed precipitate.  
Briefly, a reaction involving surface-localized enzymes, the amplification labels, and a 
bulk substrate solution, “the developer,” results in the formation of an insoluble 
precipitate.  The accumulation of this precipitate significantly increases the refractive 
index (RI) near the sensor surface and may be monitored using SPR imaging.  While 
demonstrated here for a simplified enzyme-substrate system, this signal enhancement 
technique may be readily expanded to improve the sensitivity of SPR sensor-based 
immunoassays through the use of enzyme-conjugated immunoreagents. 

Keywords: Enzyme immunoassay, signal amplification, SPR imaging 

1. INTRODUCTION
 A number of researchers have previously investigated the use of biocatalytic signal 
enhancements for SPR biosensing and other analytical detection techniques.  In 2001, Su 
and O’Shea reported a cuvette-based SPR instrument for enhancing protein binding assay 
sensitivity via enzyme-catalyzed precipitation reactions [1].  More recently, Kim et al.
applied a similar microfluidic amplification technique to SPR imaging-based 
immunoassays [2].  However, both demonstrations focused on end-point measurements of 
the amplified SPR signal.  Similar enhancement schemes have been developed for quartz 
crystal microbalance and ellipsometry measurements [3, 4], where the rate of precipitate 
deposition was shown to provide a more robust signal than end-point measurements.  The 
present work adapts these kinetic measurements to the SPR platform to investigate the 
potential of this amplification scheme for SPR-based measurements. 

2. THEORY
 SPRI is a surface-sensitive optical technique capable of detecting small refractive index 
changes, allowing for real-time monitoring of biomolecular interactions occurring within a 
few hundred nanometers of the sensor surface.  In the precipitation reaction explored in 
this work, the surface-bound enzyme, horseradish peroxidase (HRP), produces an insoluble 
precipitate through the one-electron oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) 
[5].  The accumulation of this enzyme product near the sensor surface increases the local 
refractive index, which may be quantified with SPRI.  The rate of precipitate formation 
and accumulation near the sensor surface is expected to be proportional to the amount of 
enzyme bound to the SPR biosensor surface.  
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 3. EXPERIMENTAL 
 The experimental setup consisted of 
an SPR microscope [6, 7], a multi-
channel microfluidic flowcell, and the 
established enzyme/substrate system 
of HRP/TMB [5].  A schematic 
overview of the assay system is 
depicted in Figure 1.  For each 
microchannel, different HRP 
concentrations and incubation times were employed to functionalize the sensor surface 
with varying amounts of HRP.  A simple calibration of the bulk RI response of the 
instrument was used to estimate the enzyme surface coverage [8].  After rinsing 
thoroughly with phosphate buffered saline (PBS), any remaining open sites were blocked 
with bovine serum albumin (BSA).  A control channel contained only BSA prior to 
substrate addition.  To induce the enzyme-stimulated precipitation reaction, a fixed volume 
of 1.13 mM TMB was flowed through each channel at a controlled rate (1 µL/s), followed 
by a PBS rinse.  Sequences of SPR images were recorded throughout the TMB addition 
and rinse phases to monitor the rate of precipitate accumulation near the sensor surface. 

 4. RESULTS AND DISCUSSION 
 The SPR images in Figure 2 
demonstrate the substantial signal 
enhancement resulting from the 
precipitation reaction.  Image A and its 
inset depict a microchannel prior to 
TMB addition for representative assay 
and control channels, respectively.  
Image B represents the same channels 
following the TMB addition and rinse 
steps.  Note that the instrument 
response in the control channel returned to near baseline after rinsing.  In contrast, the net 
increase in reflectivity in the enzyme-containing channel was greater than 60%. 

 For the three regions investigated, the 
percentages of enzyme surface coverage were 
estimated at 8%, 10%, and 12%.  The initial 
precipitate formation is presented in Figure 3 
as the change in percent reflectivity of the 
SPR response versus time.  This result 
demonstrates the expected relationship 
between enzyme surface coverage and 
precipitate formation rate that may be used as 
the basis of a quantitative assay.  The 
precipitate responsible for the SPR signal 
enhancement also forms rapidly. 

Figure 1. Schematic overview of the simplified 
signal enhancement assay, involving surface-
bound enzymes, a bulk substrate solution, and 
the resultant precipitation reaction. 

Figure 2. SPR images before (A) and after (B) 
precipitate formation. A control channel for an 
analogous time is shown in the inset images. 
For these imaging conditions, thicker protein 
layers appear as higher intensity regions. 

Figure 3. Comparison of initial TMB 
precipitation rates for a range of 
surface-bound enzyme concentrations. 
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5. CONCLUSIONS 
 In summary, a SPR signal 
amplification technique 
centered on analyzing 
reaction kinetics has been 
demonstrated for a simplified 
enzyme/substrate system.  
Additional experiments 
exploring a broader range of 
enzyme surface 
concentrations are planned.  
Furthermore, a sandwich 
immunoassay based on this 
signal amplification and precipitation rate quantification scheme, of the form depicted in 
Figure 4, holds promise for improving the sensitivity of microfluidic assays.  
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ABSTRACT 
 This paper reports on a new MEMS process/materials set that enables fabrication of a 
wide category of particle radiation detecting microdevices.  Microstructures providing 
millimeter spatial resolution of both neutron and beta particle fluxes are constructed with 
these techniques.  A spin-coatable, castable, and patternable scintillating resin is utilized, 
that converts fast-electrons into pulses of light.  Micro-sandblasting allows rapid 
fabrication of >millimeter thick on-chip glass waveguides, directing the light pulses.  
Using this process, a glass microfluidic device has been constructed that can spatially 
resolve to sub-mm dimensions the position of P32-doped water, a common beta particle 
(fast electron) emitting biomaterial tag.  Neutron detection, which has important homeland 
security applications is enabled by doping the scintillating resin with gadolinium-oxide 
nanoparticles.  These particles convert impinging neutrons into fast electrons through an 
on-chip nuclear fusion reaction.  The resultant electrons are then converted into optical 
pulses, which are measured with an off the shelf Burle Industries photomultiplier tube. 
 
Keywords: Charge conversion nanoparticles, Neutron scintillator, Beta detector 
 
1. INTRODUCTION 
 Microscale particle radiation detection devices would find wide application in 
biomedical, environmental, and homeland security fields.  Beta emitting isotopes are 
common biomedical tags, and utilized in cancer therapy [1].   Traditional beta particle 
detectors are Geiger counters, typically shoe-box sized devices.  Centimeter sized diodes 
are also used, which typically require cryogenic cooling.  A miniaturized Geiger counter 
has been reported, but this device requires hundreds of volts to operate [2].  Neutron 
detectors are typically utilized to detect nuclear weapons; fissionable materials emits 

Electron gets
trapped in

gadolinium, is
useless

n

e

n

e

A: Neutron hitting a
chunk of gadolinium

B: Neutron hitting a gadolinium
particle in scintillating matrix

D: Light does not scatter
when the particles are much
smaller than the wavelength  

Fig. 1:  The neutron detection principle.  (A) Gadolinium reacts with neutrons, creating a fusion 
reaction, and 79 keV electron.  As gadolinium is a metal, the electron is trapped and unusable.  (B) 
As the gadolinium is particle sized, the electrons can escape.  If the particles are imbedded in 
electron scintillating polymer, the electron produces a light pulse.  (C) Larger particles would block 
this light pulse, but (D), gadolinium-oxide nanoparticles are smaller than the scattering threshold of 
light, allowing transmission of this signal.   
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neutrons, little else does.  Traditional neutron detectors are meter-scale tritium gas filled 
discharge tubes, or a similarly sized tank of highly flammable liquid scintillator.  The 
Non-toxic scintillator material demonstrated here is patternable with standard MEMS 
processes.  This allows  integration onto deep fabricated glass waveguides.  These 
waveguides are constructed by micro-sandblasting with 3 µm silicon carbide grit and 
patterned rubber stencils.  This microfabrication toolkit would allow inexpensive spatial 
imaging of concealed fissionable material, and nuclear reactor cores. 
 
2. NANOPARTICLE NEUTRON SCINTILLATORS 
 Gadolinium has the highest neutron-absorption cross section of any material.  In this 
neutron capture process, gadolinium emits 79keV conversion electrons, as part of the 
nuclear fusion process.  Efforts to utilize these conversion electrons for neutron detection 
have met with limited results; gadolinium is a metal, so it traps the electron [3].  By 
utilizing gadolinium oxide nanoparticles, the electrons can escape, as their range is much 
greater than the particle size (Fig. 1).  These particles are imbedded in a thin film polymer 
material that converts the escaping electrons into light pulses.  Gadolinium oxide is 
opaque (Fig. 2).  However, ss these particles are much smaller than the scattering 
threshold of this light, the end product is transparent (Fig. 3).  This non-toxic polymer is 
spin coated, and patterned to form microscale pixels corresponding to scale lengths of the 
radiation absorption (Fig. 4).  Optical transparency of the scintillating material was 
measured, and found to be high even with significant particle loading (Fig. 5).  The 
scintillator shown in Fig. 4 was tested with an off-the-shelf photomultiplier optical 
detector tube, and Am/Be neutron source.  The Burle photomultiplier tube provides a 
measurable pulse for each neutron detected, allowing a simple count to determine particle 
flux (Fig. 6).  The device was found to have similar signal-vs.-distance characteristics as 
larger detectors (Fig. 7).  
 

   
Fig. 2:   Gadolinium 
oxide particles by 
themselves have a 
neutron absorption cross 
section of 255,000 barns, 
but are opaque to light. 

Fig. 3:  When imbedded in this 6 mm thick 
transparent scintillating polymer, gadolinium 
oxide nanoparticles do not significantly 
attenuate the light shown through the 
backside. This device is loaded with 23% 
gadolinium. 

Fig 4: The doped 
polymer resin can be 
spin into thin films, 
and O2 plasma etched 
or machined into sub-
mm dimensions. 

 
3. BETA SCINTILLATORS/GLASS WAVEGUIDES 
 Integrated glass waveguides and a microfluidic channel containing beta scintillation 
detectors were constructed by masked sandblasting with microgrit (Fig. 8).  The masked 
sandblasting fabrication technique allows for quick and inexpensive deep glass etching 
with etch rates up to 1000 µm per minute.  Following fabrication, the beta-scintillating 
polymer is integrated into the device by microcasting (Fig. 9).  A drop of P32-doped water 
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ABSTRACT
The ultimate resolution of electrophoretic separations is limited by the quality of the

initial plug. Here we describe and demonstrate a simple, general and versatile strategy for
‘sculpting’ high-resolution sample plugs for electrokinetic separations.  We do so using
solid partitions that have the effect of creating channels with highly anisotropic electrical
permittivity, which permit electric fields parallel to the channel, but exclude electric fields
oriented perpendicular to the channel.  The technique is geometric in origin, and is thus
works for arbitrary channel materials and solution characteristics.  Using our technique, we
demonstrate the repeatable injection and separation of (5:1) rectangular sample plugs.

Keywords: Electrophoresis, Electrophoretic injection, Partitioned injection,
Separation

1. INTRODUCTION
Electrophoretic separations play the central role in many TAS applications [1].  The

ultimate resolution of the separation can be degraded by various factors–hydrodynamic
dispersion, Brownian motion, channel turns, adsorption, and so on.  Even before the
separation begins, however, its resolution is limited by the quality of the initially-injected
plug:  the sharper, thinner, more homogeneous and more well-defined the plug is, the easier
it will be to resolve the separated bands. Standard electrokinetic injections suffer from
band-widening (Fig. 1a), as the injected sample bulges into the injection channel, rather
than remaining confined to the geometric intersection of the channels.  Techniques such as
isoelectric focusing [2] have been developed to address this, but are more complicated to
implement and result in inhomogeneous sample plugs.

Here we demonstrate a simple, versatile, and geometric method for injecting high-quality
and well-defined sample plugs in electrokinetic separation systems.  The basic idea
addresses the root cause of the initial plug broadening in electrokinetic injections:  the
sample to be injected follows the field lines driving the injection, which spread into the
separation channel, rather than remaining confined to the intersection of the two channels.
By sculpting the field lines, the sample plug can itself be defined.

Our technique builds upon the ‘faceted channel’ strategy for minimizing dispersion at
channel turns [3], as well as the use of nanometer-scale capillaries as gateable channel
interconnects [4]. We fabricate partitions within each channel to render it highly
anisotropic: permittive to fields oriented parallel, yet impenetrable to fields oriented
perpendicular. This confines the injected field to the rectangular intersection of the
channels.

2. THEORY
We explore the basic phenomenon under the assumption of ideal electrokinetic

conditions:  thin electric double-layer, constant solution conductivity, and homogeneous
walls. Under these conditions, the electrophoretic motion of analyte particles occurs along
electric field lines, and electro-osmotic flow is established in direct proportion to the
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traversing the channel resulted in location dependent optical pulse rates measured from the 
waveguides (Fig. 10).  The pulse rate in a particular channel is maximized when the 
sample is located directly over the sensing scintillator.  Relative sample position can be 
determined from looking at the ratio of count rates between two proximate channels.  This 
allows sub-millimeter spatial imaging of beta-isotope tagged biomedical samples in lab-
on-a-chip systems.     
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Fig. 5:  Light directed through a 
210 µm thick sheet of 10% 
gadolinium nanoparticle doped 
scintillator loses only about half 
its optical intensity. 

Fig. 6:  Characteristic light 
pulse created by a 
scintillating detector loaded 
with 10% Gd nanoparticles 
and measured with a Burle 
PM tube.   

Fig. 7:  The neutron count rate 
of the scintillator material 
shown in Fig. 4 scales in a 
predictable manner with the 
detector cross section, and 
distance from source. 
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Fig. 8:  A microfluidic channel 
and integrated waveguide 
structure allows P32 doped fluid 
to pass over the patterned beta 
particle scintillators, and optical 
signal measured from the 
waveguides. 

Fig. 9: The microsandblasted 
optical waveguides 
(microchannel removed for 
clarity).  Locally patterned 
beta scintillators direct light 
through the waveguides. 

Fig. 10: Count rates per minute 
vs. the normalized distance of 
the drop of P32 doped water 
along the waveguide.  
Differential count rates provide 
sub-mm radionucleide sample 
imaging. 
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ABSTRACT
The ultimate resolution of electrophoretic separations is limited by the quality of the

initial plug. Here we describe and demonstrate a simple, general and versatile strategy for
‘sculpting’ high-resolution sample plugs for electrokinetic separations.  We do so using
solid partitions that have the effect of creating channels with highly anisotropic electrical
permittivity, which permit electric fields parallel to the channel, but exclude electric fields
oriented perpendicular to the channel.  The technique is geometric in origin, and is thus
works for arbitrary channel materials and solution characteristics.  Using our technique, we
demonstrate the repeatable injection and separation of (5:1) rectangular sample plugs.

Keywords: Electrophoresis, Electrophoretic injection, Partitioned injection,
Separation

1. INTRODUCTION
Electrophoretic separations play the central role in many TAS applications [1].  The

ultimate resolution of the separation can be degraded by various factors–hydrodynamic
dispersion, Brownian motion, channel turns, adsorption, and so on.  Even before the
separation begins, however, its resolution is limited by the quality of the initially-injected
plug:  the sharper, thinner, more homogeneous and more well-defined the plug is, the easier
it will be to resolve the separated bands. Standard electrokinetic injections suffer from
band-widening (Fig. 1a), as the injected sample bulges into the injection channel, rather
than remaining confined to the geometric intersection of the channels.  Techniques such as
isoelectric focusing [2] have been developed to address this, but are more complicated to
implement and result in inhomogeneous sample plugs.

Here we demonstrate a simple, versatile, and geometric method for injecting high-quality
and well-defined sample plugs in electrokinetic separation systems.  The basic idea
addresses the root cause of the initial plug broadening in electrokinetic injections:  the
sample to be injected follows the field lines driving the injection, which spread into the
separation channel, rather than remaining confined to the intersection of the two channels.
By sculpting the field lines, the sample plug can itself be defined.

Our technique builds upon the ‘faceted channel’ strategy for minimizing dispersion at
channel turns [3], as well as the use of nanometer-scale capillaries as gateable channel
interconnects [4]. We fabricate partitions within each channel to render it highly
anisotropic: permittive to fields oriented parallel, yet impenetrable to fields oriented
perpendicular. This confines the injected field to the rectangular intersection of the
channels.

2. THEORY
We explore the basic phenomenon under the assumption of ideal electrokinetic

conditions:  thin electric double-layer, constant solution conductivity, and homogeneous
walls. Under these conditions, the electrophoretic motion of analyte particles occurs along
electric field lines, and electro-osmotic flow is established in direct proportion to the
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electric field lines. Sample transport follows field lines, and sculpting the field lines allows
sample delivery to be similarly sculpted.  (We assume diffusion to be negligibly slow.)

The solution is electroneutral away from the (thin) double-layers, so that the electrostatic
potential  obeys Laplace’s equation

                                                (1)
In steady state, the electric field must obey no-flux boundary conditions at channel walls,
regardless of the permittivity of the wall – currents are driven along field lines, and unless
electrochemical reactions occur at the walls, ions can not be created or consumed.

In a standard electrokinetic injection geometry, injection field lines bulge into the
separation channel, rather than remain confined to the intersection of the channels.  The
penetration length scales with the width of the channel:  since Laplace’s equation (Eq. 1)
contains no length scale, the field lines that result simply scale with the geometry of the
device.  Thus sample plugs created using standard electrokinetic injections have neither
uniform cross-section, nor uniform concentration.

Introducing thin solid partitions within each channel, immediately adjacent to the
channel intersection, gives the channels an effectively anisotropic permittivity. A potential
difference applied along the injection channel gives a field that passes through the injection
channel partitions, but which can not penetrate very far into the (partitioned) separation
channel, remaining within the rectangular intersection (and vice-versa).  Because Laplace’s
equation is harmonic, the longest wavelength solutions near the partitions have the form

)2exp()/2cos(~ LzLx                                      (2)

where x is the coordinate perpendicular to the partitions, z is parallel, and L is the distance
between partitions. The more closely the partitions are placed together, the more tightly the
fields are confined to the rectangular intersection. This also allows well-defined sample
plugs of various aspect ratio to be injected.

3. EXPERIMENT

To test the partitioned injection technique, we used photolithography and rapid
prototyping [5] of PDMS to fabricate separation systems that use partitioned electrokinetic
injections. PDMS microchips were plasma oxidized for 60s and irreversibly sealed to 2”x3”
glass slides spin coated with PDMS.  We used 30 m injection channels and 150 m
separation channels to attempt high aspect ratio plug injection.  Open channels were
fabricated to the same dimension as the partitioned channels. White light from a Hg lamp
was filtered with 500nm short-pass filter before being focused with a 10x objective and
collected using a CCD color camera. All voltages were applied using platinum wire
electrodes controlled with Labsmith and a programmable multi-channel power supply.  The
sample analyte consists of a mixture of 500 M fluorescein and carboxy-fluorescein dye
solutions prepared in a 30mM sodium phosphate buffer (pH 9.5, Aldrich).

4. RESULTS AND DISCUSSION

Figure 1(a) shows a standard open-channel electrokinetic injection, in which the
injected plug ‘bulges’ into the separation channel a distance set approximately by the width
of the separation channel.  Figure 1(b) shows the sharp, rectangular (5:1) plug injected
using ‘partitioned’ channels. Figure 1(c) shows the separation that occurs when a potential



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

493

difference is applied across the separation channel.  Two clearly-resolved bands, resulting
from a single charge difference between analyte species, appear downstream in the channel.

(a) (b) (c)
Figure 1. (a) In a standard open-channel injection, sample transport occurs along field lines that bulge
into the separation channel, resulting in an inhomogeneous plug. (b) Microfabricating thin ‘partitions’
in each channels restricts the injection field lines to the intersection, giving a sharp, rectangular
sample plug (here with 5:1 aspect ratio). (c) Switching off the (E-W) injection field, and turning on
the (N-S) separation field causes initiates electrophoresis of the sample plug.  Differently-charged
analyte species travel at different velocities and quickly separate into distinct bands.

5. CONCLUSIONS
To summarize, we have presented a simple, versatile, general geometric method for high-

fidelity sample plugs. It bears emphasis that the method we describe here depends simply
on geometrically sculpting and shaping the electric field lines using microfabricated
structures.  As such, the technique is not limited to any particular fabrication material,
structure size, or solution characteristics: partitioned injections should even work for
channels filled with a gelatinous separation matrix.  The ultimate resolution of the injected
plug is set by the intra-partition spacing, which is limited only by fabrication and material
capabilities.  Finally, we note that no pull-back potentials are required to separate the
injected zone from the sample stream, which accelerates the injection process.
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ORDERED NANOPORE CAVITY ARRAY STRUCTURED 
BY COLLOIDAL TEMPLATING FOR 

ELECTROPHORESIS OF LARGE DNA MOLECULES 
Yong Zeng and Jed Harrison 
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ABSTRACT
This paper reports the electrophoretic behavior of large DNA molecules confined in a 

synthetic cavity array prepared by colloidal templating.  The electrophoretic dynamics of 
confined DNA molecules is distinct from that seen in gels or in other microfabricated
sieving structures.  A simple model is proposed to qualitatively interpret this observation. 

Keywords: Colloid, DNA, Electrophoresis, Nanopore 

1. INTRODUCTION
Separation of large DNA (> ~40 kilobases) is a long-standing challenge in conventional

gel electrophoresis.  Micro- and nano-fabrication have been used widely to explore novel
sieving structures for rapid separation of large biomolecules [1]. Self-assembly of colloidal
particles provides a promising alternative in terms of easy scaling to pore sizes of tens of
nanometers, and for fabrication of unique geometries. An ordered macroporous material
fabricated by colloidal templating of an array of cavities has been used to demonstrate and
evaluate the effects of entropic trapping on Brownian motion of DNA molecules [2].  Our 
work is focused on the effect of ordered confinement in a cavity array on electrophoresis of
large DNA molecules.

2. EXPERIMENTAL
A clean glass slide was immersed in a 0.15% aqueous suspension of 1 m polystyrene

beads. A multilayer colloidal band of 2-3 mm width was deposited by slow evaporation at 
room temperature (Figure 1A).  The crystalline lattice was then immobilized in a dense
polyacrylamide gel by infiltration and polymerization of a 30% aqueous monomer solution
with 6% bis crosslinker (Figure 1B).  Left behind, by dissolution of beads in toluene, is a

Figure 1. Illustration of colloidal templating. A) Evaporation-induced deposition of colloidal array
from the suspension. B) Fabrication of a structured polyacrilamide gel slab by colloidal templating.
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hydrogel embedded with close-packed cavities interconnected to each other by ~ 200 nm
circular pores [2].  Epifluorescence videomicroscopy was used to probe single DNA 
molecules stained by YOYO-1. 

3. RESULTS AND DISCUSSION 
The size of cavities in the array is comparable to the radius of gyration of -DNA

molecules (0.74 m), but the connecting pores between cavities are much smaller.
Molecules must deform to pass through constrictive pores, losing their configurational
freedom locally.  Thus, the pores serve as size dependent entropic barriers.  At low electric
field, individual -DNA chains are temporarily trapped in a given cavity, then jump
sluggishly to another one with elongation through less than three cavities (Figure 2A),
indicating the entropic effect is dominant (full elongation corresponds to about 20 cavities). 
With intermediate field applied, the chain is readily stretched by the electric force, so that 
hooking at pores occurs frequently, forming U shapes, as illustrated in Figure 2B.  Hooking 
is typical in gels, and in a magnetic post array [3], and is expected to become more severe 
as the field increases.  In our material the opposite trend was observed at relatively high
electric field (50 V/cm).  The characteristic behavior, illustrated in Figure 2C, is for a chain
to stretch and slip across a fluctuating number of cavities quickly (frames 0 to 0.43 s) and
then become trapped in a single cavity for an extended period (frames 0.43 to 3.50 s) 
without ever reaching full elongation, in contrast to conventional gel electrophoresis. 
When the leading head of a molecule is briefly trapped, the tailing part recoils very fast, 
reducing the tendency to form hooks or hernias.  Thus, the full reptation process rarely
occurs at high field in these templated gels, apparently due to confinement in the cavities.

DNA molecules exhibit an unexpected dependence of mobility on molecular size and 
electric field shown in Figure 3.  A maximum in mobility occurs as the field increases, with
the peak position dependent on molecular size.  Larger molecules move more slowly than
smaller ones at low field strength, but faster at high field.  In order to understand this non-
monotonic dependence of mobility on field, we propose a simple model based on the 
geometry of the confinement, as sketched in Figure 4A.  In all experiments, the electric 
field was not aligned with
any crystal axis passing 
straight through a line of 
nanopores, as confirmed by
the observed zigzag
trajectory.  The hydrogel is
ion conductive. Therefore 
the electric field can 
penetrate through the
cavity wall, directing DNA
strands to the pocket region
located between two 
nanopores, illustrated by
the dashed line in Figure
4B.  The portion of a
molecule localized in the
pocket region must fight
against the electric force 
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Figure 2. Time sequences of images of -DNA molecules  at 
electric fields of (A) 10 , (B) 25, and (C) 50 V/cm, respectively.
The frames are time-stamped in second. The bars are 5 m.



1.5 DIMENSIONAL ELECTROPHORESIS USING 
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ABSTRACT 
 We report analytical, numerical, and experimental investigations of nanochannel 
electrophoretic transport and separation dynamics of neutral and charged analytes.  Our 
study includes continuum-theory-based analytical and numerical studies of nanofluidic 
electrophoretic separation dynamics as well as experimental validation of these models.  
Our results suggest a method we term “1.5 dimensional electrophoresis” whereby both ion 
valence and bulk mobility may be determined independently from a comparison of micro- 
and nano-scale transport measurements.
Keywords: nanofluidics, electrokinetics, separation

1. INTRODUCTION 
 Electrokinetic transport in fluidic channels facilitates control and separation of ionic 
species.  In nanometer-scale electrokinetic systems, the electric double layer thickness is 
comparable to characteristic channel dimension, resulting in nonuniform velocity profiles.  
In such channels, both streamwise and transverse electromigration fluxes contribute to the 
separation and dispersion of analyte ions.  Prior analytical studies have not addressed this 
coupling of electromigration fluxes for charged analytes migration in channels with finite 
double layers.  

2. THEORY 
We have developed analytical and numerical models for net streamwise transport of 

both neutral and charged analyte species in long, thin electrokinetic channels.  We 
employed the convective-diffusion equations for charged species, Poisson’s equation for 
electric field, and Navier-Stokes equations with an electric body force term.  We assumed a 
channel with finite but non-overlapping electrical double layers (EDLs), and considered the 
addition of a dilute analyte sample species whose concentration is much lower than that of 
background electrolyte ions.  We demonstrated that transverse electromigration is in quasi-
equilibrium with transverse diffusion flux.  The resulting quasi-steady transverse 
concentration distribution couples with the non-uniform velocity profile and this coupling 
determines net electrokinetic transport and dispersion.  We present analytical solutions for 
both area-averaged species velocities (determining electropherograms) and for the 
unsteady, streamwise-transverse species concentration field.  Finally, we present a ratio of 
effective electrophoretic mobility in a nanochannel to bulk electrophoretic mobility.  This 
ratio  can be interpreted as the factor by which electrophoretic mobility is apparently 
changed from the bulk mobility value when the charged species is observed migrating 
through a nanochannel.  This scale quantifies the net change in streamwise electrophoretic 
flux due solely to nanochannel transport effects (Figure 1).    
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Figure 4. A) Schematics of electric field inside the
cavity array gel. B) Model showing geometry of 
cavity and position of two trapped DNA molecules 
of different sizes, drawn roughly to scale. Dashed 
line indicates the electric trapping volume.

Figure 3.  Average mobility as function
of electric field for -DNA (48.5 kbp) 
and Calf Thymus DNA (13 kbp). Error
bars show 90% confidence interval. 

when escaping through the nanopore.  Therefore, molecules experience two kinds of
retarding effects, entropic and electric trapping, in addition to effects such as hooking.

Experimentally, under low electric field, entropic force dominates the electromigration.
Smaller molecules move faster than larger ones, consistent with a greater ability to diffuse
through the nanopores [2].  Longer chains are known to be delayed by entropic trapping
more than smaller ones, causing the mobility maximum of longer chains to shift to high 
field. The results show that at high field, electric trapping begins to dominate, reducing the
mobility.  There are two possible factors contributing to the reversed order of the mobility
of DNA strands at high electric field.  Larger molecules have a lower proportion of their
whole in the electric trapping volume.  They experience more net driving force than smaller
ones.  Additionally, larger ones have more monomers in proximity to the nanopores,
increasing the escape probability [1].  Based on the above understanding, it is evident that 
both entropic and electric trapping are size specific.  These unique characteristics result 
from the curved geometry of the cavities, and from the conductivity of the matrix.

4. CONCLUSIONS 
We have demonstrated modification of DNA electromigration by integrating entropic 

and electric trapping in a ordered cavity array, which may lead to a new mechanism for 
separation of large biomolecules. The sieving material is much easier to fabricate on a large 
scale than lithographically produced structures are.  It is feasible to scale this concept to the
ten-nanometer regime for probing protein molecular dynamics in porous media.
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ABSTRACT 
 We report analytical, numerical, and experimental investigations of nanochannel 
electrophoretic transport and separation dynamics of neutral and charged analytes.  Our 
study includes continuum-theory-based analytical and numerical studies of nanofluidic 
electrophoretic separation dynamics as well as experimental validation of these models.  
Our results suggest a method we term “1.5 dimensional electrophoresis” whereby both ion 
valence and bulk mobility may be determined independently from a comparison of micro- 
and nano-scale transport measurements.
Keywords: nanofluidics, electrokinetics, separation

1. INTRODUCTION 
 Electrokinetic transport in fluidic channels facilitates control and separation of ionic 
species.  In nanometer-scale electrokinetic systems, the electric double layer thickness is 
comparable to characteristic channel dimension, resulting in nonuniform velocity profiles.  
In such channels, both streamwise and transverse electromigration fluxes contribute to the 
separation and dispersion of analyte ions.  Prior analytical studies have not addressed this 
coupling of electromigration fluxes for charged analytes migration in channels with finite 
double layers.  

2. THEORY 
We have developed analytical and numerical models for net streamwise transport of 

both neutral and charged analyte species in long, thin electrokinetic channels.  We 
employed the convective-diffusion equations for charged species, Poisson’s equation for 
electric field, and Navier-Stokes equations with an electric body force term.  We assumed a 
channel with finite but non-overlapping electrical double layers (EDLs), and considered the 
addition of a dilute analyte sample species whose concentration is much lower than that of 
background electrolyte ions.  We demonstrated that transverse electromigration is in quasi-
equilibrium with transverse diffusion flux.  The resulting quasi-steady transverse 
concentration distribution couples with the non-uniform velocity profile and this coupling 
determines net electrokinetic transport and dispersion.  We present analytical solutions for 
both area-averaged species velocities (determining electropherograms) and for the 
unsteady, streamwise-transverse species concentration field.  Finally, we present a ratio of 
effective electrophoretic mobility in a nanochannel to bulk electrophoretic mobility.  This 
ratio  can be interpreted as the factor by which electrophoretic mobility is apparently 
changed from the bulk mobility value when the charged species is observed migrating 
through a nanochannel.  This scale quantifies the net change in streamwise electrophoretic 
flux due solely to nanochannel transport effects (Figure 1).    
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3. EXPERIMENTAL 
We anisotropically dry etched nanoscale channels in quartz substrates using conventional 
optical photolithography, eBeam lithography and standard dry etching techniques (Figure 
2).  We performed parametric variations of applied electric field, channel depth, 
background buffer concentration, and species valence to impose variations on zeta 
potential, effective mobility, and Debye length among other parameters.  We used 
rhodamine, fluorescein, and Bodipy as fluorescent analytes of differing valence and 
mobility; and varied the Debye length by using nine concentrations of sodium borate buffer 
and three different channel depths.  Over 1300 experiments were performed.  We also use 
independent measurements of zeta potential in (thin EDL) microchannels to provide a 
boundary condition for our non-overlapped EDL, nanochannel model.  

Figure 2: Scanning electron 
micrograph (SEM) (a) and atomic 
force microscopy (AFM) scan (b) 
of the inlet region of a 102 nm 
deep fluidic channel.  The images 
show 1 mm diameter posts near 
the inlet of the nanochannel which 
serve as an integrated filtering 
structure.  (c) Schematic of 
nanochannel device with 125 µm 
by 75 µm detection area centered 
7 mm from the injection point.  
Etched tick marks aid in 
registration and quantitation. 

4. RESULTS AND DISCUSSION 
Experimental results are in very good agreement with continuum-based numerical 

transport simulations (Figure 3).  The data and model comparisons together show that the 
effective mobility governing electrophoretic transport of charged species in nanochannels 
depends not only on bulk electrolyte mobility values, but also on the shape of the electric 

Figure 1: Surface plots of effective 
electrophoretic mobility in a nanochannel 
normalized by bulk electrophoretic mobility.  
Mobility ratio is plotted as a function of 
Debye length-to-channel height ratio (λD/h) 
and an electroosmotic to bulk electrophoretic 
mobility ratio (1/β); for a non-
dimensionalized zeta potential of ζ* = 2.  
Surfaces correspond to sample valences of  
zS = -2, -1, 1, and 2.  The separation of 

nanoS ,ν  / νS surfaces for varying zS shows that 
nanochannel mobility experiments contain 
information of both zS and νS. 
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double layer and analyte ion valence.  We demonstrate a method we term 1.5 dimensional 
electrophoresis whereby both ion valence and bulk mobility may be determined 
independently from a comparison of micro- and nano-scale transport measurements.  The 
method is described in detail by [1].  Briefly, we use our microchannel (thin EDL) 
experiments to determine the bulk electrophoretic mobility of analytes.  We then perform 
electrophoresis experiments in nanochannels and use a comparison similar to Figure 1 to 
determine the valence of charged analytes.  As a demonstration of the technique, we applied 
this technique to the analysis of fluorescein and bodipy, two well-established, fluorescent 
analyte ions.  We were able to quantify the valence of these ions as -2.08 and -1.03, 
respectively, which can be compared to the well-established, published values of -1 and -2, 
for the two analytes [2].   

Figure 3: Comparison of 
measured effective mobility in a 
nanochannel (normalized by 
bulk mobility measured in a 
microchannel) versus model 
predictions for both 40 nm and 
100 nm channels.  Normalized 
mobility is shown as a function 
of λD/h.  Large symbols are 
measurement data, and smaller, 
symbols are corresponding error 
bars.  Error bars reflect 95% 
confidence on the mean of 
approximately 20 realizations at 
each condition.   

5. SUMMARY 
We have developed analytical and numerical models for electrokinetic transport in 

nanometer scale fluidic channels.  The model is valid for the transport of individual charged 
and uncharged species over long distances (i.e., electrophoresis) and in conditions of both 
low and high zeta potential.  We have also presented an experimental study of 
electrokinetic transport of both charged and uncharged analytes in custom fabricated 
nanochannels in fused-silica substrates.  Finally, we proposed a method we term “1.5 
dimensional electrophoresis” whereby both ion valence and bulk mobility can be 
determined independently from a comparison of micro- and nano-scale transport 
measurements. 
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ABSTRACT
This is the first report that droplets of organic solvents, ionic liquids, and aqueous 

surfactant solutions in contact with air can be moved and split in a digital microfluidics 
device.  These droplet manipulations require only modest voltages (< 100 V) and 
frequencies (<10 kHz).  The feasibility of moving any liquid can be predicted empirically 
from its frequency-dependent complex permittivity, *.  The threshold for droplet actuation 
in air with our two-plate device configuration is | *| > 8  10-11.

Keywords: Droplet based microfluidics, electrowetting, dielectrophoresis, organic 
solvents 

INTRODUCTION
In digital microfluidic devices, a liquid is transported in the form of droplets on a planar 

array or between two parallel plates, rather than as a stream in a channel.  Droplet motion is 
typically attributed to electrocapillary forces for conductive liquids at low AC frequencies, 
or to dielectrophoresis (DEP) for polarizable droplets in a liquid matrix at high AC 
frequencies[1].  When a voltage is applied to an electrode buried under an insulating 
hydrophobic layer, charges can build up at the solid-liquid interface to form a parallel plate 
(Helmholtz) capacitor.  According to the Lippmann-Young equation, this reduces the solid-
liquid surface tension, causing wetting and a reduction in the liquid-solid contact angle[2, 
3].  An alternative mechanism suggests that droplet motion results from dielectrophoresis 
(DEP)[1, 3].  For DEP-based actuation, the liquid must be an insulator or imperfect 
conductor, and must have a dielectric constant greater than that of the suspending medium 
(typically air or oil) in order to be movable[1, 3, 4].   

We are assessing the feasibility of using digital microfluidics in a wide range of 
applications, including parallel synthesis, biochemical assays requiring dissolution of 
proteins and cell lysis, drug discovery, and array-based sensors.  These interests led us to 
determine which liquids are movable, i.e., can be reversibly transported across three or 
more electrodes, and to deduce the physical properties that determine movability.   

EXPERIMENTAL 
The device design is shown in Figure 1.  Droplets (0.2–0.6 µL) were sandwiched between 

two plates separated by 50 µm, 100 µm, 200µm or 300 µm tapes, and moved by applying 
90 Vrms AC potentials at 10 Hz–8 kHz between the electrode in the top plate and successive 
electrodes in the bottom plate.  
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A contact angle goniometer (First Ten Ångstroms, Portsmouth, VA) was used to assess 
voltage-induced contact angle changes in stationary droplets.  Droplet movement was 
monitored and recorded with a CCD camera (GP-KR222 Panasonic, Secaucus, NJ) mated 
to an imaging lens (VZM 200i Edmund Industrial Optics, Barrington, NJ) positioned over 
the top of the device.  For each liquid tested, at least three droplets were evaluated on 
several devices in which the dielectric layer consisted of Teflon AF on either parylene or 
silicon dioxide.  Droplet movement was found to be equally facile on devices formed from 
parylene and SiO2.

   

Figure 1: Side-view of device configuration

RESULTS AND DISCUSSION 
We found that a broad spectrum of liquids, including organic solvents with a wide range 

of polarities, aqueous surfactants (SDS and Triton X-100 above and below their cmc), and 
ionic liquids ([bmim]PF6 and [bmim]BF4), can be moved.  Movability is not predicated on 
either a high liquid surface tension, , or on an electrically induced change in the liquid-
solid contact angle, .  Figure 2 a depicts the movement of chloroform (  = 27 dynes/cm, 

 = 0.5 ± 0.4˚) and 2 b, the splitting of ethanol (  = 22 dynes/cm,  = 10.5 ± 0.7˚).  

                  

                      (a)      (b) 
Figure 2: Video sequence of (a) moving a chloroform droplet and (b) splitting an ethanol 
droplet 

The feasibility of actuating a liquid is qualitatively correlated with its molecular dipole 
moment µ, the dielectric constant kd, and the conductivity . Liquids in which the molecular 
dipole moment is greater than 0.9 D, dielectric constant is greater than 3, and/or 
conductivity greater than 10-9 S/m can be actuated.  In several cases, such as chloroform 
and m-dichlorobenzene, the liquids could only be moved at lower AC frequencies and/or 
with narrower device gaps. This suggests the need to categorize liquids in terms of a 
frequency-dependent physical parameter. The complex permittivity, *, is defined as:   

o
do jk*                                                         

ITO ground electrodeglass substrate
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d

dielectric layer (parylene or SiO2)
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USING CARTRIDGES OF NANOLITER PLUGS FOR 
HIGH THROUGHPUT SCREENING 

James Boedicker, Bo Zheng, Liang Li, Delai Chen, and Rustem Ismagilov*
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ABSTRACT:
We present a microfluidic method of high throughput screening that consumes less 

than a microliter of reagent.  A cartridge of screening plugs is prepared using a 
polydimethylsiloxane (PDMS) microfluidic device.  The cartridge consists of droplets of 
aqueous screening reagents in immiscible fluorinated oil.  The plugs of the screening array 
are then merged with the reagent to be screened, and stored in a glass capillary for 
monitoring.  The system presented here prevents cross contamination between plugs during 
merging and requires only a source of constant flow to merge a reagent with the plugs of 
the screening cartridge. 
KEYWORDS:  Crystal Growth, Droplets, High Throughput Screening, Plug-based 
Microfluidics 
1. INTRODUCTION:

We have developed an economical microfluidic method of screening a small 
volume of a solution against a large number of reagents on the nanoliter scale.  We 
implement an approach that uses pre-formed arrays of plugs to simplify the experiment for 
the user. 

Screening matrices for chemical and biological assays have been fabricated from 
arrays with pre-loaded reagents[1] and arrays of plugs[2].  Arrays of plugs have also been 
used to screen for protein crystallization conditions.[3]  In this presentation, we expand on 
previous work to develop screening assays that are more economical with reagents and will 
broaden the possibilities of microfluidic screening.  Our system used cartridges of screening 
plugs.[4]  To prevent the coalescence of the plugs in the cartridge, we used either a three-
phase liquid/liquid/gas system or a two-phase liquid/liquid system to separate the plugs 
(Figure 1).  Once the screening cartridge had been formed, it was flowed into a simple 
merging device that injected a reagent solution into the plugs.  After merging, the plugs 
were transferred into a capillary where they were stored and monitored. 
2. RESULTS:

The cartridge approach is capable of screening nanoliter volumes of protein 
solution in a sparse-matrix screen or a chemical gradient screen.[2]  The screening cartridge 
consisted of an array of plugs separated by immiscible fluorinated oil.  If the plugs were 
spaced tens of microns apart they did not coalesce together, although in some cartridges the 
placement of a plug of air between cartridge plugs was used to prevent the coalescence of 
closely spaced plugs.  The preformed array was later merged with the solution to be 
screened using a merging device.  During merging, a stream of the merging solution was 
flowed into a main channel containing the array of screening plugs in a carrier fluid.  The 
plugs picked up the merging fluid as they pass by the junction of the merging stream 
(Figure 2).  Cross contamination between plugs during merging was prevented by 
separating the plugs with a wash droplet.  Current research is underway to develop a device 
that can eliminate contamination of the merging stream without wash plugs. 

Once the merging solution had been injected into the screening array, the plugs 
were flowed into a glass capillary for long-term storage.  The glass capillary was then 
sealed.  This storage method allows the user to visually follow the results of the screening 
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where o is the permittivity of vacuum and  is the angular frequency.  Figure 3 arranges a 
subset of liquids we have studied according to their movability.  Liquids/frequency 
combinations in the top group could be moved at all gaps up to 300 µm.  Liquids in the 
middle group could be moved only at reduced gaps (50 d  100 µm) while liquids in the 
bottom group could not be moved with any gap evaluated (50 d  300 µm). 

Figure 3: Graphical representation of droplet movement feasibility as a function of the 
modulus of the complex permittivity 

CONCLUSIONS 
We have reported that organic solvents, aqueous surfactants, and ionic liquids can be 

manipulated in air in digital microfluidic devices.  The range of liquids that can be moved 
by applying an electrical potential is much wider than was previously assumed.  Our results 
suggest that the frequency-dependent complex permittivity, *, can be used to predict the 
feasibility of droplet actuation. 
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ABSTRACT:
We present a microfluidic method of high throughput screening that consumes less 

than a microliter of reagent.  A cartridge of screening plugs is prepared using a 
polydimethylsiloxane (PDMS) microfluidic device.  The cartridge consists of droplets of 
aqueous screening reagents in immiscible fluorinated oil.  The plugs of the screening array 
are then merged with the reagent to be screened, and stored in a glass capillary for 
monitoring.  The system presented here prevents cross contamination between plugs during 
merging and requires only a source of constant flow to merge a reagent with the plugs of 
the screening cartridge. 
KEYWORDS:  Crystal Growth, Droplets, High Throughput Screening, Plug-based 
Microfluidics 
1. INTRODUCTION:

We have developed an economical microfluidic method of screening a small 
volume of a solution against a large number of reagents on the nanoliter scale.  We 
implement an approach that uses pre-formed arrays of plugs to simplify the experiment for 
the user. 

Screening matrices for chemical and biological assays have been fabricated from 
arrays with pre-loaded reagents[1] and arrays of plugs[2].  Arrays of plugs have also been 
used to screen for protein crystallization conditions.[3]  In this presentation, we expand on 
previous work to develop screening assays that are more economical with reagents and will 
broaden the possibilities of microfluidic screening.  Our system used cartridges of screening 
plugs.[4]  To prevent the coalescence of the plugs in the cartridge, we used either a three-
phase liquid/liquid/gas system or a two-phase liquid/liquid system to separate the plugs 
(Figure 1).  Once the screening cartridge had been formed, it was flowed into a simple 
merging device that injected a reagent solution into the plugs.  After merging, the plugs 
were transferred into a capillary where they were stored and monitored. 
2. RESULTS:

The cartridge approach is capable of screening nanoliter volumes of protein 
solution in a sparse-matrix screen or a chemical gradient screen.[2]  The screening cartridge 
consisted of an array of plugs separated by immiscible fluorinated oil.  If the plugs were 
spaced tens of microns apart they did not coalesce together, although in some cartridges the 
placement of a plug of air between cartridge plugs was used to prevent the coalescence of 
closely spaced plugs.  The preformed array was later merged with the solution to be 
screened using a merging device.  During merging, a stream of the merging solution was 
flowed into a main channel containing the array of screening plugs in a carrier fluid.  The 
plugs picked up the merging fluid as they pass by the junction of the merging stream 
(Figure 2).  Cross contamination between plugs during merging was prevented by 
separating the plugs with a wash droplet.  Current research is underway to develop a device 
that can eliminate contamination of the merging stream without wash plugs. 

Once the merging solution had been injected into the screening array, the plugs 
were flowed into a glass capillary for long-term storage.  The glass capillary was then 
sealed.  This storage method allows the user to visually follow the results of the screening 
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experiment over time, prevents evaporation of the fluids in the screen, and keeps the plugs
separated.

We illustrated this screening technique by performing a functional assay in which
a set of enzymes was screened for phosphatase activity.[2]  An array of plugs of alkaline
phosphatase (AP), catalase, ribonuclease A, and lysozyme, was prepared in a capillary.
The aqueous solution plugs were separated by plugs of air.  The array of plugs was merged
with a solution of fluorescein diphosphate (FDP) to assay the activity of the four enzymes
with the substrate.  The hydrolysis of FDP, catalyzed by AP, released fluorescein and was 
detected by fluorescence microcopy.  The plugs of the other three enzymes did not show 
any fluorescence, confirming both the lack of reactivity and the absence of cross 
contamination between plugs (Figure 2). 

We demonstrated screening of the protein thaumatin against multiple crystallizing
agents.[2]  48 crystallization conditions were tested, using a total volume of less than 1.0 

L of a 60 mg/mL thaumatin solution.  After incubation for 36 hours, we observed 
formation of crystals in one of the plugs and had identified a successful crystallization
condition (Figure 3). 
3. CONCLUSIONS:

This presentation will describe our recent work in addressing the challenges 
remaining in the development of cartridges of microfluidic reagents for screening.
Cartridge based screening techniques have the potential of bringing microfluidic screening
to many research groups and laboratories not currently using microfluidic technologies.
Current devices demonstrate high throughput techniques that are simply used, rapidly
processed, and minimized sample consumption.  The current technique involves
incorporating a wash plug into the screening array, making the screening cartridge larger
and more complicated to fabricate.  Wash plugs also pick up some of the merging reagent, 
which is wasteful of potentially expensive and limited reagents such as protein solutions.
Improved merging techniques will eliminate back contamination while conserving the
reagent.  New merging techniques also expand the method to allow merging with cartridge
plugs having a wider range of surface chemistries and compositions.  We are also 
developing merging techniques that selectively merge with alternating plugs of different
chemical composition.  These types of arrays could be capable of performing vapor 
diffusion screens.[4]  Using plug-based cartridges for screening has the advantages of 
allowing the end user to quickly and simply run a screen using only nanoliters of reagent.

Figure 1:  Cartridges containing an array of plugs with various compositions separated by 
a fluorocarbon solution (clear).[2]  A) The left cartridge shows a liquid/liquid system and 
the right cartridge shows a liquid/liquid/gas system with plugs separated by air bubbles
(dark).   In (B) the plugs are closely spaced to allow vapor diffusion between plugs.
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Cartridges of this type could be used for vapor diffusion crystallization screens.  To the left 
is a close up of plugs in a cartridge.

Figure 2:  A cartridge of plugs was used in an enzymatic assay.[2]  A) Fluorescein
diphosphate (FDP) was merged into the screening cartridge.  B) Fluorescence was
observed only in the alkaline phosphatase plug after merging.  Absence of fluorescence in
the other plugs indicates both no enzymatic activity and no cross-contamination between
plugs.

Figure 3:  Screening for protein crystallization conditions.[2]  A) Thaumatin solution was 
merged with a cartridge of multiple precipitant solutions. B) Polarized-light micrographs 
reveal that crystals formed in one of the plugs after 36 hours. 
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ABSTRACT 
We describe an electrofusion device for controlling the precise moment of fusion between
droplets by applying an electric field.  This device allows (i) accurate determination of the 
start of chemical/biological reactions, (ii) minimum contact of reactants with channel walls
- eliminating surface absorption problems, (iii) easy fabrication and (iv) continuous 
observation of initiated reaction. We demonstrated the fusion of E-galactosidase and 
Fluorescein di-E-D-Galactopyranoside (FDG) droplets, and observed the enzymatic 
reaction using fluorescence microscopy.  

Keywords: Droplets, Electrofusion, Enzymatic reaction, Micro reactor

1. INTRODUCTION
Small vessels have been used as microreactors [1, 2].  It is difficult to add reactants and 
determine exact start of reactions when handling such small vessels.  Electrowetting-on-
dielectric (EWOD) enables us to move, split and fuse droplets.  However, it inherently 
requires contact between droplet and electrodes, thus not compatible for sensitive analysis 
of proteins where surface absorption of proteins is concerned. Moreover, to handle droplets 
in the nano and picoliter scale, the integration and control of the electrodes would be
challenging.  Here, we propose a device that creates emulsions in a fluidic channel and can 
accurately determine the time of electrofusion between two droplets containing different
reactants.  The process is achieved under minimal wall contact as water droplets in an oil
medium are almost spherical. This simple device is realized without complicated
fabrication and multiple-electrodes integration.  Size of droplets, and hence the volume of 
reactants to be added, are determined by channel geometry and flow conditions.  

2. CONCEPT AND DESIGN
Figure 1 shows the schematic of the 
device.  Surfactant is added to the
organic phase to prevent undesired
coalescence of droplets upon contact. 
Water-in-oil droplets, containing
different reactants are formed at T-
junctions and transported downstream 
into the fusion chamber.  The shape of 
the fusion chamber serves two 
purposes: (i) bring droplets that are 
formed within a certain distance into 
contact, and (ii) align droplets in
parallel to the electric field for fusion. 
When a D.C. voltage signal (50-200 V,
10 Ps) is applied, the contacting

Figure 1. Schematic view of electrofusion device.
Widening of the fusion chamber brings droplets 
into contact. Unique shape of the chamber aligns
the droplets in parallel to the electrodes. 
Hexadecane (4wt% Span 80) is used as the organic 
continuous phase for all experiments.
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droplets coalesce.  We postulate that 
application of electric field breaks
down surfactant molecules at droplets’ 
interfaces, causing them to coalesce. 
For continuous monitoring of the 
reaction brought about by droplet 
fusion, the flow can be stopped after
the droplets come into contact in the 
fusion chamber.  Fusion initiated by
the application of electric field allows 
the exact start of reactions to be 
accurately controlled with this device. 
Unlike microdroplets in open air, there
is no problem with evaporation and 
contamination.

3.  FABRICATION AND 
 EXPERIMENTS

A summary of the fabrication process
is presented in Fig. 2.  Silicon
electrodes were formed by anodic-
bonding silicon to Pyrex glass and then
etched by DRIE with aluminum layer 
as mask.  The channels were formed 
with PDMS using SU-8 masters. 
PDMS slab was subsequently aligned with the silicon electrodes under microscope and lead 
wires were attached to the silicon electrodes using conductive adhesive.  The dispensed
phase and the continuous phase channels are 100 Pm and 250 Pm wide, respectively.  The
fusion chamber measures 1000 Pm by 750�Pm.  All channels have a depth of 200 Pm.
Channels were coated with CYTOP� to prevent swelling of PDMS by hexadecane.  Coated
channels can be used for the duration of the experiments (a1 hr) without significant
swelling.  The device was then sandwiched between two acrylic plates (Fig. 3) for 
experiment.   

Figure 4 and 5 shows the device operating under continuous flow without/with application 
of voltage, respectively.  Continuous and dispersed phases are introduced into the device
using syringe pumps.  We have managed to achieve fusion of water droplets with the 
application of voltage above 50 V. It is observed that higher voltages resulted in higher 
success rate for fusion.  In addition, stationary droplets can be fused with lower voltages 
compared with moving droplets.  For stationary droplets, fusion can initiated with voltages 
as low as 20 V.  The ability to accurately control/determine the exact start of reactions is 
demonstrated in Fig. 6 where fusion is initiated and that instant is captured using high speed 
camera.  Using this device, we prepared E-galactosidase and FDG droplets and fuse them --
the mixing of the droplets causes hydrolysis of FDG substrate by E-galactosidase, 
producing fluorescent compound, fluorescein, and two galactose residues. We succeeded in
measuring the enzymatic activity of E-galactosidase by monitoring the development of
fluorescent intensities with time (Fig. 7). 

Figure 2. Process flow. 

Figure 3. Photo of electrofusion device 
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4. CONCLUSION 
With this device, we have managed to form, handle and fuse nanoliter-scale droplets. We
believe that besides using this device as a tool to study chemical kinetics, it can also be
useful for biological analysis such as in vitro protein expression [2] when substances such
as DNA, RNA, ribosome, enzymes, etc. are included during droplet formation.
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Figure 6.  High speed camera images of fusion 
process  

Figure 5. Electrofusion of droplets in the fusion 
chamber. (a) Droplets formed upstream enter the
fusion chamber. (b) Due to the widening of the 
chamber, the droplets slow down and make 
contact when it enters the fusion chamber. (c)
Upon the application of an electric field (67 
kV/m), the contacting droplets coalesce. (d) 
Photo showing two coalesced droplets. 

Figure 4. Droplets brought into contact in the 
fusion chamber do not fuse without the 
application of electric field. (a) Due to the
widening of the chamber, the droplets slow down
and make contact when it enters the fusion 
chamber. (b) The presence of surfactant prevents
the droplets from coalescing when in contact. (c)
Droplets near the exit of the chamber speeds up.
(d) Droplets that were previously in contact exits 
the chamber separately. 

Figure 7.  Intensity vs Time graph for the 
reaction when E-galactosidase and FDG droplets 
are fused. Fluorescence microscopy is used to 
observe the reaction at intervals of about 1 min. 
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ABSTRACT 
We present an approach that integrates micromolded cantilevers and magnetic nanowires 

to measure and apply nanonewton range cellular forces.  Through magnetic actuation of the 
cantilevers the system provides insight into the relationship between a cellís contractile 
forces and the effect of external mechanical force stimuli applied to the cell. 

Keywords: Cell Contractility, Force Sensor Array, Microposts, Nanowires 

1. INTRODUCTION
Cells use mechanical forces as biological signals in regulating cell structure, 

proliferation, differentiation, migration, protein synthesis, and gene expression [1]. To 
explore the active response of cells to mechanical cues, we have integrated magnetic
actuators into our previously developed cellular force transducer system ñ an array of 
vertical microposts fabricated in polydimethlysiloxane (PDMS) to measure forces with
subcellular resolution (Fig. 1a).  The integration of the force actuators and passive force 
gauges allow for simultaneous perturbation and measurement with subcellular resolution.

Figure 1. (a) Diagram of cell attached to micropost array with one magnetic actuating 
nanowire embedded micropost. (b) Microposts are force transducers.  (c) Magnetic torque 
actuates the micropost due to the magnetic moment, µ, of the nanowire under field, B.

2. THEORY
The posts behave like simple springs; their deflection is linearly proportional to the force 

exerted by the cell (Fig. 1b).  The force, F, measured by cantilever deflection, !, is   

(1) !)/3( 3LEIF "
where E is the modulus of elasticity of PDMS, I is the moment of inertia for the cylindrical 
microposts, and L is the postís height.  Using Castiglianoís theorem, the tip force at the 
nanowire actuator due to magnetic torque, !, is   

)/()(2/3 22
wwwMag LLLLLLF ###" $ (2)
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where Lw is the length of the nanowire (Fig. 1c). The forces generated from the actuating 
microposts are on the order of nanonewtons, which are equivalent to the strength of typical
cellular contractile and traction forces. 

3. EXPERIMENTAL 
As reported previously [2], the PDMS microposts were double-cast from an SU-8 

master. The arrayed SU-8 microposts, which were 10 µm tall and 3 µm in diameter, served 
as the master template.  The microposts were replicated by casting in PDMS to create 
negative molds followed by a second PDMS casting into the negative molds to form the 
PDMS microposts.  The nanowires were grown by electrochemical deposition of nickel 
with 300 nm diameters and 5 to 10 micron in length [3].  The nanowires were randomly
seeded into the PDMS molds prior to the second casting and upon release resulted in a 
subgroup of microposts containing the embedded nanowires (Fig. 2a,b).  Fibronectin, an 
extracellular matrix protein for cell adhesion, was micro-contact printed onto the tops of the 
microposts to encourage cell attachment.  NIH 3T3 fibroblasts were seeded on the 
microposts and grown with standard tissue culture techniques (Fig. 2c).  For magnetic
actuation, a uniform magnetic field was applied with electromagnetic coils or NdFeB
magnets with ±0.2 Telsa field strength. 

(c)(b)(a) PassiveNanowire 

Figure 2. Nanowires embedded in PDMS microposts. (a) Brightfield image and (b) SEM
image shows nanowires (arrows). (c) NIH/3T3 fibroblast cultured on the tops of the 
microposts deflects the posts due to contractile forces (Bars = 10 µm) 

Figure 3. Magnetic actuation of the microposts.  Modulating the magnetic field, B, deflects 
the microposts bidirectionally from its neutral position (circles, B=0). (c) Displacement of 
the magnetic post with field strength.  Solid curve is theoretical displacement.

(c)(b) (a) BB
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4. RESULTS AND DISCUSSION 
The displacement of an actuating micropost was measured as the field was varied 

yielding deflections between ±250 nm (Fig. 3).  The actuating post is clearly deflected 
under the magnetic field while the surrounding passive posts remained unaffected. 

Next, we cultured cells on these posts and perturbed them through the application of an 
external force.  Our results show that cells remain attached to the magnetically actuated
posts without the loss of membrane integrity or cell viability.  With live microscopy, we 
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monitored the forces exerted by NIH 3T3 fibroblast cells spread across the posts. Shown 
here is a cell that had only one magnetic actuating post underneath it (dashed circle, Fig. 
4a). In the interval before the field was applied, there were only small changes in the 
position of the passive posts attached to the fibroblast (arrows, Fig. 4a).  After the field was 
applied, the magnetic actuating post bent in the direction of the field (Fig. 4b). We
observed larger changes in the contractile 
state as the cell responded to the mechanical
stimulus (arrows, Fig. 4b).  A measure of 
cell activity, the root mean square (RMS) of
the post displacements, "rrms, is shown in
Fig. 4c to compare the background 
measured for the posts not in contact with
the cell. The data shows a quantitative 
change in the cellular contractile forces after 
the application of the magnetic field.  The 
cell approaches a new contractile state at t = 
40 min.  

5. CONCLUSIONS 
The purpose of this nanoengineering 

system is to understand the mechanism by
which cells respond to external loads.  By
simultaneously measuring the contractile 
response of a cell from the mechanical
perturbation of an actuating micropost, we 
can form a closed-loop and map out the 
mechanical and molecular response of the 
cell. In this manner, we hope to provide 
new answers to the role of mechanical 
forces as biological signals in the regulation 
of healthy tissue. 

Figure 4. External force causes change in 
cell contractility. Cellular forces (a) before 
and (b) 20 min after onset of magnetic
field. Arrows show post deflections from
original positions at t = 0. (c) RMS 
deflection per post under the cell (squares) 
and away from the cell (triangles). Black
arrow marks onset of field. 
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TRAPPING ARRAYS FOR CELL DYNAMICS
Barry R. Lutz and Deirdre R. Meldrum

Microscale Life Sciences Center, University of Washington, USA

ABSTRACT
Hydrodynamic tweezers provide strong, adjustable fluid forces that trap single cells

without surface contact or cell modification.  We show that trapping arrays can be created
under continuous net flow needed for delivery of nutrients and reagents in dynamic
measurements.  We quantify the competition between net flow and trapping, and we find
that traps withstand net flow velocities up to 1 cm/sec.  Traps can be arbitrarily numbered-
up to create arrays that capture cells from a flowing fluid stream.  This trapping approach
provides a promising tool for parallel dynamic measurement of many individual cells in a
controlled chemical environment.

Keywords:  cell trapping, microfluidics, steady streaming

1. INTRODUCTION
Dynamic measurements of single-cell behavior require a method of holding cells in

place while delivering nutrients and reagents.  Dielectrophoretic (DEP) traps and optical
tweezers (OT) use applied fields that may affect cell behavior, and forces depend on
specific properties of the cell and medium.  Forces generated by fluid flow have the
potential to create relatively gentle traps that depend little on cell and medium properties.
Flow-based trapping methods typically use fluid drag forces to hold a cell against a solid
surface [1-5].  In contrast, hydrodynamic tweezers create a force that suspends a cell at a
predictable location within the fluid [6].  Traps are located within 3D steady streaming
microeddies [7] created by low-intensity fluid oscillations around fixed obstacles; they do
not involve complex acoustic effects (e.g., standing waves, “quartz wind”, etc.).  Trapping
forces rival DEP traps and OT (tens-of-picoNewtons), but these traps are created in a gentle 
environment comparable to arterial blood flow.  Previous work introduced hydrodynamic
tweezers by demonstrating trapping of spheres and motile cells around single cylinders
without net flow [6].  Here, we create trapping arrays under conditions of continuous net
flow, providing a promising tool for maintenance and parallel dynamic measurement of
many individual cells.

2. EXPERIMENTAL
We create traps in a simple PDMS/glass device (Figure 1A) containing a channel

(height h=4a) with fixed cylindrical obstacles (radius a).  Piezoelectric disks driven by
sinusoidal voltage oscillate the fluid (kinematic viscosity ν≈0.01 cm2/s) at audible
frequencies (displacement amplitude s, frequency ω).  Pulsed lighting removes small
oscillations (s/a~0.1) in images.  A syringe pump controls the net flow velocity (Unet).

3. RESULTS AND DISCUSSION
Four symmetric steady streaming microeddies created around each cylinder collect and 

position objects within the fluid at the channel midplane (i.e., focal plane of Figure 1B).
Through proper scaling of geometry and oscillation frequency, traps can be designed for
objects spanning 5-50 microns, including non-spherical motile cells (e.g., swimming

HYDRODYNAMIC TWEEZERS: SINGLE -CELL
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phytoplankton) [6] and sensitive mammalian cells (e.g., T-cells, macrophages).  Figure 1B
shows three T-cells suspended in the recirculating eddy flow around a single cylinder.

Steady streaming and trapping are driven from within an oscillating boundary layer of
thickness δAC≈2(ν/ω)1/2 near the cylinder, allowing us to create trapping arrays with closely-
spaced obstacles.  In the trapping array shown in Figure 2, the cylinder spacing is sufficient 
to give little qualitative effect on trapping behavior, while allowing a high density of traps
and efficient capture from the full channel width.  Microspheres are passed into the array
via superimposed net flow, and they are preferentially captured by upstream traps.  Cell
loading and chemical delivery needed for dynamic measurements both depend on the
competition between the two driven flows.

Figure 3A shows four symmetric eddies created by fluid oscillation without net flow.
Superimposed net flow disrupts the symmetry (Figure 3B), with a pronounced effect on the 
upstream eddies, which disappear at sufficiently large net flowrates (Figure 3C).  Trapped
objects are essentially undisturbed until net flow reaches a critical value that sweeps them
downstream (Figure 3D). We measure the net flow required to displace objects from the
upstream traps at different oscillation conditions.

For convenience, the flow competition can be described using Reynolds numbers for
the net steady flow, Renet=aUnet/ν, and steady streaming, Res=s2ω/ν.  Figure 4A plots Renet
versus Res for displacement of one particle size (radius b=12.5 µm) over a range of
oscillation amplitudes at two representative frequencies.  The scaling used here includes the 
expected balance between net flow drag forces that scale as Unet and the trapping force that 
scales as s2 for a given particle size [6], while a complete scaling description must consider 
details of the trapping flow field.  The tolerance of traps to net flow can be represented by
the slope in Figure 4A (Renet/Res), which is plotted versus a dimensionless oscillation
frequency in Figure 4B.  A peak tolerance occurs when the oscillating boundary layer
thickness is roughly comparable to the particle size (i.e., b/δAC≈1).  For the domain of
Figure 3, fluid turnover rates measured at peak tolerance are greater than 20 s-1 (Unet>1
cm/sec), which far exceeds turnover required for nutrient delivery.  Further, these large
flowrates can allow timely delivery of reagents or other fluids for dynamic stimulus of
trapped cells.  Estimated shear stresses are comparable to arterial shear stresses under
nearly all conditions (e.g., shear stress ≤7.5 N/m2 for Unet≤2.6 mm/s at peak tolerance of
Figure 4).

4. CONCLUSIONS
These results show that hydrodynamic tweezer arrays allow predictable cell positioning 

and net fluid flow needed to perform parallel dynamic measurements of single cell
behavior.  These traps provide very simple tuning of trap strength and shear, and they are
easily created in simple and inexpensive devices.  Complete suspension of unmodified cells 
and shear stresses comparable to arterial flow make these traps particularly well-suited for
sensitive suspension cells.  The ability to capture and release could also be used for a
variety of cell types to allow dynamic measurement as an intermediate step between
upstream pretreatment and downstream analyses.
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Figure 1. (A) Microscope slide trapping system.
(B) T-cells (white-headed arrows) are trapped in
four symmetric recirculating eddies.  Bold arrows
indicate fluid oscillation.  Scale bar, 50 µm.

Figure 2. Trapping array. Scale
bar, 200 microns.

Figure 4.  Trap tolerance to net flow.  (A) Measured Reynolds numbers at the release
condition for a single cylinder trap.  (B) Net flow tolerance (slope, Renet/Res) depends on 
the object size and oscillation frequency (size dependence not shown, dashes added to
guide the eye).

Figure 3. Steady flow images for different net flowrates (A, B, C) and sphere
displacement by net flow (D) around a single cylinder (ω=1875 Hz, s=10 microns).
Scale bars, 100 microns.
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ABSTRACT
This paper presents, for the first time, non-contact acoustic trapping of cells in a

microfluidic format. The employed acoustic force maintains the cells in the center of a

fluidic channel while allowing for perfusion of e.g. nutrients or drugs as well as optical

monitoring of the cells. Neural stem cells have been acoustically trapped and tested for

viability after 15 minutes of ultrasonic radiation. It is also shown that it is possible to grow

yeast cells suspended in an acoustic standing wave while perfusing with cell media.

Keywords: Trapping, Acoustic, Cells, Microfluidic

INTRODUCTION
Trapping based on acoustic forces offers a simple, flexible and efficient non-contact way of

retaining cells in a microfluidic system as opposed to the more complex approach using

dielectrophoretic forces [1]. Compared to macro-scale resonators [2], a microscale system

can use shorter acoustic paths yielding a higher frequency and thus a stronger trapping

force. An extensive study of cells in a macro-scale resonator has been done by Bazou et al

in [3] showing that there is no adverse effect on the cells due to the acoustic pressure in a

1.5 MHz field.

EXPERIMENTAL
The microfluidic acoustic trapping device uses an array of three miniature ultrasound

transducers of PZT, lead zirconate titanate, integrated in the bottom of a microchannel and

is designed to work as an acoustic resonator at a frequency of 12.4 MHz with a channel

depth of 61 µm. The basic design behind the device and the fabrication methods used is

described by Lilliehorn et al in [4]. A standing wave is formed between the transducer and a

glass-reflector leading to a local pressure minimum in the center of the channel defining the

trapping site, as can be seen in figure 1A.

Figure 1: A schematic cross-section of the trapping device (A). Cells are transported to the

ultrasound transducers by a pressure driven flow through the microfluidic channels (B). As

the transducers are activated the cells are drawn to a pressure minimum in the centre of the

channel by the force field generated by the acoustic standing wave.
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The cells are transported to a trapping site by pressure-driven flow and can be retained in

the pressure minima while perfusing the trapping site with different substances. An

observation window allows for on-line monitoring of the trapping site and the use of

fluorescent and chemiluminescent assays.

The fluidic network, figure 1B, allows for moving trapped cells easily between trapping

sites, marked with black, to allow for multiple stimuli or sandwich-assays through the

orthogonal side-channels, figure 1B(c-d). To ensure a high trapping yield hydrodynamic

focusing with a washing fluid or cell media is used in the flow cell inlet, figure 1B(a-b). By

using the hydrodynamic focusing the cells are transported into the center of the acoustic

force field above the transducer.

RESULTS
A viability test for neural stem cells was performed to test the acoustic effects on a rather

fragile cell type. The cells, HiB5-GFP, were trapped and exposed to the acoustic forces for

15 minutes. While still trapped the cells were tested for viability with acridine-orange, see

figure 2. The cells showed no evident damage due to the acoustic pressure and responded

well to the viability test.

Figure 2: A cluster of acoustically trapped neural stem cells, HiB5-GFP, modified to

express Green Fluorescent Protein, GFP. The cells were exposed to 15 minutes of

continuous ultrasonic radiation and were perfused with acridine-orange as a viability test.

In (a) the cells are recently trapped and in (b) the acridine-orange has migrated into the

cells indicating a viable cell cluster. The exposure time of the camera is approximately 6

times longer in (a), demonstrating the dramatic fluorescence increase of the cells after

acridine-orange resorption.

To secure that there is no effect on the cells by the acoustic forces a long-term cell growth

experiment was performed. Green Fluorescent Protein (GFP) expressing yeast cells were

maintained and grown in the acoustic trap for 6 hours while being perfused with a cell

growth medium. Images were taken after 2, 4 and 6 hours, showing considerable cell

growth, figure 3.
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Figure 3: Growth of GFP-expressing yeast cells trapped in the acoustic device while being

perfused with cell media. The time between the images is two hours.

CONCLUSION AND OUTLOOK
The array format and the microchannel design make it possible to address each trapping site

individually. Trapped cells can be moved between different trapping sites and be subjected

to varying stimuli or collected at separate locations. By trapping different kinds of cells at

the same trapping site cell-cell interaction can also be studied. The use of surface-modified

particles at a trapping site further downstream from the trapped cell clusters would make it

possible to collect and enrich metabolites and proteins expressed in cell signaling. The

particles can later be collected for further analysis with, for instance, mass spectrometry.

The flow-through system also opens up for on-line studies of cell metabolism by

controlling the composition of nutrients in the cell media.

The demonstrated acoustic trapping of cells and particles in a microfluidic system is a new

technology platform, enabling a multitude of cell or bead based bioassays to be performed

in a continuous flow format. The method facilitates trapping of single cells as well as

clusters containing a very large number of cells. The non-contact mode of cell handling is

especially important when studies on non-adherent cells are performed, e.g. neural stem

cells, reducing mechanical cell activation.
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NANOIMPRINT OF NANOFLUIDIC CHANNELS 
BY USING HYDROPHILIC 
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Li-Jing Cheng, Shao-Ting Chang and L. Jay Guo
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ABSTRACT

In this work, we present a novel technology for the fabrication of nanofluidic channels by 
using hydrophilic hydrogen silsesquioxane (HSQ) material. The key steps in this new 
technique are nanoimprinting of HSQ channel template and transfer sealing of HSQ film to 
form closed channels, both performed at room temperature. This approach eliminates the use 
of sacrificial layer in making fluidic channels, which significantly reduces the processing 
time. In addition, the hydrophilic nature of the HSQ material makes it straightforward to load
aqueous solutions into the nanochannels . These characteristics represent a big step forward 
in applying nanoimprint technology to create nanofluidic channels  [1,2]. Several DNA 
stretching experiments were successfully demonstrated by using the sealed HSQ
nanochannels.

Keywords: Nanofluidic channels, nanoimprint, hydrogen silsesquioxane (HSQ), bioMEMS .

1. INTRODUCTION

The capability of creating nanoscale fluidic structures allows fundamental studies of ion 
or molecule transport and reaction in confined spaces. The application of nanofluidics could 
result in some practical tools for the analysis of biomolecules using very small amount of 
reagents and with much shorter reaction times. Recently, several methods have been 
proposed to fabricate nanofluidic channels  [1,2]. Most of them, however, require multiple 
processing steps and special sealing or bonding techniques to form enclosed channels. 
Patterning a sacrificial layer followed by a different conformal film coverage and finally
removal of the sacrificial material is another commonly used method to form sealed channels. 
But this technique becomes very inefficient when the channels are long, narrow and not 
straight.  It would take hours of plasma or wet etching to completely open up nanoscale 
channels . Some processes using polymeric materials as the channel or the sealing material 
result in hydrophobic channel surface, making it difficult for the aqueous solution to flow 
through the nanochannels. To simplify the process and create channels that resemble 
hydrophilic silica surface, we developed a novel technique to form nanofluidic channels by a 
direct imprinting of HSQ material and sealing with another transferred HSQ thin film, with all 
processing steps performed at room temperature. The HSQ nanochannels were tested in 
DNA stretching experiments, verifying their continuity and compatibility with aqueous 
solution.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

518 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

519

2. EXPERIMENTAL

Hydrogen silsequioxane (HSQ) is an 
inorganic polymer with a repeating unit 
of HSiO3/2, which was primary used in 
integrated circuit applications due to its 
low dielectric constant property. For this 
fabrication method, HSQ is selected
because of its hydrophilic surface
property and its unique ability to be
imprinted at room temperature [3]. It is 
sugges ted that the retention of the
solvent in the spin-coated HSQ film is 
responsible for its ability to be imprinted 
while in a temporary viscous flow state. 

As illustrated in Fig.1, 15 wt % HSQ
dissolved in methyl isobutyl ketone (MIBK) was spin-coated on a silicon substrate to a 390
nm thick layer, and subsequently imprinted by using a surfactant-coated grating mold under
a pressure of 1000 psi at room temperature. The grating mold has a period of 700 nm, 50% 
duty cycle and a depth of 500 nm prepared by interference lithography and dry etching. 
Sealing of the HSQ channels was then accomplished by transferring an HSQ film from a 
PDMS stamp. In this process, HSQ was first spin-coated on an O2 plasma treated PDMS 
stamp and put in physical contact with HSQ
channel structure for 5 minutes. Transfer sealing 
process was applied to seal glass nanochannels
as well.

3. RESULTS AND DISCUSSION

The proposed method is not only simple but 
also provides accurate control of channel
dimensions. Nanoimprint is capable of lateral
resolution down to 10 nm [4]. We found that the 
depth of the imprinted HSQ, which determines the 
final channel height, can be well controlled by 
both the imprinting time and pressure. This
property is summerized in Fig. 2. SEM images in 
Fig. 3 show that the transferred HSQ film perfectly 
sealed the imprinted HSQ channel template
forming an array of enclosed nanofluidic channels.
Unlike polymeric materials  which can be easily 
imprinted above their Tg, nanoimprinting of HSQ
relies on the remaining solvent in HSQ material
after spin-coating. The high pressure required to 
imprint such material explicates the high viscosity
of the HSQ film.

Fig 1. Fabrication of nanofluidic channels by direct 
imprinting of HSQ followed by transfer sealing of 
HSQ layer.
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Fig. 4 shows glass nanochannels  sealed by a transferred 100nm thick HSQ thin film. 
Transfer-sealing result revealed that part of the HSQ film was actually squeezed into the 
channels forming a very solid sealing even though the HSQ is relatively thin. We used this
nanofluidic channel arrays in an experiment to stretch DNA molecules. Fluorescent images 
of stretched DNA molecules in such nanochannels are shown in Fig. 5.

4. CONCLUSION

The direct imprinting and transfer-bonding of thin HSQ film offer a simple and 
controllable technology to create nanofluidic channels without sacrificing its requis ite
hydrophilic surface property. Moreover, the technology provides a flat top surface making it
possible to integrate nanoscale and microsceale fluidic channels  which may serve as a 
practical method to construct devices with more complex functionalities.
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Fig 3. Cross-section SEM images of all-HSQ nanofluidic channels: HSQ 
layer bond to imprinted HSQ channels
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Fig 5. Fluorescent images of DNA
molecules being stretched in the nanofluidic 
channels.
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Abstract  
This paper describes the investigation of isolating a single DNA molecule utilizing a 

geometric microfluidic device for DNA trapping between a pair of electrodes.  DNA 
molecules in wide channel flowed through nanochannel by difference of water-level, and 
isolated molecule was trapped by gold electrodes applied AC voltage. The behavior of DNA 
molecule was observed by a fluorescence microscope.  

 
Keywords: DNA trapping, gold electrode, single DNA molecule 
 
1. INTRODUCTION  

In micro-nanotechnology, there has lately 
been a growing interest in manipulation of 
biological molecules.  Many of works related 
with DNA manipulation have been reported, 
for example, laser trapping [1], and 
dielectrophoresis [2].  These are expected as 
an effective technique to investigate physical 
and chemical characteristics of DNA.  On the 
other hand, we have previously reported 
micromachined nanotweezers with integrated 
thermal expansion microactuators for DNA 
manipulation [3].  The tweezers captured 
DNA molecules by dielectric force and 
electro-chemical reaction.  We could handle 
and retrieve a bundle of DNA molecules from 
solution to air or in vacuum.  No attempt, 
however, to trap a single molecule was 
successful.  Therefore, an isolation technique 
of a single molecule from a large number of 
DNA molecules in solution must be established, 
which is need prior to DNA trapping and 
manipulation.  We have developed a 
microfluidic device with geometrical 
microchannels for isolating DNA in aqueous 
solution into each individual molecule and 
performed DNA trapping between gold 
electrodes (Figure 1). 
 

DNA 

guide channel 

access channel  

Au electrodes 

Figure 1. Schematic illustration of 
isolating DNA molecule from access 
channel to guide channel. 
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Figure 2 shows the microfluidic device used 
in this study, which consisted of a PDMS film 
with integrated micro and nano channels and a 
glass plate with gold evaporated electrodes.  A 
silicon mold was fabricated by a deep reactive 
ion etching method and this silicon structure 
was used for molding the PDMS film. The 
channel sizes were 100 µm wide for the access 
channel and 800 nm wide for the guide channel.  
The depth of both channels was 4 µm.  Two 
access holes were made at the access channel, 
and a third access hole was made at the 
downstream section of the guide channel.  
The Au electrodes were made by evaporation 
and a wet etching method, the gap was 8 µm. 
50 pmol/L of -DNA (48502 bp) was labeled 
by YOYO-1 fluorescence dye.  The 
experimental procedure started with the 
injection of MQ water into the three access 
holes.  Next, 1 µL of DNA solution was 
injected into one of the access holes.  The 
behavior of DNA molecules was observed by a 
fluorescence microscope.   
 
3. RESULTS AND DISCUSSION 

In our experiment, the fluorescence labeled 
DNA deposited with aqueous solution at the 
access hole diffused into the access channel, 
and flowed from one hole to the other hole of 
the access channel (Figure 4-a) by the 
difference of water-level between three access 
holes.  A single DNA molecule entered into 
the guide channel intermittently (Figure 4-b, 
4-c).  However, exact flow control of solution 
was difficult.  The number of DNA molecules 
in the channels was estimated to be 3000, 
approximately.  Therefore, as a single 
molecule reached the Au electrodes every 
several minutes, it could be trapped by 
applying voltage (Figure 3-D and 4-d).  The 
applied AC voltage for DNA trapping was 
optimized to be 10 Vpp at 1MHz.  The 
diameter of trapped DNA has been not 
confirmed yet, however considering the 
concentration of DNA in solution and the 
intensity of fluorescence, it is most likely that a 
single DNA molecular was trapped between Au 

Figure 2. A microfluidic device with 
integrated Au electrodes.  

Figure 3. Scale up of Figure 4. 
Pictures A-D are corresponded 
with pictures a-b in Figure 4, 
respectively. 
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2. EXPERIMENTAL 
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4. CONCLUSION 

This technique combined with micromachined tweezers will open up the possibility of 
manipulating a single molecule freely. 
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Figure 4. Behavior of a DNA molecule from access channel to 
guide channel and trapping at Au electrodes. 
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RAPIDLY-PROTOTYPED 3D NANOFLUIDICS IN GLASS 

S.H. Lee1, Kevin Ke2, Alan J. Hunt2&3, E. F. Hasselbrink1

1University of Michigan, Ann Arbor, Department of Mechanical Engineering, 
2Department of Biomedical Engineering, 3Center for Ultrafast Optical Science. 

ABSTRACT 
Here we demonstrate art-to-part, 3D, subsurface machining of nanofluidic channels 

(approximately 650 nm diameter) in glass substrates via direct focused femtosecond laser 
machining.  This allows us to rapidly prototype 3D nanofluidic devices in glass, such as a 
nano-capillary electrophoresis device with channel length:diameter aspect ratio of over 
1300, out-of-plane jumpers, 3D interdigitated mixers, etc.  This technique overcomes 
significant limitations of planar lithographical fabrication, while retaining the panoply of 
benefits that glass offers, such as excellent solvent resistance, strength to withstand high 
pressures, and easy derivatization. 

Keyword: optical breakdown, nanofluidics, femtosecond pulsed laser, electrophoresis 

1. INTRODUCTION
Laser-induced optical breakdown by femtosecond laser pulses is extraordinarily precise 

and deterministic.  We aimed to employ this method to create 3D subsurface nano-channels 
directly, bypassing the need for bonding [1, 2].  While the capital costs of a femtosecond 
laser machining system are large (~US$300K), expensive facilities such as a clean room are 
not necessary.  

To produce a wide variety of 3D nanofluidic devices, potentially limiting factors must be 
addressed. Specifically, any limitation of the aspect ratio (length:diameter) of subsurface 
channels must be overcome, and the surface roughness must be controlled.  The aspect ratio 
can be limited because extrusion of debris becomes more difficult as the machining 
progresses far into the glass [3].  The surface roughness may be greater than is desirable for 
some applications.  The limited speed of serial production methods in general is also an 
issue which we do not address at present. 

Here we demonstrate art-to-part, 3D, subsurface nanofluidic devices are the result of 
enhanced machining process using very low energy pulses and a submerged (underwater) 
part.  Inherent advantage of this approach include production of nano-channels with aspect 
ratio larger than 1000, and roughness on the order of 30 nm [4].

2. NANO-CE DEVICE
In order to produce reasonable separation by electrophoresis, channels should have a high 

aspect ratio. A nano-capillary electrophoresis column (nCE) shown in Fig 1(a) has aspect 
ratio of 1300. A typical 4-inlet cross geometry with 200 µm-long inlets channels for Sample, 
Sample Waste, and Buffer, and a relatively long (850 µm) spiral separation column is 
shown.  Because of the limits of travel of our nano-stage (100 × 100 µm2), inlet ports are 
still necessarily close together, so a PDMS header is designed to supply fluids to the “nano-
CE” column as shown in Fig 2.  The loading channel is machined by stitching 3 channels to 
have 200 µm in length to prevent current leakage through the interface of PDMS and cover 
slip as well as reduce fluorescent background from the dye reservoirs. Because the loading 
channel must not connect the separation channel (6 µm in depth) except at the cross at the 
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center, the loading channel passes underneath the spiral channels, as evident in Fig 1a from 
the broadening of the image of the channel as it extends out of the focal plane.  

Due to the extremely small size, a 37 V potential difference can generate 440 V/cm 
electric field across the spiral channel: this rapidly moves samples through the separation 
channel in under 1s. 

Figure 1. Rapidly prototyped nano fluidic device – NCE device. 

Figure 2. PDMS header design for NCE device.   

3. NANO-FLUIDIC DEVICES 
Figure 3(a) shows out-of-plane jumpers that can be used to connect channels to each 

other while “jumping” above or below other channels.  Fluorescence dye imaging (not 
shown) confirms that fluids can be readily moved electroosmotically from the top-to-
bottom channel without contaminating the central channel.  Fig. 2(b) shows a top view of a 
spiral-shaped subsurface nanochannel as well as a cross-sectional SEM of the same.  The 
cross-sectional view shows the subsurface nanochannels sectioned both longitudinally and 
in cross section (the cross-section was obtained by using the laser to “score” the cover slip 

(a) : nCE device having 850 µm length of separation channel (spiral channel) and 200 µm length 
loading channel (vertical straight channel).  

(b) : Fluorescent image of the separation channel. Dye runs through the separation channel in 800 
ms (v  1 mm/s) under electric field of 440 V/cm ( E = 37 V).

20µm 

(a) (b) 

200ms                                  800ms

25 × 25 mm2 100 × 200 µm2
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along the top surface and manually snapping the part in two).  The channels are surprisingly 
round in cross-section.  Fig 2(c) shows a 3D interdigitated mixer; the entire structure shown 
in the schematic drawing is produced below the surface of the glass, and is boxed in the 
lower panel micrograph, which also shows three larger PDMS conduits placed on the glass 
surface.

Figure 3. Rapidly prototyped nano fluidic devices – jumpers, spiral channel and mixer. 

4. DISCUSSION 
The machining is performed underwater because bubbles generated by the deposition of 

laser energy play an important role in that they remove debris from the channel as they 
expand. In some circumstances, however, they increasingly hinder circulation of water to 
the machining site as the channel length gets longer, because of finite bubble collapse times 
and because dissolved gases in the water re-dissolve slowly.  This problem is greatly 
reduced by degassing the water.  We also observe, however, that bubbles may become 
immobilized at a machining site due to what appear to be acoustic phenomena.  Machining 
is inhibited at apparent acoustic nodes which should be governed by geometry, transfer 
media (water) and character of the laser pulses (length, rep-rate, and power). Future work 
will focus on elucidating the fundamental phenomenology of these processes; by 
understanding these, we anticipate both machining rates and limits will be greatly extended.   
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(a) : 3D nano-jumper which can “jumper” micro-channels without intersecting them. 
(b) : 3D spiral channel (143µm) and its cross-section scanned by SEM. Scale bar = 10 µm. 
(c) : 3D mixer interdigitates fluids A and B from the micro-channel conduits.  

(a) (b)
(c)
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CELLS IN CULTURE: GENESAT
A. J. Ricco1, E. Agasid2, V. Barker2, T. Fahlen2, J. W. Hines2, L. Levine3,

R. Mancinelli2, D. Oswell1, R. Ricks2, K. Ronzano2, D. Squires2,
C. Storment1, G. Swaiss2, L. Timucin2, U. Udoh2, and B. Yost2

1National Center for Space Biological Technologies, Stanford University, 2Astrobionics
Program, NASA Ames Research Center, and 3ALine, Inc., USA

ABSTRACT
We have designed, developed, and tested an autonomous cell-culture-and-genetic

analysis system for unmanned-satellite-based studies of spaceflight effects on gene expres-
sion in microorganisms. The “GeneSat-1” payload system (mass ~ 2 kg; volume ~ 2 L)
tracks culture population using light scattering, and gene expression levels using fluores-
cence. It is scheduled for launch in early 2006, carrying dormant E. coli into low Earth or-
bit where they will be reanimated by medium exchange (glucose addition) and the results
telemetered to Earth.  It is the first such “free-flyer” satellite genetic analysis experiment.
Keywords: Cell culture; gene expression; microsystem; Earth orbit.

1.  INTRODUCTION
The spaceflight environment affects organisms ranging from single cells to mammals.

In humans, reduced gravity causes fluid shifts, immune system stress, decreased bone den-
sity, and muscle atrophy. For cells and microorganisms, absence of gravity means thermal
gradients do not cause convection as on Earth; this can alter mass transport parameters that
typically influence delivery of nutrients and removal of waste products from cells in cul-
ture. For all living organisms, rates of damage from high-energy radiation (cosmic rays)
increases measurably outside the shielding of the Earth’s magnetosphere. The technology
development described here focuses on platforms for economical, frequent space access for
autonomous biology experiments to study the origins and nature of space environmental
effects at a molecular level.

Development of integrated cell culture/analysis systems is an active area [1-3]. Several
groups have built and flown integrated “bioreactor” systems aboard manned space vehicles
to study biological phenomena [4-6]; the systems operate with varying autonomy, most re-
quiring a human operator, and nearly all requiring human interaction to record data or col-
lect samples for analysis. Samples are often returned to Earth, for example, to characterize
space-related variations in gene expression [4]. This involves preservation/processing of
the sample, which must be carefully planned and executed to avoid influencing the results.

Figure 1. Photo of 12-well fluidic card (left); diagram of well cross-section (right).  Wells
are 3.3 x 6.5 mm and lie on 18 mm centers.  Ellipsoids in well represent E. coli.
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2. EXPERIMENTAL SYSTEM
AND PROTOCOL

The GeneSat-1 fluidic system in-
cludes ten 110-!L culture wells and
two solid-state reference wells in mi-
crowell-plate format (Figure 1).
Manifolded fluidic inlets and outlets
have integral filtration using 0.45 !m
nominal pore-size nylon membranes
(E. coli are ~ 0.5 x 1 !m ellipsoids).
Besides keeping E. coli in the wells,
the filters serve as a “fluidic imped-
ance-matching network,” ensuring that
all 10 wells fill evenly from the single
inlet channel by restricting flow
through any single well. The fluidic
card was co-developed and made by
ALine from multiple laser-cut acrylic
layers using pressure-sensitive-adhe-
sive interlayers. The reservoir/pump
unit is a medical-grade polymer bag
(15 mL) plus helical spring, providing
~ 28 kPa (4 psi); the miniature valve is
solenoid-operated. Off-the-shelf sen-
sors (pressure, humidity, temperature at 6 locations, radiation dose, 3-axis accelerometer)
track key parameters throughout the mission.

Once in stable orbit (acceleration < 10-3 g, batteries fully charged), the system warms
and maintains the E. coli at growth temperature (~34 °C) using patterned metal/Kapton
heater films under closed-loop control, then “resuscitates” the E. coli by pumping growth
medium to displace “stasis buffer,” (buffered saline). A dedicated blue-LED-excited fluo-
rescent detection system at each well (Figure 2; designed by Optical Research Associates,
Pasadena, CA; constructed by Optics 1, Westlake Village, CA) probes gene expression via
fusion of the green fluorescent protein (GFP) gene to the PhoP gene (associated with me-
tabolism). The phoP-gfp plasmid was made by cloning the gfp-mut3 gene (optimized for
fluorescent analysis [7])
without its promoter, then
fusing it to the phoP pro-
moter amplified from the
E. coli chromosome.

3.  RESULTS AND
DISCUSSION

Experiments with col-
ored dye show that dis-
placement of stasis buffer
with glucose to the extent
of ~90% requires about 5
min, a short time relative to
the 1 – 4 days required for

Figure 2. Optical subsystem. Fluorescence ex-
citation uses a 3-W blue LED; light scattering a
green LED; and detection an intensity-to-
frequency ASIC. The blue and green LEDs for
each well are energized sequentially; only one
well is probed optically at a time. Each complete
optical unit occupies < 30 cm3.
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E. coli to reach its growth plateau (this occurs when nutrient is exhausted). Optical system
performance, using the fluidic card of Figure 1, is shown in Figure 3 for GFP- and un-
labeled E. coli. Concurrent light-scattering measurements normalize fluorescence values to
culture population.  The linearity with population and the zero intercepts are as expected.

The self-contained system, shown mechanically integrated in Figure 4, fits inside a cy-
lindrical pressure vessel (not shown); it includes power management, data storage, and an
autonomous control system that accepts ground commands. Bioanalytical results and sen-
sor readings will be telemetered to Earth during 3 daily passes over an 18-m antenna at
Stanford.

We gratefully acknowledge funding from NASA’s Fundamental Space Biology Pro-
gram, along with the support and guidance of Dr. Terri Lomax of NASA Headquarters.
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Figure 4. Mechanically integrated fluidic, optical (12 units), thermal, and electrical sub-
systems. The box structure at right houses the reagent bag and pump springs. Function of
all subsystems has been demonstrated.  The scale at left is in inches.



LOGARITHMICALLY PERFUSED EMBRYONIC STEM 
CELL CULTURE ON CHIP 

Lily Y. Kim, Hsu-yi Lee, and Joel Voldman 
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ABSTRACT 
We present a microfluidic device for culturing adherent cells over a logarithmic range of 
flow rates to study the effects of continuous media exchange on the soluble 
microenvironment.  The device uses syringe-driven flow and a network of fluidic
resistances to set flow rates through four separate 0.32 PL cell-culture chambers.  We have
demonstrated successful culture of mouse embryonic stem cells (mESCs) perfused for four 
days at a range of flow rates that span >300u across the array. Qualitative results showed
variation in colony size and number at different perfusion rates.   

Keywords: cell arrays, embryonic stem cells, microenvironment, perfusion culture 

1. INTRODUCTION
In conventional static cell culture the composition of the soluble microenvironment changes 
over time as cells deplete the media of nutrients and secrete diffusible signals and waste. 
By continuously perfusing the culture with new media at various rates, it is possible to
regulate the biochemical composition of the media, creating an unprecedented level of 
control over the cell-culture microenvironment.  We are interested in using fluid flow to
quantitatively control cell-cell diffusible signaling, particularly for studying ESC biology.   

Recently, others have demonstrated microfluidic perfusion culture, including large arrays of 
culture chambers [1-2], arrays with linearly varying flow rates for studying cell adhesion
[3], arrays with programmable flow rates [4], culture with on-chip reagent gradients [5],
and culture with cell patterning [6].  Our device focuses instead on simultaneously applying 
logarithmically varying flow rates to cell cultures across a device.  Logarithmically varying
experiments are commonly used in experimental biology to search a large parameter space, 
but to-date have been lacking in microfluidic cell-culture devices. 

2. EXPERIMENTAL 
The device (Fig 1A) is a single-level network of 80-Pm-high PDMS microfluidic channels
plasma-bonded to a glass substrate to which cells adhere.  Our current version has four
1.25-mm u 3.2-mm cell-culture chambers, and increasing the number of chambers is 
straightforward.  During cell loading, uniform seeding requires the same flow rate in all
chambers (Fig 1B).  However, logarithmic flow rates are desired across the chip during 
culture (Fig 1C).  Thus the culture chambers have one set of outputs used during loading
and another set used during logarithmic operation.  

We measured the flow rates across the device using particle velocimetry and calculated the 
predicted flow rates using measurements of as-fabricated geometries.  For the perfusion 
experiments, ABJ1 mESCs were loaded into the device, allowed to attach for 4 hours in
static culture, and then perfused with standard mESC media at flow rates varying >300×
across the array.   
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3. RESULTS AND DISCUSSION 
The measured flow rates are shown in Figure 2 and confirm the logarithmic scaling.
Results of logarithmically perfused mESC culture are shown in Figure 3.  Colonies at 
higher flow rates exhibited healthy round morphology and expressed Oct-4 (not shown), a 
marker of stem cell phenotype, while cells in the 
slowest flow chamber did not proliferate, suggesting a
lack of nutrients.   

Our approach has several benefits: physical separation
between culture chambers ensures that inter-chamber 
signaling is not a concern, which is important during
long-term low-flow-rate assays, and the small chamber 
volumes can amplify effects of rare diffusible signals if
desired.  Individual loading outputs enable removal of
cells separately from each chamber.  The design is easy 
to fabricate, scalable, and simple to use with no on-chip
valves.  Our device attains a logarithmic range of flow
rates while minimizing shear; even when the culture
chamber volume is exchanged once every ~20 seconds,
the shear is low at ~0.06 dyne/cm2.  

4. CONCLUSIONS 
Improving control over the soluble microenvironment is important for enabling greater 
precision in cell biology experiments.  We have demonstrated for the first time culture of
mESCs in continuous, logarithmically scaled perfusion for 4 days, yielding different

Figure 1: A) Photograph of device filled with fluorescein dye. Four tubes (gray arrows) 
are each connected to a separate loading mode output.  The four logarithmic mode 
outputs merge to a single output tube. B-C) Schematic of the fluidic resistance network 
in two modes of operation.  In both B and C all of the “In” points are joined to a single 
constant flow source, yielding an equal pressure drop from each “In” to “Out”.  “Plug”
indicates a temporarily blocked output.  B) In loading mode each culture chamber flow 
path has the same resistance, creating the same flow rate in all chambers.  C) In
logarithmic mode the fluidic resistances are scaled logarithmically, causing the flow rate
to increase logarithmically from one chamber to the next.  Note:B-C not to scale.  

Figure 2: Measured ( ) vs.
predicted ( ) maximum 
velocities, normalized for a
total chip flow rate of 0.1
PL/min. Error bars show +/-
one standard deviation over 4
measurements.
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ABSTRACT
Hepatocytes in the liver utilize multiple signalling pathways to integrate extracellular 

stimuli and orchestrate appropriate cellular responses.  Conventional experimental 
techniques are not well suited for studying dynamics or multiple pathways in parallel.  
Therefore, we have constructed a experimental platform for monitoring hepatocyte 
inflammatory signalling non-destructively in a multi-clone living cell reporter array.  The 
microfluidic array allows seeding, culture, stimulation, and monitoring of key signaling 
pathways in the hepatocyte stress response using several stable GFP reporter clones.  This 
integrated platform will allow us to decompose the effects of individual extracellular 
stimuli including cytokines, growth factors, hormones, and therpeutics to better appreciate 
coordinated regulation of the hepatocyte phenotype.

Keywords: cell culture, hepatocytes, GFP reporters, cytokines 

1. INTRODUCTION
The hepatocyte phenotype is complex and dynamic.  In order to characterize dynamic 
regulation of this phenotype, we are developing a microfluidic living cell reporter array.  
Previously we demonstrated that single GFP reporter assays can be performed in 
microfluidic channels1 and that microfluidics can be used to control the soluble stimuli2.

Figure 1. Multi-clone Living Cell Array A) Multiple GFP reporter clones are seeded and monitored 
by time-lapse fluorescence microscopy.  Each reporter clone expresses green fluorescent protein 
when the transcription factor of interest is active.  B) Design of valve-controlled multi-clone living 
cell array.  Using an array of valves, each clone is seeded in a separate row, and soluble stimuli are 
introduced in columns.  Phase contrast micrographs show the array before and after seeding.
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biological outcomes at each flow rate.  These results prepare us to create large arrays of 
logarithmically varying culture chambers to systematically explore stem cell biology.

ACKNOWLEDGEMENTS: This work was supported by NIH (RR18878), Harvard-MIT 
Health Sciences and Technology MEMP Fellowship, & Fannie and John Hertz Foundation. 
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Figure 3: Perfusion culture of mESCs over logarithmically scaled flow rates.  A-D show
cell cultures after one day of perfusion.  E-F show resulting cultures after 4 days of
perfusion.  Each column (A/E, B/F, etc.) displays results for a different flow rate.
Calculated flow rates for each column are shown above in bold.  The average time to 
replace one culture-chamber volume is italicized.  By day 4, chambers with high flow 
rates (G-H) display large, round colonies, suggesting a favorable growth environment.
The chamber in E with the lowest flow rate has poor proliferation, suggesting a lack of
nutrients.  Consistent results have been achieved in several experiments with multiple 
cell lines.  All photos are at the same scale. 
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ABSTRACT
Hepatocytes in the liver utilize multiple signalling pathways to integrate extracellular 

stimuli and orchestrate appropriate cellular responses.  Conventional experimental 
techniques are not well suited for studying dynamics or multiple pathways in parallel.  
Therefore, we have constructed a experimental platform for monitoring hepatocyte 
inflammatory signalling non-destructively in a multi-clone living cell reporter array.  The 
microfluidic array allows seeding, culture, stimulation, and monitoring of key signaling 
pathways in the hepatocyte stress response using several stable GFP reporter clones.  This 
integrated platform will allow us to decompose the effects of individual extracellular 
stimuli including cytokines, growth factors, hormones, and therpeutics to better appreciate 
coordinated regulation of the hepatocyte phenotype.

Keywords: cell culture, hepatocytes, GFP reporters, cytokines 

1. INTRODUCTION
The hepatocyte phenotype is complex and dynamic.  In order to characterize dynamic 
regulation of this phenotype, we are developing a microfluidic living cell reporter array.  
Previously we demonstrated that single GFP reporter assays can be performed in 
microfluidic channels1 and that microfluidics can be used to control the soluble stimuli2.

Figure 1. Multi-clone Living Cell Array A) Multiple GFP reporter clones are seeded and monitored 
by time-lapse fluorescence microscopy.  Each reporter clone expresses green fluorescent protein 
when the transcription factor of interest is active.  B) Design of valve-controlled multi-clone living 
cell array.  Using an array of valves, each clone is seeded in a separate row, and soluble stimuli are 
introduced in columns.  Phase contrast micrographs show the array before and after seeding.
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In this work we present a device that allows multiple GFP reporter clones to be seeded 
and stimulated in a single integrated experiment – a multi-clone living cell array.  
Previously described cell arrays involve at most, two cell types, and are not fluidically 
addressable.  In our approach, each reporter expresses the same fluorescent protein (GFP) 
as the detectable output – only the regulation varies.  Therefore, reporters for different 
pathways must be seeded in specific locations without cross-talk such that the identity of 
each reporter can be determined from knowledge of its location in the array. 

2. EXPERIMENTAL 
Clonal GFP reporter cell lines were created by stable transfection of H35 hepatoma cells 

from modified GFP reporter plasmids.  Cells were selected for responsiveness to a classic 
stimulus sorted by Fluorescence Activated Cell Sorting (FACS) and subcloned to create 
clonal living reporters for each inflammatory pathway of interest.  Each clone continuously 
reports on the activity of one transcription factor by expressing a green fluorescent protein.  
The library of clones allows multiple pathways to be followed nondestructively across time 
using fluorescence time lapse microscopy.   

The microfluidic arrays are fabricated using PDMS multilayer soft lithography.  A 
manifold of normally closed elastomeric valves was created to isolate rows of the array for 
reporter clone seeding (Figure 1B).  After cells sediment and attach, the seeding valves are 
closed and a second perpendicular manifold of valves is opened to isolate columns for 
soluble stimulus delivery.   

Figure 2. Multi-clone Seeding Characterization A) Cells were stained with cell tracker (DiI) and 
seeded in alternating rows with unstained cells.  The first image (left) shows one row and two 
columns.  Notice, cell seeding stops abruptly at the valve edges.  The second micrograph (right) 
shows one row above and contains only unlabeled cells.   Notice that labeled cells can be seen seeded 
above and below the row shown.  B) An elastomeric microfluidic valve is used to control seeding of 
reporter cells and delivery of soluble stimuli. 

3. RESULTS AND DISCUSSION 
Figure 2 shows seeding of the reporter cells in rows.  By performing stimulation in the 

orthogonal direction, we minimize the number of external connections required.  Outlets 
are linked such that cell seeding and stimulation flows can each be controlled by a single 
negative pressure at the outlet.  Each experiment involves perfusion culture, dynamic 
soluble stimulus control, and continuous monitoring of reporter arrays on an incubated 
microscope stage.  Time-lapse phase and fluorescence images are captured using an 
automated XYZ stage and analyzed using custom built automated image analysis software 
written in matlab.  We have used this system to do several experiments involving cytokine
stress, heat shock pretreatment, and analysis of apoptosis as shown in Figure 3. 

C
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Figure 3. Microfluidic living cell array assays.  A) GFP fluorescence is measured across time to 
monitor the activation of NF-kappaB in response to TNF-alpha stimulation.  B)  TNF is an 
inflammatory cytokine known to induce apoptosis.  Therefore, we characterized the effect of heat 
shock pretreatment on TNF-induced apoptosis.  The extent of apoptosis was characterized using an 
Annexin V endpoint apoptosis assay. 

5. CONCLUSIONS 
In summary, we have developed a scalable microfluidic platform for performing dynamic 

GFP reporter experiments in living cells.  We have demonstrated cell seeding, cytokine 
stimulation, and measurement of intracellular fluorescence from multiple reporter clones in 
a single living cell array.  Using this matrix of stimulus-response experiments, we now look 
forward to gaining insight into the dynamics of the hepatocyte stress response. 
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ABSTRACT  
This paper presents an integrated and self-contained microfluidic system for 

monitoring the progression of the HIV infection by counting and sorting CD4 
cells. The system can handle raw blood samples without the need of off-chip 
sample preparation. In addition, the system has integrated a laser diode onto the 
microchip as the light source, making it more compact and portable. Compared 
with the current blood analysis method performed in central laboratories, our 
system is low cost, portable and low requirement for maintenance, and thus could 
be used for point-of-care diagnosis. 

Keywords: Cell Sorting, HIV Diagnosis, Microfluidics 

1.  INTRODUCTION 
Progression from clinical latency to AIDS in persons with HIV infection is 

suggested by CD4 lymphocyte counts of less than 500 cells per ml. Blood 
analysis is currently being performed in central labs on expensive, high-
maintenance equipment and can be time consuming. Therefore there is a need for 
portable, fast and easy-to-operate cytometer system for small clinics or ever 
household use. Kruger et al. demonstrated a miniaturized flow cytometer which 
can perform the key functions of detection, enumeration and sorting of 
fluorescent species [1]. Dittrich et al. reported a microfluidic device for reaction, 
high-sensitivity detection and sorting of fluorescent cells and particles [2]. But for 
all these miniaturized flow cytometers, blood samples need to be pre-processed 
before they can be put into the chip. And another problem is that external laser 
has to be used as the light source for optical detection, which results in the 
difficulty of integration.  We proposed a self-contained microfluidic system 
fabricated in poly (dimethyl siloxane) (PDMS) to monitor the progression of the 
HIV infection. Reagents will be preloaded in the respective reservoirs such that 
the system can handle the raw blood sample without any off-chip sample 
preparation step. Laser diode will be integrated in the chip as the light source, 
which eliminates the need for bulky and expensive laser system and makes the 
optical system more compact.  
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2.  DESIGN, RESULTS AND DISCUSSIONS 
Fig.1 shows the schematic 

diagram of cell sorting system. 
A drop of blood is drawn into 
the middle input reservoir by 
the user. The middle input 
reservoir is preloaded with 
ethylenediamine tetra-acetic 
acid (EDTA) anticogulants, 
CD4+ antibody tagged with 
fluorescent dye and saline 
solution. Each side reservoir is 
filled with red blood cells 
(RBC) lysis buffer. At the input reservoir, CD4 cells bind to fluorescent labeled 
CD4+ antibody. Sample solution is transported with electoosmotic flow. 

At the first intersection, continuous lysis of RBC and electrokinetic focus of 
the cell suspension are initiated. As shown in Fig. 2 (a), the focusing effect 
enables a single cell suspension along the center line of the micro-channel, which 
allows for more sensitive measurements to be made. The velocity field was 
measured at the focusing region by microscale particle image velocimetry (µ-
PIV) system as presented in Fig. 2 (b). Fig. 2 (c) depicts the relationship between 
focus ratio and the ratio of applied voltages at focus reservoir and inlet reservoir.  

   

Fig. 2. Electrokinetic focusing effect at the intersection. (a) Visualized sample 
stream. (b) Measured velocity field. (c) Focusing ratio vs. applied voltage ratio. 

The pre-focused sample moves down to the detection region. Fig. 3 (a) is the 
SEM of the micro optic system which comprises of a laser diode, a micro lens 
array and a photodetector. Fluorescent tagged CD4 cell is excited by the focused 
laser light then measured by an on-chip photodetector as shown in Fig. 3 (b). 
Peaks of fluorescent signal are counted, which corresponds to the number of CD4 
cells. By replacing the laser by the laser diode, the cost and volume for peripheral 
equipment are greatly reduced. 
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ABSTRACT
 Functional particles are versatile carriers in biochemisty and potential building blocks 
for future microelectronic and photonic devices. The integration of particles into planar 
system devices is desirable but uncommon in current microtechnology. Here, we introduce 
a process to order and integrate particles, in a microfabrication-compatible fashion, that 
combines Self-Assembly, Transfer and Integration (SATI). Self-assembly first orders the 
particles, which are then integrated by means of an adhesion cascade. SATI does not 
require patterned substrates and is versatile in terms of both particle size and material. 

Keywords: Self-assembly, particles, microfabrication, adhesion 

1. INTRODUCTION
 Modern bulk syntheses allow producing monodispersed particles very efficiently from a 
variety of materials. The geometry and structure of such particles can be extraordinarly 
well defined, and their large surface can be functionalized to provide chemical or biological 
activity in a confined area. Most current applications use the particles in unordered 

colloidal phases.  
 Many applications require complex arrays. Topographi-
cal arrays provide optical or electronic activity in micro-
systems; chemical arrays enable parallelized bioassays. 
Traditionally, such arrays are created using “top-down” 
planar technology. The SATI process we present here 
allows the creation of particle arrays that are compatible 
with existing, planar technology while leveraging the ad-
vantageous properties of particles [1].  

2. THEORY 
 Macroscopic “particles”, such as electronic components, 
are commonly integrated on planar surfaces using serial 
pick-and-place, which is slow and challenging for small 
particles. An alternative that scales more favorably is self-
assembly, a powerful and versatile concept to order large 
numbers of particles in parallel. Self-assembly methods 
can provide high yield and proceed very rapidly, but in 
general are not compatible with existing fabrication 
methods and require specific substrates and treatments. 
 The SATI process we present here uses also self-

Figure 1. The SATI process: 
Particles are (a) assembled on a 
master, (b) transferred to a  
carrier, and (c) integrated on the 
final substrate. 
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Fig. 3. Micro optic system. (a) SEM micrograph. (b) Detected optical signal. 

The sorting process is realized by steering the electroosmotic flow through 
the switching of voltages at output reservoirs as shown in Fig. 4 (a). Sample 
solution is defaulted to flow to the waste reservoir. When a CD4 cell is detected, 
the flow is switched to the other direction for 5 ms before switched back. The 
switching time is very much related to the switching structure design. Fig. 4 (b) 
illustrates how switching time is affected by the angel between the two outlet 
channels. The switching time was measured by µ-PIV system. 

Fig. 4. (a) Measured velocity field when sample is switched to left. (b) Switching 
time vs. angle between two outlets. 

3.  CONCLUSIONS 
A self-contained microfluidic cell sorting system for counting and sorting 

CD4 cells has been demonstrated. On-chip sample preparation was realized and 
laser diode was integrated in the chip as the light source. The system can provide 
very high accuracy in judging the HIV progression period of patients. 
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ABSTRACT
 Functional particles are versatile carriers in biochemisty and potential building blocks 
for future microelectronic and photonic devices. The integration of particles into planar 
system devices is desirable but uncommon in current microtechnology. Here, we introduce 
a process to order and integrate particles, in a microfabrication-compatible fashion, that 
combines Self-Assembly, Transfer and Integration (SATI). Self-assembly first orders the 
particles, which are then integrated by means of an adhesion cascade. SATI does not 
require patterned substrates and is versatile in terms of both particle size and material. 
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1. INTRODUCTION
 Modern bulk syntheses allow producing monodispersed particles very efficiently from a 
variety of materials. The geometry and structure of such particles can be extraordinarly 
well defined, and their large surface can be functionalized to provide chemical or biological 
activity in a confined area. Most current applications use the particles in unordered 

colloidal phases.  
 Many applications require complex arrays. Topographi-
cal arrays provide optical or electronic activity in micro-
systems; chemical arrays enable parallelized bioassays. 
Traditionally, such arrays are created using “top-down” 
planar technology. The SATI process we present here 
allows the creation of particle arrays that are compatible 
with existing, planar technology while leveraging the ad-
vantageous properties of particles [1].  

2. THEORY 
 Macroscopic “particles”, such as electronic components, 
are commonly integrated on planar surfaces using serial 
pick-and-place, which is slow and challenging for small 
particles. An alternative that scales more favorably is self-
assembly, a powerful and versatile concept to order large 
numbers of particles in parallel. Self-assembly methods 
can provide high yield and proceed very rapidly, but in 
general are not compatible with existing fabrication 
methods and require specific substrates and treatments. 
 The SATI process we present here uses also self-

Figure 1. The SATI process: 
Particles are (a) assembled on a 
master, (b) transferred to a  
carrier, and (c) integrated on the 
final substrate. 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 539



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

540

assembly to order particles efficiently, but decouples the actual integration from the 
assembly step (Figure 1). The ordered particles are handeled through controlled adhesion in 
an adhesion cascade, in which the adhesive force acting on the particles increases in each 
processing step.  

3. EXPERIMENTAL 
 Particles of different sizes and from different 
materials were integrated using the SATI process, 
among them 100- m glass beads (Figure 2), 500-
nm-polystyrene beads (Figure 3), and 100- m tin-
coated polymer particles (Figure 4). Assembly 
masters that predefined the geometry of the particle 
arrangements were fabricated using either standard 
silicon micromachining or by casting a silicone 
rubber (polydimethylsiloxane PDMS) on micro-
fabricated masters. 

Depending on the particle size, different self-assembly methods were used as the first 
step of SATI. For larger particles, we employed gravitational assembly, which is based on 
geometrical confinement of the dry particles in microfabricated holes; for smaller particles, 
we used capillary assembly, which is based on the forces that a moving meniscus of a 
colloidal suspension exerts on the particles as it moves over a patterned surface [2]. 
 Once ordered, the particle arrays were handeled in parallel by exploiting their adhesion 
to a PDMS carrier. The adhesion cascade 
was established through proper choice of 
materials and surface modifications: a 
perfluorinated self-assembled monolayer 
was grown on the assembly master to 
minimize adhesion in the assembly step, 
a silicon rubber carrier established 
conformal contact to the particles in the 
transfer step, and adhesion layers or 
elevated temperatures were used for the 
final integration step on the target 
substrate.

4. RESULTS AND DISCUSSION 
 Figure 2 shows arrays of glass beads assembled on glass substrates. The alignment 
precision was only limited by the polydispersity of the particles, and it was possible to 

fabricate both very dense and spaced 
arrays with regular or arbitrary align-
ment. Similar arrays were created from 
tin-coated beads because they are used 
in flip-chip assemblies. A subsequent 
tin-reflow step created electrical contact 
between the beads and gold contact 
pads (Figure 4). 

Figure 4. 100- m tin-coated polymer particles inte-
grated onto gold pads, before (center) and after the tin 
reflow step (right).

Figure 3. 500-nm polystyrene beads printed on Si 
substrates. Particle lines were assembled in a single 
step and integrated at elevated temperatures.

Figure 2. 100- m glass-bead arrays 
with and without spacing. Spin-on glass 
layers connect particles and substrates.
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Polystyrene particles were assembled directly on a 
PDMS carrier and transferred onto the final substrate at 
elevated temperatures. If an appropriate temperature was 
chosen no adhesion layer was necessary, so that the arrays 
and lines shown in Figure 3 were directly connected to 
the substrate. This allowed using them as resist layer in a 
dry etch, where the beads protected a small circular area 
and created a silicon rod (Figure 5). 

 The SATI process 
enables the fabrica-
tion of three-dimen-
sional structures either in a single step, where the 
particles adhere to each other during integration, or in 
multiple steps, where layers are stacked on top of each 
other. In a two-step approach, glass beads were placed 
on top of an existing array (Figure 6) either coaxially 
or slightly shifted. The adhesion between the particles 
held the beads in place. Finally, pyramidal frustra were 
assembled from polystyrene beads in a single step and 
transferred as a whole (Figure 7).

5. CONCLUSIONS 
 We have shown that adhesive handling of particles is a 
remarkably simple and robust approach for integrating large 
particle arrays. The SATI process, which combines adhesive 
handling with self-assembly, can order particles from size 
regimes covering several orders of magnitude. It can be used 
as a modular step in microfabrication to use particles as resist 
layers or to integrate particles as functional elements. 
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Figure 5. Si posts etched using a 
500-nm polystyrene particle array 
as resist. 

Figure 6. 100- m glass-bead stacks 
created in a two-step SATI process.

Figure 7. 500-nm particles 
assembled into pyramidal 
frustra and integrated in a 
single step.
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ABSTRACT
A new micromachining procedure for fabrication of porous silicon dioxide channels for
electrokinetic separation devices is presented. A mask-less plasma etching technique is
used for covering a silicon wafer with high aspect ratio micro/nanograss with a feature size
of 0.1 to 1 µm. Glass is subsequently deposited on top of the micrograss to form a lid, and
the channel network is finally completed by using traditional etching and deposition
techniques. The breakthrough voltage of the finished channel network was 1.4 kV and the
channel performance was tested by carrying out capillary electrophoretic separations of
fluorescein and 5-carboxyfluorescein.

Keywords: Porous SiO2, microfabrication, electrophoresis and separation column.

EXPERIMENTAL
Previous studies have used electron beam lithography to produce submicrometer needle-
like structures [1], which has the disadvantage of being very slow and expensive and
therefore limited to very low volume production or for fabrication of masters for
imprinting. In this study, we use a mask-less process for needle fabrication that is known as
the "black silicon" process [2], which is typically used for adjusting the process parameters
to achieve a high aspect ratio re-active ion etching (RIE) of silicon. The resulting needle
formation of this process is typically seen as a disadvantage, however, in this study it is
used to our advantage to form the interior of porous channels. The needle size could be
varied between about 0.1 µm and 1 µm in diameter by changing the r.f. power during
etching from 20 W (Fig. 1) to 380 W (Fig. 2).

Fig. 1. Top view of a silicon substrate after
black silicon formation. The process power
was 20 W and the etching time 10 min.

Fig. 2. Black silicon with a r.f. power of
380 W and an etching time of 10 min.
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Fig. 3 shows a simplified process sequence. The porous Si (step A) is covered with 2-3 µm
of glass deposited by plasma enhanced chemical vapour deposition (PECVD), which is a
non-conformal process, so only a thin layer of glass enters the porous structure (Step B)
[3].

A-

B -

C -

D -

E -

Silicon Glass SiO2 Poly-Si Photo-resist

Fig. 3. Process sequence. Fig. 4. Cross sectional view of a porous
SiO2 channel. The black Si of Fig. 1 was
used (380 W).

The wafer is subsequently oxidized for 16 hrs in water vapor (1150 °C) to convert the
porous Si into porous SiO2 and to electrically insulate the channels. This is accompanied by
a volume expansion by a factor of 2.3, resulting in smaller interstitial pores. The channels
are then fabricated using conventional photolithography and RIE etching (Step C.). The
etching mask is removed and another PECVD glass layer is deposited to cover the channel
sidewalls (Step D.). Conventional bonding was avoided, because this would result in a
relatively large dead volume due to the height variation of the porous structure.
Fig. 4 shows a cross sectional view towards one edge of a channel. The coverage of the
porous SiO2 on the top and at the side is seen. The thickness of the insulating oxide towards
the silicon substrate was about 3 µm in this case and could withstand 1.4 kV applied
between two reservoirs. This value can be increased by using a longer oxidation time.

RESULTS AND DISCUSSION
Electroosmotic pumping in the channels was possible as seen in Fig. 5, which shows a
gated injection of a 400 µM fluorescein solution. A CE separation of a mixture of 400 µM
fluorescein and 400 µM carboxyfluorescein was furthermore carried out to verify proper
electrokinetic transport in the channels (Fig. 6). The detection was carried out using an
epifluorescence microscope equipped with a Halogen lamp and a bandpass filter at 488 nm
for excitation (Leica Microsystems Wetzlar GmbH, Germany). The plate height of the
eluted peaks was about 170,000 m-1. This value is expected to be improved by increasing
the field strength in order to reduce the elution time. Shifting to laser induced fluorescence
detection will furthermore reduce the contribution from the detection region to the plate
height, because laser light can be focused to a smaller spot.
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ABSTRACT 
We present a novel approach to control internal organization and polarity of individual

adherent cells in culture. To control cell adhesion, we used micro-contact printing with two 
basic features: 1) the proper adhesive surfaces for a given convex envelope were reduced in 
order to impose more stringent adhesive conditions than a fully adhesive pattern with the 
same outline; 2) the respective positions of adhesive and non-adhesive zones in the convex 
envelope polarized the pattern. We show that cells, like in tissues, present a highly 
reproducible response when constrained by such stringent boundary conditions, as judged 
by the polarized organization of their internal compartments and by the orientation of their 
divisions. 

Keywords: micro-pattern, cell adhesion, polarity, division 

1. INTRODUCTION
Tissue differentiation during the development of multi-cellular organisms involves the 

organization of a great number of cells adopting a collective behavior. One of the basic 
features of cohesive multi-cellular organization, in which cell shape and migration are 
restricted by neighboring cells, is that each individual cells have the same polarity. Cell 
polarity is defined by the expression of a morphological and functional asymmetry relative 
to a polar axis defining a front and a rear edge. The actin cytoskeleton network is
instrumental in maintaining structural and functional cell surface polarity, whereas the other 
major cytoskeleton network, the microtubule array, plays an essential role in controlling the 
asymmetric internal distribution of cytoplasmic organelles. The centrosome, which acts as 
the microtubule nucleating center, is physically associated with the nucleus and provides 
the microtubule astral network with an asymmetric distribution due to microtubules 
exclusion from the nucleus and a global polarity by anchoring the microtubules minus end. 
As a result, the intracellular compartments adopt an asymmetric and polar distribution. The 
symmetry axis defined by the nucleus, the centrosome and the Golgi apparatus thus reflects 
an internal distribution of compartments necessary for polarized intracellular transport and
secretion of proteins, or for cell migration. This is particularly obvious in epithelial tissues 
where the plasma membrane itself is stably polarized, displaying two distinct regions: the 
apical domain facing the external environment or the lumen, and the baso-lateral domain, 
which is in contact with neighboring cells or a basal substratum (Figure 1). Cell polarity
implies that cell surface polarity and internal polarity coincide and this is achieved by the 
formation of spatially and functionally distinct domains in the plasma membrane and the 
membrane–associated cytoskeleton. This organization must also be preserved during tissue 
growth. Cell divisions must be properly oriented in order to produce daughter cells able to
insert in the tissue without impairing its cohesive integrity and function. Cell-cell junctions 
and cell adhesion to a basal substratum, which are connected to the intracellular 
cytoskeleton via transmembrane proteins, are clearly important features for that behavior.  
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Fig. 5. Gated injection of a plug of 400
µM fluorescein. White lines are added to
indicate the channel sidewalls.

Fig. 6. Electrophoretic separation of a 400
µM mixture of fluorescein and 5-
carboxyfluorescein. The distance from
injection to detection was 15 mm and the field
strength was 170 V/cm.

In the future, devices will be tested for electrochromatography of organic molecules with
different sizes of needles. The flow resistance of the current channel layout was, however,
very high, which resulted in a filling time of the channels of more than 20 min. It was
therefore not practical to coat the channels for CEC experiments. A goal of the project is
therefore to etch photolithographically defined pillars in the 5-10 µm range into the
micrograss in order to obtain a uniform porous SiO2 pillar array. This will be a realization
of the column simulated by de Smet et. al. [4], which has a vastly increased mass
loadability and phase ratio compared to solid pillars of similar size and furthermore a
reduced flow resistance compared to the existing layout due to bigger interconnected
channels between the porous pillars.

ACKNOWLEDGEMENTS
We would like to kindly acknowledge Anders Jorgensen at MIC/DTU for developing the
initial black silicon recipe and also the process specialists Jonas M. Jensen and Roy Cork at
Danchip/DTU for help in the cleanroom. The project was funded by the Danish Technical
Research Council (STVF) under contract no. 26-00-0220.

REFERENCES
[1]. N. Kaji, Y. Tezuka, Y. Takamura, M. Ueda, T. Nishimoto, H. Nakanishi, Y. Horiike

and Y. Baba, Anal. Chem., 2004, 76, 15.
[2]. H. Jansen, M. de Boer, R. Legtenberg and M. Elwenspoek, J. Micromech Microeng.,

1995, 5(2), 115.
[3]. R.M Levin, K. Evans-Lutterodt, J. Vac. Sci. Technol. B ,1983, 1, 54.
[4]. J. De Smet, P. Gzil, N. Vervoort, H. Verelst, G. V. Baron and G. Desmet, Anal. Chem.,

2004, 76, 3726.

Correspondence: Jörg P. Kutter: Phone: +45 4525 6312, Fax: + 45 4588 7762. Contact e-
mail: jku@mic.dtu.dk



CONTROLLING INTERNAL ORGANIZATION AND 
DIVISION AXIS OF CULTURED CELLS WITH 

ADHESIVE MICROPATTERNS 
M. Théry1, A. Pépin2, Y. Chen2, M. Bornens1 

1Institut Curie, CNRS UMR144, Paris, France, 2Laboratoire Photonique et Nanostructures, 
CNRS UPR20, Marcoussis, France 

ABSTRACT 
We present a novel approach to control internal organization and polarity of individual

adherent cells in culture. To control cell adhesion, we used micro-contact printing with two 
basic features: 1) the proper adhesive surfaces for a given convex envelope were reduced in 
order to impose more stringent adhesive conditions than a fully adhesive pattern with the 
same outline; 2) the respective positions of adhesive and non-adhesive zones in the convex 
envelope polarized the pattern. We show that cells, like in tissues, present a highly 
reproducible response when constrained by such stringent boundary conditions, as judged 
by the polarized organization of their internal compartments and by the orientation of their 
divisions. 
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major cytoskeleton network, the microtubule array, plays an essential role in controlling the 
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the microtubule nucleating center, is physically associated with the nucleus and provides 
the microtubule astral network with an asymmetric distribution due to microtubules 
exclusion from the nucleus and a global polarity by anchoring the microtubules minus end. 
As a result, the intracellular compartments adopt an asymmetric and polar distribution. The 
symmetry axis defined by the nucleus, the centrosome and the Golgi apparatus thus reflects 
an internal distribution of compartments necessary for polarized intracellular transport and
secretion of proteins, or for cell migration. This is particularly obvious in epithelial tissues 
where the plasma membrane itself is stably polarized, displaying two distinct regions: the 
apical domain facing the external environment or the lumen, and the baso-lateral domain, 
which is in contact with neighboring cells or a basal substratum (Figure 1). Cell polarity
implies that cell surface polarity and internal polarity coincide and this is achieved by the 
formation of spatially and functionally distinct domains in the plasma membrane and the 
membrane–associated cytoskeleton. This organization must also be preserved during tissue 
growth. Cell divisions must be properly oriented in order to produce daughter cells able to
insert in the tissue without impairing its cohesive integrity and function. Cell-cell junctions 
and cell adhesion to a basal substratum, which are connected to the intracellular 
cytoskeleton via transmembrane proteins, are clearly important features for that behavior.  
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Figure 1. Internal cell organization and polarity of an epithelial cell (left), a migrating cell
(middle) and a cell on a [L] micro-pattern (right). The dashed arrow represents the 
polarized symmetry axis of the cell and the “+” and “-“ the microtubules polarity. 

2. WORKING MODEL 
A basic question is whether polarity is an intrinsic and permanent property of cells, or 

if it is externally imposed by the tissue environment. Individual cells growing in culture like 
fibroblasts or keratocytes display a rather polarized migration (Figure 1) whereas other cell
types show a more erratic behavior. In all cases, cells are permanently reshaping their 
cytoskeleton and their membrane activity. It is not easy to identify the basic principles of 
this (re)organization from the highly variable behavior of each individual cell. One possible 
way to experimentally overcome this riddle should be to grow individual cells in a fixed 
environment, for example on micro-adhesive patterns in which one single cell could spread 
and divide, but in which cell movement would be restricted like in a tissue. In these 
conditions, one could expect the inherent variability of individual cells to be normalized. If 
the boundary conditions imposed to cell adhesion possess a single and polarized symmetry 
axis due to the respective locations of adhesive and non-adhesive zones, it should drive the 
internal cell organization and polarity. As a result, the internal organization of each 
individual cells would be identical, like in tissues. But contrary to tissues, the internal 
organization of cells would become amenable to controlled modifications, and thus to the 
dissection of the interplay between intrinsic and externally imposed polarity. 

3. EXPERIMENTAL 
To control the spatial distribution of the extra-cellular matrix we used micro-contact 

printing to manipulate the location of fibronectin [1]. Rather than using alkanethiolates self-
assembled monolayers on gold we simply silanised glass coverslips with a mercapto-silane 
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after activation with a “piranha” solution [2]. We then printed the fibronectin (a tenth of
which was labeled with Cy3) with a PDMS stamp and neutralized the non-printed areas 
with PEG-maleimide in order to make them repulsive to cell attachment. In addition to
being cheap, easy to use and compatible with fluorescent cell-labeling, this technique
allows a micrometer-resolution which is sufficient to design patterns at a subcellular scale. 
Thereby we imposed a similar shape to cells but distinct adhesion patterns (Figure 2). For 
comparison it was critical to impose identical cell spreading area instead of identical cell 
adhesion area [3]. HeLa cells, from a human adenocarcinoma epithelial cell line, and RPE1 
cells, from a non transformed retinal pigment epithelial human cell line, were platted on 
micropatterns and fixed for staining or observed in time-lapse video-microscopy. 

Figure 2. Living  HeLa cells visualized on fibronectin-Cy3 micropatterns (a) with a 10x 
objective in phase-contrast (b). Cells display the same shape (triangle or square) on 
micropatterns having the same convex envelope. Bar = 10 µm.  

4. RESULTS 
We observed and quantified the cell response to the spatial distribution of adhesion 

imposed by the micro-patterns. We first looked at the orientation of the internal cell
polarity, defined by the respective location of the nucleus and  the centrosome. It appeared 
that [L] micro-patterns guided the positions of the nucleus (close to the [L] corner) and the 

Figure 3. Nucleus (gray ellipse on the left pictures), centrosome (two white dots on the left 
pictures) and Golgi (left) localization in fixed HeLa cells on [L]. Bar=10 µm. 

centrosome (close to the middle of the [L] hypotenuse) in a reproducible manner 
corresponding to the polarized symmetry axis of the [L] (i.e. their symmetry axis polarized 
by the respective location of the adhesive and non-adhesive border of the triangular 
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envelope) (Figure 3). The Golgi apparatus, rather than extended as it would be in classical 
culture conditions, was compacted around the centrosome. This reproducible structure 
allows to perform a refine quantitative study of intracellular traffic (Dimitrov A. et al, in 
preparation). Interestingly, cell polarity and centrosome positioning were more constrained 
on [L] than on full triangle (Figure 4). This showed that, in addition to cell shape, the 
restriction of the distribution of cell adhesion in a polarized manner directly impinges on 
cell polarity and contributes to reduce variability in cell internal organization.

Figure 4. Centrosome positions on [L] and on a full triangle were automatically detected 
and recorded in 200 fixed cells in each case. The disc area containing 90% of centrosomes 
(S90%) was 1,5 times bigger on [triangle] than on [L].

The non-adhesive area under the [L] hypotenuse also affected the architecture of the 
cell cytoskeleton. The bundle of actin stress fibers upon the non-adhesive border was more 
conspicuous than the one developed upon adhesive borders (Figure 5). It has already been 
shown that fully adhesive micropatterns confine cell protrusions and traction forces at cell 
apices [4]. On our micro-patterns the spatial distribution of adhesive and non-adhesive 
zones appeared to guide the assembly of the actin cytoskeleton and the directions and 
intensities of the traction forces the cell exert on the substrate, thereby influencing cell 
migration [5]. The microtubule network polarity also appeared guided by the [L] shape. 
Microtubules, nucleated from the centrosome, grew toward cell periphery where they
followed actin cables mainly toward cell apices flanking the non-adhesive edge (Figure 5). 
Therefore, both cytoskeleton networks were influenced by the geometry and heterogeneity
of the underlying pattern. 

Figure 5. Actin cytoskeleton stained with phaloïdin and focal adhesions labeled with
vinculin on full triangle and on [L] (left). Projection of a time lapse acquisition of 
microtubules “+” end trajectories in a living HeLa cell on a [L] (right). Bars = 10 µm. 
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Cell division is preceded by a bipolarization of the cell. This bipolarization 
emphasizes the polarity established in interphase : the two cell apices flanking the 
hypotenuse on [L] where large stress fibers were attached and where microtubules 
converged (Figure 5) defined the orientation of the spindle during division (Figure 6).  

Figure 6. Metaphase cell showing from left to right chromosomes in phase contrast, mitotic
spindle labeled with antibodies against tubulin, and centrosomes with centrin-GFP at
spindle poles. The dashed line corresponds to the [L] symmetry axis, the solid line to the 
spindle axis. 

We plated cells on [L] and video-recorded their divisions in phase contrast
microscopy. It revealed that they divided reproducibly along the hypotenuse (Figure 6a). 
An extensive comparison between the several micropatterns shown in figure 2 has been 
performed in order to dissect the respective role of cell shape and cell adhesion in the 
orientation of the division axis [6].

Figure 7. Three examples of RPE1 cells divisions illustrating the spatial and temporal 
reproducibility on [L] (a). [L] micropatterns also allow the control of two successive 
divisions of HeLa cells(b). The first division (3h3’) and the two following divisions (25h 
and 27h10’) were orientated along the direction of the [L] hypotenuse. 
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ABSTRACT 
We present the results on the design, fabrication, and performance of a gas-actuated 

micro-jet pump for integrated micro-fluidic systems.  Vacuum suction mode provided by 
the pump can effectively decrease the formation of air bubbles and overcome the interface 
tension between liquid and solid wall in the micro-fluidic systems [1].  Structurally the pump 
consists of a nozzle, a throat and a pump chamber, which can be fabricated with one etching 
step. The pump began to work at the threshold gas actuation pressure of 40kPa, and which 
can be actuated by a medical syringe. 
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1. INTRODUCTION
Micro-pumps have been widely applied in MEMS devices, such as handling small and 

precise volume of fluids for chemical, biological or medical systems. Many design concepts 
and prototype of micro-pumps have been demonstrated over the past years.  The novel 
aspect of this work is to design a micro-jet pump based on macroscopic jet theory, which 
can be fabricated easily with one mask process and integrated with most micro-fluidic 
systems. The continuous jet gas through the nozzle creates a net flow of gas in one direction, 
which provides a vacuum suction mode in microchip. After discussing the working 
principle of the pump, planar micro-jet pump are designed and fabricated.  In order to 
optimize the micro-jet pump, three kinds of nozzle angle were designed.  The 
experimental results show that the nozzle angle of 30  has the best performance comparing 
with that of 60  and 90 .

2. THEORY 
A schematic diagram of the micro-jet pump is shown in Figure 1. As the gas with a high 

velocity ejects from the efflux nozzle, the fluid near the nozzle will possess the same velocity 
with the main stream, and therefore certain negative pressure is formed in the suction 
chamber according to the Bernoulli’ equation[2]. The difference between the atmosphere and 
the negative pressure, backpressure, provides the pump ability to suck the liquid from the 
inlet port. 
 According to the 2-D incompressible turbulent jet theory [3], the jet axial velocity vm
and the entrainment velocity vc in the throat pipe can be calculated from: 
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We were also able to record the second round of division of the two daughters 
cells. (Figure 6b). Interestingly the two daughter cells first respread on the two [L] branches 
(5h18’) and then reorganized into an apparently more stable configuration with one cell in
the corner and the other along the hypotenuse (15h15’). The cell in the corner divided along 
[L] hypotenuse (25h) and its two daughters respread on the [L] branches. Then the second 
daughter of the first cell also divided along the hypotenuse (27h10’). After mixing together 
the four cells eventually found an apparently stable configuration respecting the symmetry
conditions imposed by the underlying patterns (33h33’). These examples illustrated the 
ability of symmetrical and polarized micropatterns such as [L] to drive cell bipolarization
during division. The two rounds of division reproduced how cells divide in a confined and 
polarized environment like in an embryo; this could open a new approach to investigate 
tissue morphogenesis. 

5. CONCLUSION  
The reproducibility with which cells behave on the micro-patterns we designed (patent 

WO2005/026313) allows us to quantify the spatial distribution of cell compartments and of 
individual proteins and to assess its significance by averaging the distribution observed in a 
great number of cells. The ability of the micro-patterns symmetries and heterogeneities to
impinge on cell internal organization and polarity up to mitosis could have a wide range of 
applications from the fundamental analysis of individual cell polarization or multicellular 
morphogenesis to tissue engineering.
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and prototype of micro-pumps have been demonstrated over the past years.  The novel 
aspect of this work is to design a micro-jet pump based on macroscopic jet theory, which 
can be fabricated easily with one mask process and integrated with most micro-fluidic 
systems. The continuous jet gas through the nozzle creates a net flow of gas in one direction, 
which provides a vacuum suction mode in microchip. After discussing the working 
principle of the pump, planar micro-jet pump are designed and fabricated.  In order to 
optimize the micro-jet pump, three kinds of nozzle angle were designed.  The 
experimental results show that the nozzle angle of 30  has the best performance comparing 
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A schematic diagram of the micro-jet pump is shown in Figure 1. As the gas with a high 

velocity ejects from the efflux nozzle, the fluid near the nozzle will possess the same velocity 
with the main stream, and therefore certain negative pressure is formed in the suction 
chamber according to the Bernoulli’ equation[2]. The difference between the atmosphere and 
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respectively, x is the distance from the center of the nozzle outlet to the center of the jet 
plane,  is the turbulent coefficient determined by the nozzle structure and the experimental 
results. The velocity distribution for the pump with the tilt angle of 15  is simulated with 
the commercial software, FLUENT, under the driven pressure of 65kPa (Figure 2). It can be 
seen from the simulation that when the gas ejects through the nozzle with a high velocity, 
the air in the throat pipe is entrained into the diffuser. Figure 3 shows a SEM photograph of 
the finished micro-jet pump structure fabricated by silicon micro-machining technology.  

Figure 1.  Schematic diagram of the micro-jet pump. The cross section of the nozzle outlet and 
 the throat pipe inlet are designed in rectangle with the same dimension of 40 m 100 m. 

Figure 2.  FLUENT simulation results of 2-D velocity distribution for the pump. 

Figure 3.  SEM photograph of the finished micro-jet pump. 

3. EXPERIMENTS 
Stationary flow measurements were performed on the pump units using compressed 

nitrogen as the actuated fluid at a constant temperature. The driven pressures at entrance 
were measured with a commercial pressure transducer. In order to measure the backpressure 
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of the pumps under different injection pressures, a capillary tube with the inner diameter of 
1mm is vertically connected to the liquid inlet ports, the other end of which is immersed in 
the water. The backpressures, indicated by the increase of the water column height in the 
capillary, as a function of the injection pressures for the pumps with different nozzle angles 
are shown in Figure 4. As the driven pressures increase from zero, the pumps didn’t work 
until the pressure exceed the threshold pressures, which are 40kPa, 42kPa, and 52kPa for the 
pumps with the nozzle angles of 30 , 60 , and 90 , respectively. The backpressures increase 
linearly as the driven pressures increase. The experimental results indicate that the pump with 
the nozzle angles of 30  has a lower threshold pressure and a better pumping performance. 

Figure 4.  The backpressure as a function of the injection pressure for the 
micro-jet pumps with different nozzle angles. 

4. CONCLUSIONS 
This paper gives an original design of a micro-jet pump, in order to optimize the 

micro-jet pump, three nozzle angles were designed and tested. Measurements proved that 
the pump with a nozzle angle of 30  has the best performance, and the driving threshold 
pressure for the pump is 40kPa.  

The micro-jet pump can be easily integrated with micro-fluidic systems because of its 
simple fabrication process. Moreover, the micro-jet pump can be fabricated simply with 
polymer micro-molding technique and driven by a medical syringe without any other 
electrically driven elements.  
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Abstract 
This paper presents a novel phase change microvalve using a paraffin-based ferrofluid plug 
(called “Ferro-Wax”).  The Ferro-Wax plug is essentially leak-proof because of the phase 
change nature of the material; once the plug is solidified, it forms a solid seal.  The 
meltable magnetic plug changes the phase from solid to liquid by an on-chip heating and 
moves remotely in a channel by a magnetic actuation.  The reversible microvalve 
performed excellently up to 50 psi.  The ease of fabrication and integration makes this 
microvalve invaluable for a next generation lab-on-a-chip device for on-chip sample 
preparation and label-free detection, which is currently underway. 

Keywords: Ferrofluid, Microvalve, Paraffin Wax, Phase change, Nanoparticle 

1. Introduction 
A phase change microvalve using a meltable magnetic material, which is paraffin-based 
ferrofluid [1], has been designed and tested. Previously two groups have reported thermally 
actuated paraffin microvalves: A reversible microvalve with external pneumatic air/vacuum 
systems [2] and an irreversible microvalve without external pneumatic air/vacuum systems 
[3].  Our novel microvalve using the paraffin-based ferrofluid plug enables reversible 
operation without pneumatic air/vacuum systems.  The plug changes the phase from solid 
to liquid by an on-chip heating and moves remotely in a channel by a magnetic actuation. 
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Fig. 2 Feasibility demonstration: (a) the 
liquid Ferro-Wax heated to 80  on the 
hot plate, (b) the liquid Ferro-Wax in 
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Fig. 1 Schematic diagram of the phase change microvalve 
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2. Feasibility Test 
Fig. 1 shows the schematic diagram of the reversible microvalve operation.  The 
microvalve is opened by activating an integrated heater, changing the phase of the plug 
from solid to liquid, and moving the plug away from the Y-junction by the magnetic 
actuation.  Closing the microvalve involves moving the liquid plug to the junction 
magnetically thereby sealing the main microchannel.  Once positioned in either the closed 
or the open mode, the phase of the plug is changed to solid.   

We utilized a paraffin-based ferrofluid, which is a colloidal suspension of 
ferromagnetic nanoparticles of 10 nm in a paraffin wax carrier and is immiscible in water, 
for the phase change plug. The paraffin-based ferrofluids conform to the channel shape, 
potentially providing very good seals, and respond to external localized magnetic forces, 
providing easy actuation. The new meltable magnetic material, the paraffin-base ferrofluid 
(“Ferro-Wax”), was formed by 
mixing ferrofluids and paraffin waxes 
with a volume ratio of 1 to 2 (Fig. 2) 
[5]. The Ferro-Wax materials can be 
engineered from various ferrofluids 
and paraffin waxes with different 
volume ratios, to control the 
saturation magnetization, viscosity, 
and melting temperature. Since the 
melting temperature of the Ferro-Wax 
that we used in this work was in the 
range of 68 to 74 ºC (Fig. 3), the 
operation temperature of the 
microvalve was set to 80 ºC. 

3. Design and Fabrication 
The simple active phase change microvalve 
was fabricated on a silicon-glass hybrid 
device as shown in Fig. 4.  For injection of 
the paraffin-based ferrofluid plug, the chip 
(20 mm x 20 mm x 0.8 mm) was heated to 
80 ºC on a hot plate and the plug of 0.2 µL 
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Fig. 3 Melting curves of the pure paraffin wax and the 
Ferro-Wax were measured by slowly heating from 60 to 
90 °C by using a GenSpector® Micro PCR system [4]. 
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Fig. 4 Fabrication process flow for the silicon and 
glass sides of the microvalve. 
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Fig. 5 (a) The chip was heated to 80  on the hot 
plate and meltable magnetic plug of 0.2 µL was 
being loaded into the vent hole, (b) the molten 
plug was stopped at the Y-junction in the 
presence of the magnet, and (c) the plug was 
solidified after cooled to 60 .
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ABSTRACT 
We fabricated a reagent injection system for biological cell cultivating microchanber 

using 3-D sheath flow. A new concept of 3-D sheath flow scanner enables to introduce the
reagent specifically to target cell colonies cultivated in the microchamber.  After the 
feasibility studies using CFD simulation, the first prototype device was fabricated. Actual 
3-D reagent injection was confirmed with experimental evaluation using 2-D and 3-D
fluorescent observation systems.
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1. INTRODUCTION 
Previous works described the methods of reagent delivery to a target cell such as patch

clump and sheath flow [1,2]. However these methods could apply to only isolated single
cell. In actual applications for cell function analysis, a reagent injection flow system to
stimulate the target cells of a tissue specifically has been requested. 

To realize the specific stimulation to the distributed cell colonies in a cultivating
microchamber, we proposed the 3-D sheath flow scanner, as shown in Fig.1. Cells are 
cultivated on the bottom of the microchamber and the reagent is introduced from the inlet 
located on the top of the microchamber. Eight inlets of the buffer flows are placed around
the reagent inlet. The direction and depth of the reagent flow are controlled specifically
by changing 8 buffer flow rates. In order to realize uniform flow conductance to all
direction, eight outlet channels are arranged radically. The reagent (e.g. drug, toxic) is
delivered to the target cell colony specifically, then protein productions are real time
monitored by means of fluorescent microscopy observed from a bottom side (e.g. 
fluorescent anisotropy, FRET)[3]. 

(a) Overview    (b) Cross-sectional view
Fig.1 Schematic concept of sample injection using the 3-D sheath flow scanner 
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was loaded into a vent hole (  500 µm). A magnet ( 1.5 mm x 1.5 mm) was placed on the 
top of the Y-junction.  Then, the molten plug moved into the microchannel (300 µm x 150 
µm) by capillary force and stopped at the intersection (Fig. 5).  

4. Result and Discussion 
The microvalve was characterized by measuring the maximum resistant pressure across the 
valve and the leakage flow in response to the upstream pressure (Fig. 6).  For the closed 
valve state, no detectable leakage was observed up to 50 psi, which was the maximum 
pressure that we could apply using a pressure regulator (Cole-Parmer, USA).  The Ferro-
Wax plug is essentially leak-proof because of the phase change nature of the material; once 
the plug is solidified, it forms a solid seal. 

5. Conclusion 
In conclusion, we have designed and tested the novel phase change microvalve using the 
paraffin-based ferrofluid.  The microvalve was simple to operate by the electronic 
addressing and the magnetic actuation. The reversible microvalve performed excellently up 
to 50 psi. Using the new meltable magnetic materials, Ferro-Wax, is invaluable for a next 
generation lab-on-a-chip device for on-chip sample preparation and label-free detection, 
which is currently underway. 
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2. CFD SIMULATIONS 
To evaluate feasibility of the 3-D sheath flow scanner and to optimize of the device

structure, CFD simulations (CoventorWare, Coventor Inc, USA) were carried out.
Parameters of the CFD simulations are dimensions of reagent and buffer inlets, distance 
between the reagent inlet and the buffer inlets. Fig.2 shows the reagent flow profile of the 
design optimized 3-D sheath flow scanner. The reagent reached a small spot of the bottom
surface. This result indicated that the 3-D sheath flow scanner is useful to deliver the 
reagents for the particular cell colony located on the bottom of the chamber.

3. EXPERIMENTAL AND RESULTS 
Based on the CFD simulation results, prototype devices were fabricated by multi-step

deep-RIE process of a silicon substrate [4]. Fig.3 shows SEM images of the fabricated
device. The reagent injection behavior was monitored by fluorescent microscopy using 
rhodamine B.  First, 2-D controllability of the reagent flow was examined.  By
controlling the buffer flow rates, reagent flow was scanned to any direction successfully, as
shown in Fig4. In order to investigate reagent flow profile in depth direction, confocal
microscopy was applied. The reagent delivered spot at the bottom can be controlled by
changing 8 buffer flow rates.(Fig.5.) 

      (a) Cross-sectional view      (b) bottom view
Fig.2 CFD simulation results of the reagent flow profiles

Fig.3 SEM images of the fabricated prototype 
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Fig.4 Horizontal profiles of reagent flow with varied combinations of 8 buffer flow
rates

   Buffer inlet    Reagent inlet    Buffer inlet      Reagent inlet

(a) Delivered     (b) Undelivered
Fig.5 Depth profile of reagent flow observed by confocal microscopy

4. CONCLUSIONS 
We fabricated a reagent injection system for biological cell cultivating microchanber

using 3-D sheath flow.  After the feasibility studies using CFD simulation, the first
prototype device was fabricated.  Actual 3-D reagent injection was confirmed with
experimental evaluation using 2-D and 3-D fluorescent observation systems. Improved
3-D sheath flow scanner of its precise flow control will be useful for studies of the
intercellular reactions, tissue analysis etc. 
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ABSTRACT

Experiments have recently demonstrated that AC electrokinetic micropumps per-
mit integrable, local, and fast pumping (velocities ∼mm/s) with low driving volt-
age [1–8]. They also displayed many quantitative and qualitative discrepancies with
existing theories [9–11]. These discrepancies have motivated us to extend the latter
theories to account for three experimentally relevant effects: (a) vertical confinement
of the pumping section, (b) Faradaic currents, and (c) nonlinear Debye layer capaci-
tance. We report here that these effects can indeed affect quantitatively the pump
efficiency in a way that we can explain by physical arguments.

1. THEORY

We focus on the geometry of Fig. 1, similar to the devices studied in [1–6]. The
full spatial period of the interdigitated electrode array is L, the transverse confine-
ment (height of channel) is H , and the electrodes are driven with an AC voltage of
amplitude V and angular frequency ω.

W1G1 W2 G2

L

H

U

V cosωt

Rolls above
electrode edges

Average flow
(Couette)

Figure 1: Side view of microchannel including asymmetric interdigitated electrode
array at the bottom with AC bias V cos(ωt): liquid (white), electrodes (black), chan-
nel walls (gray). The relative size of the electrodes and gaps in the array are chosen
as W1 = 3

2G1, W2 = 7G1, and G2 = 5G1.

We extend the linear theory of Ramos et al. [11] by including in the boundary con-
ditions Faradaic current injection in a linear scheme, quantified by a dimensionless in-
terfacial conductance K, and a nonlinear capacitance described by Gouy–Chapman–
Stern theory for surface potentials larger than the thermal voltage kBT/e [12]. The
numerical problem is solved using the finite element method. The resulting flow
pattern is complex with rolls above the electrode edges as sketched in Fig. 1, but a
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Fourier analysis shows that on average in time and space the net flow is a simple
Couette flow driven by the average electroosmotic slip velocity U on the electrodes.
In terms of the model parameters U can be expressed as

U =
εV 2

ηG1(1 + δ)
F (Ω, L/H, K, V e/kBT ), (1)

where F is a dimensionless measure of the pumping velocity, ε and η are the fluid
permittivity and viscosity, G1 is the length of the small electrode gap, and δ is the
ratio of capacitances of the Stern layer and the Debye layer at low voltage. Moreover
Ω = ω εG1/σλD(1 + δ) is a dimensionless measure of the driving frequency with λD

the Debye length, and the prefactor involving V 2 corresponds to the quadratic volt-
age dependence predicted by the linear theories [9,11].
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Figure 2: Contour plot of the dimensionless pumping velocity F as a function of
driving frequency Ω and each one of the following three parameters: (a) Degree of
confinement L/H , (b) Faradaic current injection K, (c) Driving voltage V for δ = 0.1.
The contours are equispaced with a spacing of 5 × 10−4.

2. RESULTS AND DISCUSSION

The results of our numerical analysis are shown in Fig. 2 as three contour plots of
the dimensionless pumping velocity F for each of the new factors added separately:
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Abstract 
This paper reports the utility of electroosmosis as an effective mean for controlling the 

solute distribution inside a sessile droplet. The electric field developed between the center 
electrode and the circular electrode placed along the drop rim causes a radial electroosmotic 
flow in the vicinity of the droplet bottom. By changing the polarity and the voltage strength, 
we can control the particle-deposition pattern. 
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Introduction 
Non-uniform distribution of solute in an evaporating drop placed on a solid surface is an 

important problem in TAS technology. This phenomenon, commonly known as the drop 
stain problem, can be observed in microarray used for analyzing DNA and protein samples. 
When a sample drop on a substrate evaporates, the transport of solute caused by the 
outward radial flow near the drop surface yields a ring-shaped stain on the solid surface. 
The contact line pinning and the diffusion limited evaporation might contribute to the 
outward migration of solute [1]. Such localization may hinder accurate analysis of sample, 
and it is desirable to devise a scheme for homogenizing the solute distribution inside a drop. 
One way to improve spatial stain homogeneity is to develop a system which use of 
chemical surface treatment [2]. 

Theoretical method 
A spherical droplet on a substrate is presented in Figure 1(a).  

Figure 1. Schematics of evaporating droplet on a substrate. (a) side view and 
(b) top view, 0 and R are the electrical potential at the center and 
the rim electrode. 

In this work, we use the simple flux form J(r,t) [3]. Figure 1(b) shows the schematics of 
the center and rim electrode near the droplet bottom. Two dimensionless velocity 
components, ur and uz are obtained by analytical method as follows: 
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confinement F (Ω, L/H, 0, 0), Faradaic reactions F (Ω, 0, K, 0), and nonlinear surface
capacitance F (Ω, 0, 0, V e/kBT ) with δ = 0.1, i.e., with the Stern layer capacitance
10 times larger than Debye layer capacitance at low voltage. In all cases the exist-
ing theories correspond to the baseline F (Ω, 0, 0, 0) which provides a simple way to
apprehend the changes resulting from the added factors.

Essentially the results can be summarized as: (a) Confinement can increase the
pumping velocity roughly by a factor three due to bending of the electric field lines
which enhances the tangential field driving the flow at the electrodes. Also the op-
timal driving frequency shifts downwards which is consistent with the RC time for
a simle circuit model of the system. (b) Faradaic currents (in the present linearized
scheme) lead to neither increased pumping velocity nor pumping reversal as had been
suggested [7]. (c) The nonlinear capacitance of the Debye layer shifts the optimal
frequency downwards by a factor of δ/(1 + δ), again consistent with a simple circuit
model of the system. Also the pumping velocity U scales as V logV rather than V 2

for V/(1 + δ) � kBT/e ∼ 25 mV; hence the dimensionless measure F appears to fall
off at large voltage in Fig. 2c. This is in qualitative agreement with experiments [4–6].

3. CONCLUSION

We have investigated three experimentally relevant effects for AC electrokinetic
systems by numerical simulation. We have also developed qualitative physical argu-
ments for all our findings. They should therefore hold with some generality and thus
aid in the optimal design of AC electrokinetic micropumps. Our results furthermore
point out the need to study (other) nonlinear effects to explain, e.g., the pumping
reversal observed experimentally at large voltage [6,7].
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the rim electrode. 

In this work, we use the simple flux form J(r,t) [3]. Figure 1(b) shows the schematics of 
the center and rim electrode near the droplet bottom. Two dimensionless velocity 
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Here ( ) is experimental parameter reflecting the non-uniformity of evaporation and is 
given by 0.5-

Experimental method 
Initially, the patterned aluminum was sputtered to form 1 m height electrode. We 

designed the center electrode such that it could be buried beneath the circular electrode. 
Finally, the circular patterned aluminum electrode and its pod were deposited to 1 m height. 
Colloidal suspension of charge-stabilized, 50nm polystyrene particles in NaCl 0.01M 
solution was used to tracing particle-deposition. The experiments carried at various 
applying voltages to investigate the effect of radial electroosmotic flow field. 

Results and discussion 
The cross-sectional stream line and experimental particle-depositions are shown in 

Figure 2 at outward radial electroosmotic flow condition. The electroosmotic flow strength 
parameter,  is 0.025 (Figure 2(b)) and 0.05 (Figure 2(c)). 

(a) (b) (c)

Figure 2. Streamlines and stain after complete drying at outward 
electroosmotic flow conditions. 

The flow helps a transport the solute to the edge. Consequently, thicker depositions are 
shown in Figure 2(b) and (c). In contrast to outward flow, Figure 3 shows the stream line 
when there is an inward radial electroosmotic flow with  is -0.025 (Figure 3(b)) and -0.05 
(Figure 3(c)).  

(a) (b) (c)

Figure 3. Streamlines and stain after complete drying at inward 
electroosmotic flow conditions. 
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At the weak electric field, the ring shaped solute deposition is fairly similar to natural 
drying condition. As the strength of electric field is increase, the particles form uniform 
deposition at one moment shown in Figure 3(b). Over the strength, the particles get together 
into the center of droplet as shown in Figure 3(c). 

We compute the solute transport equations and the results are plotted in Figure 4. The 
deposition at the edge diminishes as the strength of electroosmotic flow turn to negative 
values. At =-0.025 which corresponds uniform deposition pattern, the theoretical average 
velocity is about 42 m/sec. This value is well agreed with the relevancy of the theoretical 
and experimental results. 

          Figure 4. Concentration distribution profiles at various values of .
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ABSTRACT 
We report three novel demonstrations: 1. Coplanar electrowetting 2. Electrowetting on 

a printed circuit board (PCB) and 3. Transport and mixing in an “open” microfluidic 
substrate. Similar to “soft” lithography which enabled many researchers to easily prototype 
and experiment with continuous-flow microfluidics, this work allows researchers to easily 
experiment with discrete-flow microfluidics (digital microfluidics). The flexibility in design 
afforded by this coplanar and “open” structure facilitates novel applications, particularly in 
areas of clinical diagnostics and reconfigurable chip cooling. Furthermore, it provides 
digital microfluidic systems with an inexpensive and rapid turn-around process. 

Keywords: coplanar, digital microfluidics, electrowetting, PCB 

1. INTRODUCTION 
Digital microfluidics is an emerging liquid-handling paradigm that employs the 

phenomenon of electrowetting to independently manipulate discrete sub-microliter sized 
droplets through electrical manipulation of the interfacial tension of the droplets [1]. A 
digital microfluidic chip typically consists of two parallel electrode plates – a ground plate 
and an addressable drive electrode array. Droplets are sandwiched between the two plates, 
and are surrounded by an immiscible fluid. The drive electrode array is insulated from the 
liquid and surfaces of both plates are hydrophobized. Hitherto, digital microfluidic chips 
have been fabricated using microfabrication techniques [1], requiring expensive vacuum 
deposition processes.  Recently, an alternative approach has been demonstrated where 
interconnects were formed on a multi-layer PCB, but the electrodes were still formed using 
vacuum deposition processes [2]. Furthermore, all electrowetting-based droplet 
manipulation systems demonstrated thus far require a conductive top plate to provide 
continuous ground to the droplet, imposing additional material constraints to the top plate. 
In this paper, we demonstrate digital microfluidics using a readily available PCB process 
without significant post-processing. Additionally, we eliminate the need for a conductive, 
or any, top plate by implementing coplanar ground electrodes either in the same conductive 
layer as the electrodes or another conductive layer on top of the insulator [3]. 

2. EXPERIMENTAL SETUP 
Chip Fabrication – A schematic view of a digital microfluidic chip for both a 

confined (i.e. with a top plate) and an open (i.e. without a top plate) structure on PCB 
(using a 3/3 mil linewidth/spacing) is shown Figure 1. Electrodes (1.5 × 1.5 mm2) are 
patterned on ¼ oz (~8.5 µm) copper with a final thickness of ~25 m due to electroplating. 
150µm via holes are drilled into each electrode to provide electrical contacts to the backside 
of the board. Ground electrode rails are patterned alongside all the drive electrodes to 
provide a continuous ground connection to the droplets, and a liquid photoimageable (LPI) 
soldermask (~17 m) is patterned to act as an insulator, exposing only the ground rails. As 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

566 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

567

Figure 2 – Minimum voltage requirements for 
droplet transport at a given switching 
frequency. 

Figure 1 – Side view schematic of a digital 
microfluidic chip on PCB in (a) a confined 
system and (b) an open system. Note: droplet 
transport occurs perpendicular to the plane of 
the page. 

the only post-processing step, Teflon AF is brush-coated to render the entire surface 
hydrophobic. 

Droplet Transport – Droplets of a polarizable and conducting liquid (1M KCl) were 
transported in both confined and open systems. For a confined system, the volume of each 
droplet was 2.5µl, and the entire chip was filled with silicone oil to facilitate transport. In an 
open system, each droplet was 6µl in volume and a small drop of silicone oil (2µl) was 
added and appeared to surround the droplet. The minimum actuation voltages required to 
successfully transport the droplets were measured for each system at switching frequencies 
ranging from 1 to 32 Hz. Details of droplet transport via electrowetting can be found in [1]. 

3. RESULTS AND DISCUSSION 
As shown in Figure 2, the operating voltages for droplets in a confined and open 

system ranged from 140-260V and 125-220V, respectively, depending on the switching 
frequency of the droplets. This suggests that droplet actuation is facilitated by the absence 
of a confining top plate, possibly due to the reduced drag experienced by the unconfined 
droplet. Electrolysis of the droplets, typically due to improper coverage of the insulator as 
shown in Gong et al. [2], was not observed using LPI soldermask as an insulator up to the 
maximum tested voltage of 350V. However, insulator charging as observed beyond 300V.  

A sequence of time-lapsed images demonstrating droplet transport is shown in Figure 
3. Mixing is also shown, where the mixing of two 2.5µl droplets in a confined system was 
completed within 5s and the mixing of two 6µl droplets in an open system required only 
1.8s to complete.  
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ABSTRACT
A nanochannel electroosmotic pump, whose pumping power is maximized, is designed, 

fabricated and tested. Fluid pumping occurs in nanoscale rectangular-shaped multi channels 
which are fabricated on a silicon substrate using standard MEMS technology. Test results 
show that the performance of the nanochannel electroosmotic pump is outstanding in 
comparison with that of microchannel electroosmotic pumps presented before. 
Keywords: electroosmotic pump, optimization, nanochannel 

1. INTRODUCTION 
Since fluid delivery is crucial in the microfluidic systems, many ideas for fluid pumping 

have been proposed, including a microchannel electroosmotic pump. The microchannel 
electroosmotic pump fabricated in CMOS-compatible processes was first presented by 
Chen et al. [1]. For microchannel electroosmotic pumps, electroosmotic flow occurs 
through rectangular-shaped microchannels, so-called pumping channels. In spite of 
continued performance improvements for microchannel electroosmotic pumps, a major 
drawback to these pumps is their low efficiency. Therefore, it is a very significant issue to 
enhance the performance of the electroosmotic pump.  

In this paper, a nanochannel electroosmotic pump, whose mechanical ability of 
generating flow is maximized, is designed, fabricated and tested.  

2. DESIGN 
Pumping power physically 

means a measure of the 
mechanical ability of generating 
flow. Therefore, optimization is 
conducted to maximize pumping 
power. Constraints are as follows: 
The height, length and total width 
including inter-channel walls of 
the pumping channel are set to 
20 m, 100 m and 1mm, 
respectively. DI water is assumed 
to fill the pumping channel 
completely. The applied voltage 
difference across the pumping 
channel is 100V. Under these 
constraints, the effect of the 
pumping channel geometry on the 
pumping power is calculated 
using the analytical model 
presented by the authors [2] as 

[ Optimum Point ] 
Channel Width: 440(nm) 
Pumping Power: 4.5( W) 

Figure 1. Effect of pumping channel geometry on
pumping power. 
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Figure 3 – Top view of an image sequence demonstrating transport (a) and mixing 
(c) for droplets confined by a top plate (600µm), and transport (b) and mixing (d) 
for droplets in an “open” system. Mixing was performed at a switching frequency 
of 8 Hz and completed within 5s for two 2.5µl confined droplets, and within 1.8s 
for two 6µl droplets in an “open” system. Mixing in an “open” system is observed 
to be faster than that studied in a confined system [3]. 

 

4. CONCLUSIONS 
The initial results presented here enable researchers to design digital microfluidics based on 
the widely available PCB process. We have also demonstrated a viable solution for an 
inexpensive and fast turn-around process to fabricate digital microfluidic systems. We have 
successfully demonstrated droplet transport and mixing in both a confined and open system. 
Furthermore, the manipulation of droplets in an open system, unconfined by a top plate, 
makes the droplets easily accessible and allows for a wide range of unique applications. 
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ABSTRACT
A nanochannel electroosmotic pump, whose pumping power is maximized, is designed, 

fabricated and tested. Fluid pumping occurs in nanoscale rectangular-shaped multi channels 
which are fabricated on a silicon substrate using standard MEMS technology. Test results 
show that the performance of the nanochannel electroosmotic pump is outstanding in 
comparison with that of microchannel electroosmotic pumps presented before. 
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1. INTRODUCTION 
Since fluid delivery is crucial in the microfluidic systems, many ideas for fluid pumping 

have been proposed, including a microchannel electroosmotic pump. The microchannel 
electroosmotic pump fabricated in CMOS-compatible processes was first presented by 
Chen et al. [1]. For microchannel electroosmotic pumps, electroosmotic flow occurs 
through rectangular-shaped microchannels, so-called pumping channels. In spite of 
continued performance improvements for microchannel electroosmotic pumps, a major 
drawback to these pumps is their low efficiency. Therefore, it is a very significant issue to 
enhance the performance of the electroosmotic pump.  

In this paper, a nanochannel electroosmotic pump, whose mechanical ability of 
generating flow is maximized, is designed, fabricated and tested.  

2. DESIGN 
Pumping power physically 

means a measure of the 
mechanical ability of generating 
flow. Therefore, optimization is 
conducted to maximize pumping 
power. Constraints are as follows: 
The height, length and total width 
including inter-channel walls of 
the pumping channel are set to 
20 m, 100 m and 1mm, 
respectively. DI water is assumed 
to fill the pumping channel 
completely. The applied voltage 
difference across the pumping 
channel is 100V. Under these 
constraints, the effect of the 
pumping channel geometry on the 
pumping power is calculated 
using the analytical model 
presented by the authors [2] as 

[ Optimum Point ] 
Channel Width: 440(nm) 
Pumping Power: 4.5( W) 

Figure 1. Effect of pumping channel geometry on
pumping power. 
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shown in Fig.1. This figure demonstrates that there is an optimum geometry for which the 
pumping power is maximized. The optimum width of the pumping channel is determined to 
be 440nm. 

3. EXPERIMENTAL WORK 
The nanochannel 

electroosmotic pump 
employing the optimum 
geometry is fabricated as 
shown in Fig.2. Nanoscale 
channels for electroosmotic 
pumping are fabricated on a 
silicon wafer. Initially, 100 
channels with width of 2 m
are etched by deep reactive 
ion etching. And then, the 
channel width is reduced to 
the optimum value by 
thermal oxidation. Inlet and 
outlet ports are then etched 
from the backside of the 
wafer. Platinum electrodes 
are deposited on a glass 
cover. Then, the glass cover 
is attached to the silicon 
wafer by thermocompressive 
bonding. The wafer is then 
diced into individual pumps, 
and the whole size is 
30mm(length) 15mm(width
) 1.3mm(thickness).  

The nanochannel 
elctroosmotic pump is tested 
in the experimental setup 
shown in Fig.3. Initially, the 
pump is filled with DI water 
by a syringe pump. To make 
the process easier, hot water 
over 80 C is infused. 
Conventional electroosmotic 
pumps generate gas bubbles 
at the electrodes and the gas bubbles cause degradation of electroosmotic pumps. To 
prevent bubble formation, a periodic, zero net charge current is applied as Mutlu et al. [3]. 
Fig.4 shows the net motion of DI water due to electroosmosis when the net voltage of 0.8V 
is applied. Test results are summarized in Table 1. The efficiency reaches 5.18% which is 
about ten times as large as that of the microchannel electroosmotic pump presented by Chen 
et al. [1]. Besides the efficiency, normalized maximum flow rate, maximum pressure and 

Figure 2. Fabricated nanochannel electroosmotic pump.
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Figure 3. Experimental setup. 
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pumping power of the nanochannel 
electroosmotic pump are superior to them of 
microchannel electroosmotic pumps 
presented before [1, 4]. 

4. CONCLUSIONS 
The nanochannel electroosmotic pump 

has been developed in this study. The 
pumping channel geometry is optimized to 
maximize pumping power. The designed 
pump is fabricated on a silicon substrate 
using standard MEMS technology. Test 
results show that the efficiency of the 
nanochannel electroosmotic pump reaches 
5.18% which is more than ten times as large 
as that of microchannel electroosmotic 
pumps presented before. 
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 Normalized 
Maximum Flow 

rate  
(ml/min/m/V) 

Normalized 
Maximum 
Pressure
(atm/V) 

Normalized 
Pumping Power

( W/m/V2)

Efficiency 
(%)

Chen et al.[1] 4.38 0.00033 2.39 0.49
(DI Water) 

Laser et al.[4] 5.5 0.00025 2.28 

0.05
(0.2mM 
Borate 
Buffer) 

Present Study 14.1 0.066 1550 5.18
(DI Water) 

(b)
Figure 4. Net motion of DI water in

nanochannel electroosmotic
pump: (a) initial; (b) after
5minutes.

(a)

Table 1. Performance of electroosmotic pumps. 
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Abstract
Microvalves are a key technology for the downsizing of analysis systems. We have 

already developed micro optical switching valves (MOS/V) using photo-induced
reversible wettability conversion.  The switching of flows using this MOS/V depends 
upon a difference in surface tension between both of the inner walls of a branched 
microchannel. Specifically, a new-found phenomenon in PDMS that causes the release 
of hydrophobic prepolymers by UV-irradiation was utilized to convert the surface
wettability from the hydrophilic to the hydrophobic state following the absorption of the 
prepolymers. In the present research, simultaneous control of MOS/Vs was examined 
on a 256-MOS/V integrated disk by using the photo-desorption of PDMS. This type of 
MOS/V could be useful for a wide range of applications in highly integrated micro/nano 
fluidics.

Key words: microvalve, photo-desorption, super-hydrophilic

Introduction
As attempts are made to downsize total analysis systems, the miniaturization of 

biological and chemical process has already been demonstrated by many researchers in 
fields such as  DNA analysis, immunoassay and solvent extraction [1-3].  Flow control in
microfluidics has mainly  been based on electric osmotic flow using high voltage supplies, 
syringe pumps, and pneumatic valves.  In general, these methods require the connection 
of several tubes and/or electrodes in order to control the flow.  Therefore, the
miniaturization of total analysis systems and the integration of microfluidic devices have
been limited by the large size of such peripheral apparatus. Thus, miniaturized pump s
and valves that can be applied to microfluidic systems are urgently needed in order to 
realize portable and multifunctional systems.

Centrifugal forces have often been exploited instead of conventional pumps as a 
convenient method of causing microfluids to flow [4]. Centrifugal force can be used to
generate “artificial gravity”, and can simultaneously act on a large number of microfluids 
on a rotating device in parallel without direct contact. Flow control on such rotary 
devices has usually involved the use of capillary -burst valves, which contain hydrophobic 
junctions that can stop a flow until a specific angular speed is reached. Because the
capillary-burst valve is a passive valve that requires no moving parts, it could be defined
by the angular speed of rotation, the fluid density, the surface tension, and the geometry 
and location of the channels and reservoirs.

In the present research, we have developed a novel micro valve featuring active control
based on changes in surface wettability induced by photo-irradiation.  It is well known 
that super-hydrophilicity can be induced on a TiO2 surface by UV irradiation. However,
the wettability state can rarely be re-converted because of a lack of conventional methods 
for changing the surface from the super-hydrophilic state back to the hydrophobic state.
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Figure 1. Microchannel pattern on the 
256-MOS/Vs integrated disk. The size 
is 4 inches in diameter.   64 inlets were 
positioned near the center of the disk so
that the solutions could flow by
centrifugal force. Each inlet can connect 
with five of the 64 outlets through four 
MOS/Vs, which are located at the
branch-points.

Optical fiber

X-Y-Z-θ stage

256-MOS/Vs
integrated disk

Figure 2. Image of the 256-MOS/Vs
Integrated disk irradiated with a He-Cd
laser to switch the flow direction at
MOS/V.

We have discovered a unique method for converting surface wettability back to the
hydrophobic state by the photo-desorption of PDMS prepolymers [5]. Here, we show 
how MOS/Vs can allow precise control of microfluid flow based on photo-induced
wettability conversion.
Design and fabrication of MOS/V

A 256-MOS/Vs disk was designed and
assembled to demonstrate the optical
switching of wettability, as shown in Figure 1. 
The device consists of a TiO2-coated quartz 
wafer and a hexagonal-patterned
microchannel. The microchannel was made 
of PDMS and baked at 150ºC overnight.
The surface wettability of the PDMS was 
regulated to approximately 90 degrees using
an O2 plasma and heat treatment. The
microchannel was 400 µm wide and 32 µm 
deep. A TiO2 coated quartz wafer was used 
to cover the PDMS microchannel such that 
the microchannel was facing the TiO2
surface.  Each branch-point in the
microchannel could work as an MOS/V that 
could be controlled by using UV light.

Fluid Switching on the 256-MOS/Vs
integrated disk

In order to open the MOS/Vs, a He-Cd
laser was used to irradiate the
microchannels adjacent to the branch-points
for 1 min. It was confirmed that PDMS 
prepolymers that remained in the polymer
matrix were desorbed from the matrix under
UV laser irradiation and were adsorbed
onto the neighbouring TiO2 surface.
Although the TiO2 surface became
hydrophobic due to absorption of the
hydrophobic pre-polymers, the area
immediately under the laser spot changed to 
super-hydrophilic due to photocatalysis of 
the absorbed prepolymers. While the
solution could be driven through the
microchannel facing the super-hydrophilic
surface on the TiO2, i.e. the “valve-open”
state, only the MOS/V facing the
hydrophobic surface could act as a “closed 
valve”. Figure 2 shows a photograph of the disk during photo-irradiation. In order to 
examine the switching of the solution, 1 µl of red ink was injected into the inlet and then 
moved by centrifugal force at 1000 rpm. The flow was continuously observed using a 
stroboscope combined with a microscope.  The inlet where the solution was injected was 
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AN improved design for acoustic particle separation in multichannel chips is presented
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connected to five outlets through four MOS/Vs, as shown in Figure 1. All of the 
MOS/Vs that were switched by UV-irradiation were marked prior to rotation, and it was 
observed that the solution only flowed into outlets where the microchannel faced a 
super-hydrophilic surface (Figure. 3).

Figure 3. Expanded view of the disk under a stroboscope during switching of the flow 
by four MOS/Vs. Red ink was flowed into the objective side (marked with a short line) 
at each MOS/V.

Conclusions
We have demonstrated simultaneous flow control using centrifugal force and a set of

MOS/Vs integrated onto  a disk. A UV laser was used to locally convert the TiO2
surface to the super-hydrophilic state, and photo-desorption of hydrophobic prepolymers 
in PDMS was used to simultaneously change the neighbouring TiO2 surface to the
hydrophobic state.  It is  expected that this  MOS/V technology could be used to realize 
the integration of microfluidic devices and real µTAS.
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ABSTRACT 

AN improved design for acoustic particle separation in multichannel chips is presented. By 

wavelength matching of the microfluidic channel widths and the width of the interlacing 

bulk silicon, a well tuned resonating multilayer system can be accomplished. The 

acoustically tuned microchip offers considerable improvements in regards to particle 

focusing performance, i.e. separation efficiency, at fixed ultrasonic input power. 

Keywords: Acoustic particle separation, microfluidics, particles, separation 

INTRODUCTION 

As previously presented, particles can be concentrated and separated in a single 

microfabricated silicon channel [1, 2] by inducing an acoustic standing wave between the 

perfect vertical walls in a wet etched silicon channel. Suspended polyamide particles 

flowing through the channel will experience an acoustic radiation force orthogonal to the 

direction of flow, in plane with the chip. The suspended particles will move toward either 

the node or the anti-node of the standing wave depending on their physical properties 

relative to the surrounding medium, i.e. the acoustic contrast factor. By applying a standing 

wave of half a wavelength, it is possible to move all particles to a single band in the middle 

of the channel or to the channel side walls, see channel cross-section, Fig 1. If the channel 

ends in a three-way junction, the particles that are displaced towards the antinodes will exit 

to the sides because of the laminar flow in the micro channel, while the particles located in 

the centre will exit through the middle outlet. Because the piezoceramic transducer is 

placed underneath the channel, it is possible to use the same piezo element to actuate 

several parallel channels. The employed ultrasound is tuned to match the channel width, 

which corresponds to a half wavelength in the fluid media. As presented in [3], a separation 

chip containing eight parallel channels, Fig 2, which have a single inlet and two outlets is 

used in the study. 

Figure 1. Principle of acoustic particle focusing in the standing wave generated across the 

flow channel. Particles with opposite sign of the acoustic contrast factor will move towards 

the pressure node and anti-node respectively. 
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Figure 2. Top view of an eight channel separation chip. Outlets for particles focused in the 

channel centre to the far left (A) and multiple outlets for waste fluids in a row (B) at the 

beginning of the outlet bifurcation tree. Inlet hole to the right (C). 

In order to utilize the most of the acoustic energy delivered to the microsystem, the channel 

width and also the bulk material between the channels must be acoustically matched such 

that both elements display a resonance at the same frequency. The channel width and the 

width of the interlacing silicon walls in the parallel structure must be dimensioned width 

respect to the velocity of sound in the different materials. In order to match the resonance 

conditions set to obtain a pressure node in the centre of the microfluidic channel, i.e. a λ/2 

criterion, the channel wall thickness also has to comply with an n*λ/2 criterion., as 

illustrated in Fig 3. 

Figure 3. Acoustically matched channel width and interlacing silicon wall width with 

respect to a λ/2 resonance criterion. 

EXPERIMENTAL 

Multi channel separators were fabricated according to earlier reported protocols [2] and 

chips with an interlacing wall thickness of λ/2, λ/4 and λ/8 were investigated, which 

corresponds to wall thicknesses of 2mm, 1mm and 0.5mm in silicon when operating the 

piezo ceramic element at 2 MHz, Fig 4. The λ/2 width in aqueous solution at 2 MHz 

corresponds to 350 µm. The channel depth was 130 um.  

Figure 4. Schematic cross-sections of the λ/2, λ/4 and λ/8 silicon separation chips.
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RESULTS & DISCUSSION 

The chips were actuated acoustically at a constant power input of 0.4 W and at a frequency 

of 2.043 MHz using a suspension of 2% particle concentration. The separation results 

indicate a decrease in separation performance with reduced channel width below λ/2,

ranging from 97%, 92% to 88%, when moving from λ/2 over λ/4 to λ/8. This suggests that 

an interlacing bulk dimension of λ/2 results in improved separation efficiency at equal 

power input and provides a more well tuned separation system. Less well matched channel 

arrays can yet provide high separation efficiencies of 95% or higher if the power input is 

raised. The drawback is then commonly found as an increased system temperature. 

A further improvement of the acoustic separation system can be anticipated as the thickness 

of the silicon and the bonded glass layer is correspondingly matched to a resonance 

condition equal to the channel and interlacing wall width.  

Figure 5 shows video micrographs of the λ/2 and λ/8 wall width chip in operation. The 

improved acoustic focusing is clearly seen in (A - λ/2) as a sharper trace of particles in the 

bifurcation structures. 

A separation system that is properly acoustically matched enables a decrease in actuation 

power and still receiving a very good separation ratio. Lower actuation power is always 

desirable since the excess energy, not directed into the separation channel, is converted into 

heat, which is not desirable when e.g. handling living cells.  

Figure 5. The λ/2 separator chip (A) gave a 97% separation of the polyamide beads and the 

λ/8 separator chip (B) gave an 88% separation. The pictures shows how more concentrated 

particles escapes out through waste outlets in the λ/8 model than in the λ/2.
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ABSTRACT
This paper reports a method for the local control of the environment of a microfluidic
network (MFN) and the control of the flow rates of liquids inside the MFN. The MFN
comprises independent capillary systems with a filling zone (FZ), a reaction zone (RZ) and
a pumping zone (PZ). We show that in the FZ evaporation can be efficiently reduced and
that in the RZ and PZ flow rates < 10 pL s-1 can be programmed by thermally connecting
these chip regions to external Peltier elements. This method should be beneficial for assays
in which sample is scarce and that require a high sensitivity and consequently a long
incubation time.

Keywords: Evaporation, flow control, microfluidic

1. INTRODUCTION
Microfluidic systems are increasingly being used to miniaturize (bio)chemical reactions
because they can speed up reactions, preserve expensive reagents and samples, and effect
numerous reactions in parallel. These systems employ a variety of methods to move liquids
inside their microstructures. Liquids move inside capillary systems via capillary forces,
which are encoded by the geometry and wetting of the flow paths [1]. Therefore, capillary
systems can be arrayed to form MFNs that are versatile, flexible and simple to use. MFNs
have a FZ, microchannels serving as RZ, and a PZ. Such MFNs have been used to detect
analytes from microliter volumes of solutions, with high-sensitivity, in a combinatorial
manner, and within only minutes [2]. Assays with limited sample volumes and requiring
long incubation times are particularly sensitive to flow-rate conditions and uncontrolled
evaporation [3]. Here, we combine MFNs with a temperature-adjustable chip receiver used
for localized heating to control evaporation in the PZ and the flow rate in the RZ [4] as well
as for localized cooling to prevent undesired evaporation of liquid from the FZ.

Fig. 1 shows how to control the local environment of a MFN using the chip receiver: a
master module monitors the ambient temperature and humidity, and calculates the dew
point. It also provides a user interface and programs the slave modules to set the desired
local temperature relative to the dew point. Each zone of the MFN has its slave module,
which drives a Peltier element and receives feedback from a temperature sensor. Peltier 1
is operated to keep the temperature in the FZ close to the dew point to prevent evaporation
and unpredictable variation in the concentration of the sample. Peltier 2 can be used to
define the optimum assay temperature in the RZ if necessary, and Peltier 3 controls the
flow rate in the capillary systems, once they have been prefilled, by evaporating liquid
from the PZ.
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Figure 1. Setup for controlling the evaporation of liquid in the FZ and PZ, and the flow rate
in the RZ of a MFN. (A) A chip receiver with Peltier elements selectively cools or heats the
zones of a MFN to prevent undesired evaporation of liquid in the FZ and to control the
evaporation of liquid from the PZ so as to set the flow rate of liquid in the chip. The Peltiers
are driven by controller units (slaves), which receive the temperature target values from a
master circuit acting as user interface and monitoring the ambient conditions. (B) The
setup is flexible and can accommodate chips of various sizes. (C) Functional structure of a
slave used to track a selected temperature.

2. RESULTS AND DISCUSSION
Cooling a surface in air can lead to
water condensation from air, depen-
ding on the relative humidity of air
and the cooling temperature. A Peltier
can therefore be used to cool the FZ
of a MFN at a temperature �T just
above the dew point to prevent a net
loss of liquid from the FZ due to
evaporation, Fig. 2. Tracking the
temperature of the FZ at 2 K below
dew point preserves 90% of a 0.6 µL
droplet of water for 60 min, whereas
the droplet evaporates within 10 min
when the FZ is at room temperature.
For this relatively low cooling tempe-
rature, some droplets will condensate
around the FZ but do not come into
contact with the sample within 60
min and therefore do not dilute the
solution present in the FZ.

Prefilling of the capillary system is
obtained by adding a liquid to a FZ,
from where it first flows to a
connected microchannel (serving as the RZ for a surface immunoassay), and then to a PZ
because of capillary forces. The flow of liquid through each capillary system stops as soon
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room temperature ~24°C. The inset shows a
droplet in the filling zone of a chip, micro-
fabricated in silicon and coated with Au. The chip
surface carries a hydrophobic HDT-layer on Au,
which prevents spreading of the droplet outside
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as the PZ is full. Heating the PZ can then be used to regulate flow, Figure 3. Very low
continuous flow rates of ~10 nL s-1 can be achieved with this method. The flow rate is
proportional to the area of the air-liquid interface in the EZ, which was ~1 mm2 for our
experiments. This area can easily be modified, using a sealing elastomer or when designing
the PZ, to further increase or decrease the flow rates by means of controlled evaporation.

3. CONCLUSION
The method presented enables the use of MFNs to miniaturize assays even without an
environmental chamber with controlled humidity and temperature, as would normally be
required to handle microliter volumes of liquids. Instead, evaporation is locally controlled,
prevented where it is undesirable, and dynamically adjusted to displace liquids inside
capillary microfluidic structures at ultra low flow rates. We therefore expect this approach
to provide optimal flow conditions and incubation times for reactions and assays performed
using MFNs.
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ABSTRACT
Induced-charge electro-osmosis (ICEO)  driven flows rely on the induction of charge 

clouds which are subjected to electro-osmotic forces. The interplay between ICEO effects 
and micro fluidics holds a huge variety of intriguing phenomena. We discuss appropriate 
multi-physics simulation approaches  based on the separation of the physical time scales. 
Furthermore we present three possible applications of ICEO flows having different 
complexity: flow manipulation due to electrode screening, the generation of vortex flows 
and actuation by means of ICEO flows. The proposed applications are validated by 
numerical simulations which form the basis for future studies dedicated to optimizations 
and experiments.    

Keywords: Charge Induction, Electrokinetics, Micro Mixing, Simulation 

1. INTRODUCTION
Since the generated pressure of electro-osmotic flows (EOF) increases with decreasing 

hydrodynamic diameter, such actuation mechanisms are ideally suited for microfluidic 
applications and are widely discussed in the literature. A particular variant is induced-
charge electro-osmosis (ICEO) which relies on the induction of charge clouds within an 
external electric field experiencing a force by the same field ([1] and references therein). 
The richness of exploiting ICEO in µ-fluidics has only recently been discovered [1,2]. 

An electrical field applied to a for instance solid 
conductor surrounded by an electrolyte causes an 
accumulation of charges at the liquid/solid interface 
leading to a dipolar charge distribution (cf. Fig. 1). The 
corresponding zeta potential i causes opposing slip 
velocity at both sides according to their polarization. In 
the present study innovative approaches of utilizing 
ICEO are presented. After, introduction of the 
simulation approach based on the separation of time 
scales, we discus a first micro mixing concept utilizing 
the passivation (screening) of constant-charge 
electrodes. Next, we discuss the induction of vortices by 
means of ICEO driven flows and finally we analyze to 
which extent corresponding set-ups may by adopted as 
micro actuators.                 

2. THEORY & SIMULATION
ICEO flows are basically governed by two distinct time scales. One is the characteristic 

charging time needed for formation of induced-charged screening clouds. The other is the 

Figure 1. Schematic of superpo-
sition of conventional  EOF and 
ICEO (denoted by small arrows) 
occurring at the screened 
conductor surface.
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fluidics time scale related to momentum diffusion given by Tf = d2/ , where d denotes a 
characteristic length scale such as the hydrodynamic diameter and the kinematic 
viscosity. The charging time which can be interpreted as the characteristic time constant of 
the double-layer capacitor and the bulk resistivity is given by Tc = d D/D, where D denotes 
the Debye screening length and D the electrolyte diffusivity [1]. For small ions and 
aqueous solutions the ratio Tf/Tc is approximately 10-3 d D. Thus for not too small 
characteristic dimensions and sufficiently thin double layers it can be assumed that the 
charge cloud forms instantaneously and corresponding induced-charge boundary conditions 
can be applied for a steady state flow field. As outlined in [1], for small induced -
potentials the local  ICEO slip velocity is given by Helmholtz-Smoluchovski equation  

)( 10||Eus  , (1) 

where the zeta potential is replaced by the difference of the initial electrical potential, i.e.  
prior to the formation of a charge cloud, and the final potential, after screening of the 
induced charges, denoted with subscripts 0 and 1, respectively.  denote the fluid’s 
permittivity, it’s dynamic viscosity and E|| the local tangential electrical field at the 
boundary. The local electrical potentials are numerically evaluated by solving Laplace’s 
equations and Eq. (1) defines the boundary 
condition for the fluid velocity at the conductor 
surface. The velocity field is computed by 
solving the Navier-Stokes and continuity 
equations for incompressible fluids. In the case 
of mixing the velocity field is used as input for 
an additional convection-diffusion equation 
describing the evolution of a tracer species. 
The system of seven coupled equations is 
numerically solved with the help of the FEM 
software package Femlab [3].   

3. APPLICATIONS 
We start with a relatively simple 

electrokinetic mixing approach, just exploiting 
the fact that disconnected electrodes are 
passivated, i.e. screened by a charge cloud. 
Considering a channel geometry with 
intermediate electrodes as shown in Fig. 2a one 
finds two distinct EOF patterns for passivated 
and for contacted (fixed voltages) electrodes. In 
the former case converging/diverging field lines 
are obtained while in the latter case parallel E-
field lines are formed for appropriate chosen 
voltages U1, U2 (cf. Fig. 2 b,c). Mixing 
promoting convection is induced for a 
periodically change from passivated to fixed-
voltage electrodes (see Fig. 2d,e).  

Figure 2. a: Sketch of a serpentine channel 
with intermediate electrodes (vertical dahed 
lines, to be contacted to voltages U1, U2); 
b,(c): E-field lines and EOF velocity 
distribution (grey scale) in a channel 
segment for screened (contacted) electrodes. 
For simplicity the electrodes were placed 
right on the vertical channel walls and are 
not shown in the figure; d,e: concentration 
of a tracer species with a diffusivity of 10-9

m2/s. The applied EOF is from left to right.  

U1 U2

- +
a

b

c

d

e



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

583

Next, we investigate the circular bypass 
geometry shown in Fig. 3. The bottom face 
comprises two conducting segments, which are 
mutually contacted but  must not be electrically 
contacted to the exterior for the induced -
potential to develop. Since ICEO effects 
depend on the squared external potential the 
corresponding flow stays unchanged if the 
voltage is reversed. For the steady state 
simulations we assume Tc << -1 << Tf for the 
applied AC frequency . In that  way a circular 
net motion is induced by periodic switching of 
the external field. Note that a constant -
potential at the walls does not contribute a time 
averaged net motion. The vortex flow field 
could be utilized for fluid transport or micro 
mixing. Moreover, a corresponding torque is 
transferred onto the center post which may be 
employed for ICEO actuation. A simple two-
dimensional geometry is sketched in Fig 4. In 
the limit d<<R the final potential 1 is a linear function of 
the arc length, while 0 is set to zero. Accordingly, the 
rotation of the inner rod is driven by a linearly increasing slip 
velocity at the electrodes. However, a part of the  energy 
input is dissipated in the areas without electrodes. The 
maximum torque max applied to the inner rod is proportional 
to U0

2R/d and decreases linearly with its speed. This is also 
corroborated by our numerical studies from which we determine the proportionality factor 
to be about 0.14 J/V2F.

4. SUMMARY AND OUTLOOK 
Three quite different applications of ICEO in micro fluidics have been presented, flow 

manipulation due to electrode screening, the generation of vortex flows and actuation by 
means of ICEO flows. Here, we have only discussed basic aspects. Further studies and 
optimizations are definitely needed. Experimental validation and fabrication by means of  
SU-8 lift-off structuring onto electrode-equipped Si-wafers is under way.     
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ABSTRACT 
An integrated microfluidic chip was developed to combine on-chip multiple reactions with 
sensitive mass spectrometric analysis. Multiple reactions, using coupled series enzyme 
reactions, were sequentially conducted by nanoliter-metering, merging, transportation and 
dispensing. Sample solution mixture was analyzed by MALDI-TOF mass spectrometer.

Keywords: Mass spectrometry, multiple reactions, microfluidic chip 

1. INTRODUCTION 
Interfacing microfluidic chips with external sensitive analytical instruments has been 

applied to most lab-on-a-chip application for parallel and multiple analyses since sensitive 
on-chip detection still remains challenge in analyzing extremely small volume and low 
concentration [1]. Mass spectrometry (MS) has become one of the most commonly used 
analysis methods for biomolecules due to its inherent simplicity, low sample consumption 
and high sensitivity [2]. In this study, we introduce an integrated microfluidic to combine 
on-chip multiple reactions with sensitive mass spectrometric analysis. Sequential fluidic 
manipulation techniques were developed to perform sample preparation for a matrix 
assisted laser desorption ionization (MALDI) time-of-flight (TOF) MS analysis. Finally, 
on-chip multiple reactions were demonstrated by using the coupled series enzyme reactions. 

2. EXPERIMENTAL 
Various fluidic components were integrated to conduct several fluidic manipulations 

controlled by hydrophobic valves and surface wettability [3]. Metering device and a 
reaction chamber were coupled as a single fluidic module and five such modules were 
arranged in a line as shown in Figure 1 (a). The metering device can measure volume up to 
50 nl. The reaction chamber of each fluidic module includes the vertical serpentine mixer to 
enhance mixing efficiency of the moving droplet to the next reaction chamber. At the end 
of fluidic module ( ), there is a final reaction chamber 6 attached with the planar 
serpentine mixer. To dispense a final product on a MALDI-TOF MS analysis plate, nozzle 
arrays were formed at the end of the planar serpentine mixer. Fluid motion was monitored 
with a CCD-camera-linked optical microscope. To fabricate the microfluidic chip, we used 
micro replica molding, silicon anisotropic etching, lift-off process and metal patterning. 
Figure 1 (b) shows the completed microchip (24.8  40.78 mm2). Mass analysis was 
performed by MALDI-TOF mass spectrometer (Biflex IV, Bruker Germany).  
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Figure 1 (a) a schematic illustration of the fabricated microfluidic chip and  (b) its picture. 

3. RESULTS AND DISCUSSION 
Figure 2 demonstrates the complete sequence of microfluidic manipulations using 

diluted ink solutions. After loading the first sample (red ink) in the sample loading line 
(Figure 1(a)), 50 nl of the first sample was metered in the first fluidic module ( ), then the 
metered droplet was transported to chamber 1 (Figure 2(b)). The droplet captured in 
chamber 1 was transported to chamber 2 (Figure 2(c)). The metering process was carried 
out again to obtain 50 nl droplet of the second sample (blue ink) using fluidic module ( ), 
this droplet was merged with the first droplet (Figure 2(d)). These metering and merging 
processes were repeated in all remaining fluidic modules to obtain the final single droplet in 
chamber 6. The final merged droplet was taken through the serpentine mixer to the nozzle 
array (Figure 2(e) and (f)) for dispensing it on the MALDI-TOF MS plate (Figure 2(g)). 

Figure 2 Fluidic manipulations in the microfluidic chip for the multiple reactions (arrow: 
external air pressure direction). 

On-chip multiple reactions were demonstrated by using coupled series enzyme reactions 
producing an aliphatic (s)-amino acid and a (R)-amine [4]. Solutions for the couple enzyme 
series reaction were a mixture of 5 mM aspartate (Asp) and 5 mM -ketoglutarate, 5 
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unit/ml aspartate-aminotransferase (Asp-AT), 1 mM methylbenzylamine (MBA), 3.75 
unit/ml -aminotransferase ( -AT) and 5 mM phenylenediamine. These solutions were 
reacted sequentially with the fluidic modules , , and  using the fluidic 
manipulations shown in Figure 2. Finally, a mixture droplet was analyzed by MALDI-TOF 
MS after dispensing on the MALDI-TOF MS plate. MADLI-TOF MS spectrum verified 
that the series reaction was successfully performed on the microfluidic chip (Figure 3). 
MALDI-MS spectrum clearly identified reaction products: glutamate (Glu), alanine (Ala), 
and quinoxalinols (Pyr-Q and KG-Q) from modification of ketoacid. 

Figure 3 MALDI-TOF MS spectrum of the reaction products resulted from the coupled 
series enzyme reactions. 

4. CONCLUSIONS 
Sensitive MALDI-TOF MS analysis was successfully combined with the on-chip multiple 
reactions in the developed microfluidic chip. The metering device, reaction chamber, 
serpentine mixer and dispensing nozzle array were compactly integrated on a single chip to 
conduct various fluidic manipulations for sample preparation of MALDI-TOF MS analysis. 
MADLI-TOF MS spectrum could detect clear characteristic peaks of the on-chip reaction 
products of the coupled series enzyme reactions, thereby it can be concluded that the on-
chip multiple reactions were efficiently performed by using the integrated microfluidic chip.   
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ABSTRACT 

 This paper presents a completely new kind of actuation mechanism for micropump that 
does not use any conventional power source. It uses the power generated by self-organized 
cardiomyocytes on a thin membrane. The thin membrane was vertically actuated by about 8 
µm as the cardiomyocytes spontaneously pulsated at frequencies between 0.2 ~ 0.4 Hz. Our 
method enables massive and parallel fabrication process and does not cause any invasive 
effect on the viability of cells.   
Keywords: Cardiomyocyte, Hybrid system, Micropump 

1. INTRODUCTION

 Conventional micropumps use electrostatic, electromagnetic, pneumatic, piezoelectric, or 
thermal forces which require external power sources. They are broadly used in many 
BioMEMS applications but have some practical limits. One of key challenges in lab-on-a-
chip application is the design of an efficient liquid pump that does not expose analytes to 
high electrical charges or overheating [1]. This paper introduces a micropumping actuation 
method that does not need any external power source that causes the aforementioned 
problems. The actuator is actuated by cardiomyocyte cells seeded and cultured on a flexible 
and biocompatible thin membrane. Unlike conventional systems, the presented micropump 
directly uses glucose (thus converted into ATP) in physiological fluids as an energy source 
to produce a mechanical energy from a chemical one. It also has unique features such as 
high-order organization at the molecular level and high power density. The actuation of the 
micropump can be controlled by electrical or chemical stimulus (Ca++ release) [2]. 
Significant progress of hybrid system and a miniaturized microactutor using cardiomyocyte 
has been recently reported [3], but there is a huge challenge in implementing the principle 
for practical systems such as a micropump.  
 A micropump using a sheet of cardiomyocyte cultured on NIPAAM (poly-N-
Isopropylacrylamide) has been presented [4]. However, it was hard to detach the 
cardiomyocyte sheet and transfer to a soft material. The transfer process poses challenges 
such as the difficulty in massive and parallel fabrication and can induce an adverse effect on 
the viability of cells. In our work, a microactuator for micropumping was constructed with 
self organized cardiomyocytes directly seeded on a thin membrane. The use of self-
organized cardiomyocyte enabled a bio-microactuated system without the inefficient 
dissection and manual attachment of muscle tissue. 

2. FABRICATION PROCESS 

 Figure 1 shows a schematic diagram for the micropump using thin hybrid polymer 
membrane. The top structure is PDMS microchannel for nozzle/diffuser type micropumping. 
The bottom structure which has thin membrane was fabricated according to the process in 
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IMECE04 [5]. The two structures were assembled and permanently bonded by oxygen 
plasma treatment (200mTorr, 40W). The fabrication results are illustrated in Figure 2.  
Preparation of SAMs and Fibronectin 
 11-mercapto-1-undecansol (HS-(CH2)11-OH) was purchased from Aldrich and used as 
received. The fabricated device was immersed in ethanolic alkanethiol solution (1mM in 
absolute ethanol), and SAMs were assembled on the gold surface for 12h. Before cell 
seeding, the SAMs were rinsed in ethanol, dried with N2. The surface was then coated with 
0.5% of fibronectin and 0.02% of gelatin  mixture. 
Cell culture  
 A heart was aseptically isolated from a neonate Sprague-Dawley rat at day 1 and briefly 
washed with Hank’s balanced salt solution (HBSS, Gibco Invitrogen Co., Grand Island, NY, 
USA). After the removal of ventricles, the remaining tissues were minced and incubated in 
0.3 mg/ml collagenase solution containing 0.6mg/ml pancretin (Sigma). Isolated 
cardiomyocytes were directly seeded on the hybrid polymer membrane at a cell density of 
5× 103 cells/mm2 and cultured in Dulbecco’s modified Eagles’ medium (DMEM, Gibco 
Invitrogen) containing 10% fetal bovine serum (Sigma), 50 µg/ml streptomycin and 50 
µg/ml penicillin (Gibco Invitrogen) at 37°C in 5% CO2 in air.  

3. RESULTS AND DISCUSSION 
 As the cells pulsate, the membrane was actuated vertically. The motion of the membrane 
was measured by a laser vibrometer from Polytec and data was acquired through a 12-bit 
analog digital (AD) converter to the main computer. Figure 3 summarizes the experimental 
results of actuation. The amplitude of actuation was about 8 µm, with the larger membrane 
moving slightly longer than the smaller one. Surprisingly, the actuation frequency, varied 
from 0.2 to 0.4 Hz, depends on the area of the membrane. Also, an ESEM study revealed a 
new feature such as the difference in the morphologies of self-organized cardiomyocytes 
grown on membranes with different sizes (Figure 4). Therefore, the actuation of the 
presented micropump may be controlled not only by chemical or electrical stimulus but also 
by adjusting the area of membrane where cardiomyocytes are assembled. 

4. CONCLUSIONS 

 We presented new type of micropump which is drived by the power of cardiomyocte 
successfully. The micropump was realized with microfabrication technique and evaluated its 
performance by real time measurement of the motion using the laser vibrometer. We found 
that cell morphologies with different membrane area are very different based on an ESEM 
study and the actuation frequency can be controlled by area of thin hybrid biopolymer 
membrane.
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Figure 1. Schematic diagram of a micropump 
using thin hybrid biopolymer membrane. 

  
(a)                                       (b) 

(c)                                      (d)  
Figure 2.  Fabrication results of the hybrid 
micropump: (a) Top view of the micropump. 
(b) Enlarged top view of the micropump. (c) 
Bottom view of the micropump. (d) Enlarged 
bottom view of the micropump. 

Figure 3. Membrane actuation results 

(a)                                        (b)   

(c)                                        (d) 
Figure 4. ESEM images of the hybrid 
micropump after cell seeding: (a) Bottom view 
of the micropump in large membrane area. (b) 
Enlarged bottom view of the micropump in 
large membrane area. (c) Bottom view of the 
micropump in small membrane area. (d) 
Enlarged bottom view of the micropump in 
small membrane area. 
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ABSTRACT 
We propose an all-polymer active micropump driven by light. The micropump consist of two 

lobed rotors that are remotely driven by a synchronized laser-scanning manipulation technique. 
Both the rotors and the microchannel are fabricated by using two-photon 
microstereolithography. The clearance between two rotors was optimized so that the rotors are 
tightly engaged. In addition, we fabricated a prototype of the lobed micropump that has two 
lobed rotors inside a microchannel. The lobed rotors were successfully driven by a synchronized 
laser-scanning method. Such optically driven micropumps will be applicable to disposable 
biochips for chemical and biological applications. 
Keywords: Micropump, Optical trapping, Two-photon microstereolithography 

1. INTRODUCTION 
Recently several types of active micropumps such as piezoelectric types and electrostatic 

types have been developed. However, since these micropumps need expensive actuators and 
electrical circuits, they aren’t suitable for disposable usage. Although some kinds of disposable 
micropumps were reported, their abilities of fluidic control are insufficient for active biochips. 
In this paper, we propose an all-polymer active micropump that can be widely used for 
disposable biochips. The micropump is remotely driven by a laser-scanning manipulation 
technique. The micropump is fabricated by using two-photon microstereolithography.  
2. FABRICATION OF OPTICALLY DRIVEN MICROPUMPS 

By using the two-photon microstereolithography, freely movable micromechanisms can be 
directly fabricated by scanning a femtosecond pulsed laser beam inside a photopolymer. Since 
the movable parts are steadied by the viscous force of photopolymer, no supporting columns 
and layers is required [5]. Tightly engaged micromachines are required for high precision 
micropumps and microvalves.  

To construct interlocking micromachines, we first devised how to draw the movable parts. 
When photopolymer is solidified by irradiation of a laser beam, a pre-solidified part is attracted 
to a solidifying part because of shrinkage in photopolymerization along the trajectory of a laser 
scanning. This phenomena makes individual movable parts put together during laser writing 
process. To overcome the problem, we designed and produced a lobed pump that can be 
fabricated without any sticking. If we fabricate two lobed rotors in parallel with the optimal 
clearance, the rotors don’t stick together. After removing unsolidified photopolymer with a rinse, 
the rotors can be precisely engaged and driven by a laser scanning manipulation technique. 

Fig. 1 (a) shows a schematic diagram of the optically driven micropump with two lobed 
rotors. The lobed rotors are cooperatively driven by a synchronized laser-scanning manipulation 
technique as shown in Fig. 1(b). In this method, a single laser beam without on-off control of 
the laser power can drive two rotors in case the intensity distribution of light on the target 
trajectory is high enough to control the rotors compared to that of other areas. The laser beam 
draws clockwise and counterclockwise circular trajectories by the discrete-time scanning; two 
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rotors can be tightly engaged. The rotation of the two rotors induces flow from left to right as 
shown in Fig. 1 (c). The theoretical flow volume Q is given by the following equation:

23( 3)
2

Q R tN min/   (1) 

where R is radius of the lobed rotor, t is thickness of a lobed rotor, and N is revolution speed.
Fig. 2 shows the dependence of the theoretical flow rate on the revolution speed of rotors. From
this simulation, when the revolution speed is on the order of 10 rpm, the flow rate is expected 10
pl/min or less.

In preliminary experiments, the clearance between the two rotors was optimized. Fig. 3(a)
shows an SEM image of lobed rotors of 10 m in diameter.  Fig. 3(b)-(d) show the optical
microscopic images of pairs of rotors that have different clearance. As a result, we found that
the optimal clearance was 7.5 m for the rotors. Additionally we optimized the optical trapping
position to rotate the rotors efficiently. We measure the rotation speed while changing the radius
of a circular scanning. From the experiments, the optimal radius of the circular scanning was 4

m. Through the optimization of the optical driving conditions, we could demonstrate that the
rotors were cooperatively controlled by the synchronized laser-scanning method as shown in Fig.
4. The rotation speed of the rotors was 12 rpm with laser power of 500 mW.

Finally, we fabricated a prototype of the lobed micropump that has two lobed rotors inside a
microchannel. Fig. 4 shows the optical driving of two lobed rotors inside a linear microchannel.
Both the microchannel and rotors were fabricated by the two-photon microstereolithography.
The lobed rotors were successfully driven by the synchronized laser-scanning method.
Additionally the lobed micropump with an outer frame like a racetrack was developed.
3. CONCLUSIONS

We proposed the all optically controlled micropumps produced by using two-photon
microstereolithography. The flow rate was theoretically estimated at 10 pl/min or less in the 
current system. Such a small flow rate will be useful for microchemical analysis and synthesis
with nanoscale fluidic circuits. In the next phase, the micro flow distribution around the rotors
should be visualized to evaluate the actual flow rate. Such optically controlled biochips,
including micropumps, valves and manipulators [6], will become one of the promising key
devices for disposable functional biochips.

Laser beam

Discharge

Suction

Optical
trapping

(b)

(a) (c)
Fig. 1 Optically driven lobed micropump (a) Basic design (b) Cooperative control of
two rotors by a synchronized laser scanning (c) Operation of the lobed micropump
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ABSTRACT
We report the first fabrication of a solvent-compatible microfluidic device 

based on photocurable liquid fluoropolymers. The materials are highly 
fluorinated functionalized perfluoropolyethers (PFPEs) that have liquidlike 
viscosities that can be cured into tough, highly durable elastomers that 
exhibit the remarkable chemical resistance of fluoropolymers such as 
TeflonTM. Poly(dimethylsiloxane) (PDMS) elastomers have rapidly become 
the material of choice for many recent microfluidic device applications. 
Despite the advantages of PDMS in relation to microfluidics technology, the 
material suffers from a serious drawback in that it swells in most organic 
solvents. The swelling of PDMS-based devices in organic solvents greatly 
disrupts the micrometer-sized features and makes it impossible for fluids to 
flow inside the channels. Our approach to this problem has been to replace 
PDMS with photocurable perfluoropolyethers. Device fabrication and valve 
actuation were accomplished using established procedures for PDMS 
devices. The PFPE-based device exhibited mechanical properties similar to 
those of Sylgard 184 before and after curing as well as remarkable 
resistance to organic solvents. This work has the potential to expand the 
field of microfluidics to many novel applications.

Keywords: Microfluidics, Fluoropolymers, Solvent-Resistance, Poly(dimethyl 
siloxane), Perfluoropolyethers 

1. INTRODUCTION

Poly(dimethylsiloxane) (PDMS) has rapidly become the material of choice for 
many microfluidic device applications.1,2,3,4 PDMS offers numerous attractive properties in 
relation to microfluidics.1,3 Upon cross-linking, it becomes an elastomeric material with a 
lowYoung’s modulus of 750 kPa. This enables it to conform to surfaces and form 
reversible seals. It has a low surface energy around 20 erg/cm2 which usually facilitates 
easy release from molds after patterning. Another important feature of PDMS is its 
outstanding gas permeability. Despite the advantages of PDMS for microfluidics 
technology, this material suffers from a serious drawback in that it swells in most organic 
solvents.4 Whitesides et al. have recently reported in detail on the limited compatibility of 
PDMS-based microfluidic devices with various organic solvents. Among those that greatly 
swell the material are hexanes, ethyl ether, toluene, dichloromethane, acetone, and 
acetonitrile.4 The swelling of PDMS-baseddevices makes it impossible for organic solvents 
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Fig. 5 Optical driving of two lobed rotors
inside a linear microchannel. 

Fig. 6 Prototype of a lobed micropump 

Fig. 3 Optimization of the clearance between two rotors.
(a) SEM image (b) Clearance: 7.0 m  (c) Clearance: 7.5

m  (d) Clearance: 8.0 m

Thickness of 
a rotor

Fig. 2 The dependence of theoretical flow rate on
revolution speed of rotors  
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(b)
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Fig. 4 Optical rotation of two lobed rotors with the optimal clearance (7.5 m) 
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We report the first fabrication of a solvent-compatible microfluidic device 

based on photocurable liquid fluoropolymers. The materials are highly 
fluorinated functionalized perfluoropolyethers (PFPEs) that have liquidlike 
viscosities that can be cured into tough, highly durable elastomers that 
exhibit the remarkable chemical resistance of fluoropolymers such as 
TeflonTM. Poly(dimethylsiloxane) (PDMS) elastomers have rapidly become 
the material of choice for many recent microfluidic device applications. 
Despite the advantages of PDMS in relation to microfluidics technology, the 
material suffers from a serious drawback in that it swells in most organic 
solvents. The swelling of PDMS-based devices in organic solvents greatly 
disrupts the micrometer-sized features and makes it impossible for fluids to 
flow inside the channels. Our approach to this problem has been to replace 
PDMS with photocurable perfluoropolyethers. Device fabrication and valve 
actuation were accomplished using established procedures for PDMS 
devices. The PFPE-based device exhibited mechanical properties similar to 
those of Sylgard 184 before and after curing as well as remarkable 
resistance to organic solvents. This work has the potential to expand the 
field of microfluidics to many novel applications.
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1. INTRODUCTION

Poly(dimethylsiloxane) (PDMS) has rapidly become the material of choice for 
many microfluidic device applications.1,2,3,4 PDMS offers numerous attractive properties in 
relation to microfluidics.1,3 Upon cross-linking, it becomes an elastomeric material with a 
lowYoung’s modulus of 750 kPa. This enables it to conform to surfaces and form 
reversible seals. It has a low surface energy around 20 erg/cm2 which usually facilitates 
easy release from molds after patterning. Another important feature of PDMS is its 
outstanding gas permeability. Despite the advantages of PDMS for microfluidics 
technology, this material suffers from a serious drawback in that it swells in most organic 
solvents.4 Whitesides et al. have recently reported in detail on the limited compatibility of 
PDMS-based microfluidic devices with various organic solvents. Among those that greatly 
swell the material are hexanes, ethyl ether, toluene, dichloromethane, acetone, and 
acetonitrile.4 The swelling of PDMS-baseddevices makes it impossible for organic solvents 
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to flow inside the channels. It has been proposed that those applications requiring the use of 
organic solvents will need to revert back to first generation systems using glass and silicon. 
Thus, an elastomer which exhibits the attractive properties of PDMS along with a 
resistance to swelling in common organic solvents would greatly extend the use of 
microfluidic devices to a wide variety of new chemical applications and other domains yet 
to be explored. Herein, we introduce PFPEs as novel materials which combine the chemical 
and solvent resistance of glass devices with the elastomeric properties and user-friendliness 
of PDMS devices.5

2. RESULTS AND DISCUSSION 

To measure solvent resistance of these novel PFPE elastomers, tests using 
classical swelling measurements were performed on both the cross-linked PFPEand 
Sylgard 184. Sample weight was compared before and after immersion in dichloromethane 
for several hours. The data show that after 94 h the PDMS network had swelled to 109% by 
weight, while the PFPE network showed negligible swelling (<3%) The PDMS and PFPE 
precursor materials and the fully cured networks have similar processing and mechanical 
properties.  

Dynamic mechanical thermal analysis was also performed on the fully cured 
materials. Both the PFPE and PDMS networks exhibited low temperature transitions (-112 
and -128 °C, respectively) as evidenced by maxima in the loss modulus. This transition 
accounts for the similar elastic behavior of the two crosslinked materials at room 
temperature. Stress strain analysis shows that the tensile modulus of the fully cured PFPE-
based elastomer is 3.9 MPa, similar to that measured for fully cured Sylgard 184 (2.4 MPa).  

Fabrication of devices containing pneumatic valves was accomplished according 
to known procedures.2 The PFPE material was easily spin-coated and molded using 
procedures designed for Sylgard 184. To compare the solvent compatibility of devices 
made from the two materials, a dyed solution containing dichloromethane, acetonitrile, and 
methanol was introduced into both a PFPE and a PDMS channel by capillary action. The 
PFPE channels showed no evidence of swelling as the solution traveled easily through the 
channel. In contrast, no solution entered the PDMS device because the channel was 
plugged shut when it made contact with the droplet. As a control, a dyed methanol solution 
was easily introduced in the PDMS channel in the same manner. Actuation of pneumatic 
valves was accomplished by introducing pressurized air to small holes that were punched 
through the thick layer at the beginning of the channels. When the solution was present in 
the channel, valve actuation was easily observed (Figure 1). This is the first example, to the 
best of our knowledge, of such valves in a solvent-resistant material. 
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Figure 1. (A) Top-down view of channels containing no solvent. The channels on the thin
layer (fluid) run vertically, while those on the thick layer (air) run horizontally. (B) Thin-
layer channel filled with dyed solution of acetonitrile, dichloromethane, and methanol. (C) 
Valve actuation produced by introducing 25 psi of air into the thick-layer channel. Beneath
each picture, a cartoon representation of the valve is shown. 

3. CONCLUSIONS 

In summary, we present a novel solvent-resistant microfluidic device fabricated
from PFPE-based elastomers. The device showed a remarkable resistance to organic 
solvents and pneumatic valves were fabricated within the chip. This work has the potential
to expand the field of microfluidics to many novel applications in chemistry and biology.
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ABSTRACT 
We present a microfluidic probe (MFP) [1,2] that exploits capillary effects for confining 

and flowing a liquid in a micrometer-sized gap formed between the probe head and a
surface. The probe head is formed of a mesa that is wettable on the top, and non-wettable
on the side walls, and that includes apertures for injecting and aspirating the liquid. The
aligned superposition of surface chemical pattern with topography imparts efficient 
confinement of the liquid between mesa and surface, both with non-wettable and wettable 
surfaces. The MFP further augmented with a capillary system (CS), which offers flow 
control: the flow automatically starts when the MFP is brought in proximity of the substrate 
and the flow automatically stops when the MFP is retracted. Using such an MFP, lines have
been drawn on surfaces by scanning across them, and disconnected spots have been 
patterned at arbitrary location on a surface in parallel by approaching and retracting an 
array of MFPs.

1. INTRODUCTION
The confinement of a liquid between two surfaces in close proximity, without lateral

walls, has been shown for two surfaces that are non-wettable to the liquid, i.e. hydrophobic 
for the case of water [3,4]. This strategy is prone to failure if, for instance, the surface to be
processed is wettable, i.e. hydrophilic, or if it becomes wettable after treatment, because 
capillary forces will then tend to draw the liquid into the gap. We introduce a concept for 
confining a liquid on both wettable and non-wettable surfaces by (i) exactly superposing the 
wettability pattern with the 3-D topography of an MFP and (ii) by applying a weak negative
pressure to the liquid to amplify the confinement power, Fig. 1. The magnitude of the 
capillary effects scales with the inverse of the typical dimension of the microconduit, and it 
becomes considerable for scales below ~ 200 µm. For small gaps, these capillary effects act
as mobile boundaries that allow moving the MFP across the substrate and that allow 
processing it. The wettability pattern of the MFP is critical and is tailored with micrometer
accuracy by sequentially self-assembling from solution monolayers with hydrophilic (e.g. 
thiolated-polyethylene glycol) and hydrophobic end-groups (e.g. hexadecanethiol). 

2. RESULTS & DISCUSSION
When the MFP is brought within 1 µm of a surface, a capillary bridge spontaneously

forms. The gap can subsequently be increased to the desired value, Fig. 2. For small gaps,
the confined liquid precisely follows the contour of the mesa, but for large gaps, the
capillary forces tend to enforce a circular shape by virtue of minimization of the liquid-air 
interface. 

Active flushing of the surface is desirable to prevent depletion of the reagents and to
ensure a high mass transport within the small gap. We therefore augmented the MFP with a  
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Figure 1. Microfluidic probes with large and structured reservoir for the confinement of liquid on
wettable (hydrophilic) and non-wettable (hydrophobic) surfaces. (a). The superposition of
topography and wettabiliy pattern prevents the liquid from spreading on this hydrophilic substrate. 
(b) Substructuring the reservoirs generates capillary pressure, which generate a slight under-
pressure in the liquid that further helps confining it and reduces the wetted area for an equally-
sized gap. 

microfluidic CS [5] for creating a flow of liquid in the 
gap. In addition, we integrated multiple CSs on a single 
silicon chip, Fig. 3a. The interplay between the capillary 
pressures generated in the loading pad, in the capillary 
pump, and in the gap between MFP and surface controls
the flow from loading pad to capillary pump. Here, the 
CS is designed and programmed so as to automatically
initiate the flow upon approach of the MFP from the 
surface, and automatically interrupt it upon retraction, 
Fig 3b & 3c, while preventing leakage of liquid. The 
microstructures in the loading pad are larger than in the 
capillary pump, Fig 3d, and consequently the capillary 
pressure is weaker in the loading pad than in the capillary 
pump and therefore the liquid flows from the pad to the
pump. The connection between pad and pump is
established when liquid fills the gap between MFP and 
substrate. The capillary pressure in the gap is a function 
of the gap size, which can be adjusted by approaching and retracting the microchip with the
MFPs from a surface, Fig. 3e. When the gap is small, the capillary pressure is strong, and 
therefore the entire gap is filled up to the edge of the mesa. However, when the MFP is
retracted, the gap becomes larger, up to the point where the capillary pressure of the gap
becomes smaller than the one of the capillary pump, at which point the liquid is drained 
into the pump and the gap emptied of liquid. The spontaneous filling and draining of the
gap that is the result of the variation of the capillary forces is key to the automatic flow
control with the MFP. The filling of multiple gaps in parallel is possible by engaging
multiple mesas, Fig. 3f, each with a precisely defined surface chemical pattern Fig 3g, with
a flat surface.  

Figure 2. Micrographs of the 
aqueous capillary bridge formed
between MFP and surface (glass) 
and that varies in size as function 
of the gap.

We illustrate the use of MFP for patterning a hydrophilic glass substrate with TRITC-
labeled antibodies and fluorescent beads solved in a phosphate buffer. Fig. 4a shows a MFP 
and a pattern on the surface. The pattern has a “U” shape and can be replicated at will, as 
shown in Fig 4b. Parallelized operation of MFPs is illustrated in Fig. 4c, with the repetitive
“printing” of 6 spots of proteins and beads at once. 
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ABSTRACT
This paper reports on an efficient nanodroplet actuation by Surface Acoustic Waves

(SAW) within specific biological streptavidin-functionnalized areas. SAW are generated
by interdigited transducers (IDT) laid on a LiNbO3 piezoelectric substrate, at about 20 
MHz. We show that this Lab-on-Chip or microarray allows an effectively controlled
handling of the nanodroplet (0.1-10 nanoliter) which moves, such as a "surf", on the
surface wave in the two directions. Fusion, mixing, splitting and ejection of nanodroplets 
are basic microfluidic operations which are performed with our SAW platform. The 
efficiency of the functionalization has been demonstrated by fluorescence measurements. A 
device using the transport of droplets squeezed between two planes with streptavidin 
functionalization areas is also proposed. 
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1. INTRODUCTION 
The current development of fluidic microsystems in which the liquid is transported in the

form of calibrated microdroplets offers new prospects for biological applications.
Digitalized microfluidics is now seen as a possible solution to implement programmable
biology. In particular microfluidic systems based on Electro-Wetting allowing basic
operations such as creating, transporting, cutting and mixing droplets have been proposed 
[1]. However, such devices necessitate electrode arrays and generally Teflon© coating to
move droplets. In a previous work, the SAW actuation of specific biological liquid
nanodroplets is carried out without using electrodes arrays [2]. In our device, nanoscopic
scale waves are generated by InterDigited Transducers (IDT) laid on a LiNbO3
piezoelectric substrate with 150 Å SiO2 coating followed by OTS hydrophobic surface 
treatment.

2. SAW NUMERICAL SIMULATION FOR LiNbO3COVERED WITH SiO2

Fig.1 gives the results of a numerical simulation which describes the electromechanical
coupling coefficient K2 (this coefficient transcribes the faculty of the material to transform

Figure 1. Electromechanical coupling coefficient K2  versus the resonance frequency  F multiplied by the SiO2

layer thickness H (left), transducers (IDT) configuration with SiO2 layer (right)
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Figure 3. MFP array with CSs. (a) the MFP seen from top and (b) as a cross-section with capillary
bridge and laminar flow from the loading pad towards the capillary pump and (c) without capillary 
bridge after separation from the surface. (d) image of a chip with 6 MFPs and (e) of the same chip
mounted to a manipulator. (f, g) SEM images of the mesas that are 40 µm wide, 200 µm long, and
spaced 200 µm apart. 

3. CONCLUSION 
The capillary MFP 

technology shares
attributes with pin
spotting and inkjet
because it allows parallel, 
sequential, and contact-
free patterning of spots
with a variety of 
chemicals on surfaces. It 
has several additional
advantages that include (i) 
active flow on the surface, (ii) no adverse drying effects, and (iii) possibility to draw lines
with deposition, or (iv) removal of material. The capillary MFP may thus become a
versatile tool for microfluidic surface processing.  

Figure 4. MFP and its use for surface patterning. (a) Image of MFP 
with active flow of fluorescent beads, and of a “U”- pattern formed 
with fluorescent antibodies on the glass slide. (b) Array of “U”-
patterns formed sequentially on a glass slide. (c) Parallel “spotting”
with 6 MFPs (top line) with the patterned spots (bottom 2 lines).  
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form of calibrated microdroplets offers new prospects for biological applications.
Digitalized microfluidics is now seen as a possible solution to implement programmable
biology. In particular microfluidic systems based on Electro-Wetting allowing basic
operations such as creating, transporting, cutting and mixing droplets have been proposed 
[1]. However, such devices necessitate electrode arrays and generally Teflon© coating to
move droplets. In a previous work, the SAW actuation of specific biological liquid
nanodroplets is carried out without using electrodes arrays [2]. In our device, nanoscopic
scale waves are generated by InterDigited Transducers (IDT) laid on a LiNbO3
piezoelectric substrate with 150 Å SiO2 coating followed by OTS hydrophobic surface 
treatment.

2. SAW NUMERICAL SIMULATION FOR LiNbO3COVERED WITH SiO2

Fig.1 gives the results of a numerical simulation which describes the electromechanical
coupling coefficient K2 (this coefficient transcribes the faculty of the material to transform
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electrical energy in mechanical energy and vice versa) versus F*H, where F is the 
resonance frequency and H the SiO2 layer thickness with the configuration we have chosen
(Fig.1, right). 

This result shows that  for F=20 MHz (resonance frequency) and H= 150 Å (SiO2 layer 
thickness) therefore F*H=0.3 m.s-1, the decrease of K2 is insignificant and thus the
treatment and the SiO2coating do not disrupt the wave propagation in our work range. 

3. NANODROPLET HANDLING 
We show that this Lab-on-Chip or microarray allows an effectively controlled handling

of the nanodroplet (0.1-10 nanoliters) (Fig.2). 
Figure 2. Left: Photograph of a 
droplet sitting on a LiNbO3
surface with OTS coating.
Measured contact angle
=90°.Right: top view of the

droplet and of an IDT (finger 
width =45.7 µm is used to evident
the size of the droplet). The

nanodroplet volume can be calculated by the contact angle 
and the radius. 

Vol # 0.2 nl

IDT

Nanodroplet

91.4µm
= 90°

The nanodroplets move such as a "surf", on the surface wave in the two directions. 
Figure 3 shows a linear displacement of a 4 nL droplet. 

21 43

Nanodroplet (# 4 nl) 

Figure 3: Sequential top view of a nanodroplet displacement on a hydrophobic LiNbO3 surface. The 
nanodroplet is located inside a dotted circle (Due to the photograph poor contrast, only the droplet
spurious shadow is visible). The IDT used for droplet actuation is out of shot.

Using RF pulse modulation [3], fusion, mixing, splitting are performed (Fig.4, left). 
With a higher power, ejection of water is obtained (Fig.4, right). All these basic
microfluidic operations are produced with the same SAW platform.

Figure 4: left: Splitting of a DI
water nanodroplet produced by
a SAW RF pulse (pulse 
duration=1ms, power=36dBm). 
Right: Photograph of a water 
jet. The SAW propagating from
the left to the right hits the 
droplet and  creates a water jet
(power level=38dBm).

Water jet

1 cm
vol#2nl

Splitted
nanodroplet

300µm



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

601

4. PROTEIN AFFINITY
A transport device of droplets squeezed between two plans using a microsystem which

contains biotin or streptavidin functionalized areas in order to make biological treatments
[4] for protein labelling is also proposed. One plan is dedicated to actuate the droplet and
the other one for biological treatments.Therefore in this device liquid evaporation can be 
limited. Biochemical operations and interactions are more efficient due to an increased 
exchange surface. The power control allows a large flexibility for droplet actuation without 
Teflon© coating nether electrodes path as in the case of EWOD actuation [1]. 

The high-affinity reaction of biotin with streptavidin can be used to demonstrate the
specific interaction [5] between droplets of biological liquids actuated on our platform and
locally functionalized surfaces for biological detection and immobilization. We describe in 
this report our effort in elaborating and characterizing a streptavidin modified device for 
interacting with a model molecule (biotin Cy5). The SiO2 coating was locally modified
with an aminosilane to create anchoring points for covalent modification. Further surface 
modification is performed with a reactive copolymer that acts as a multifunctional coupling 
agent. Covalent binding of streptavidin on the modified surface is demonstrated after 
extensive washing by fluorescence measurements (Fig.5). 

100 µm

Strepta-
vidinOTS

Figure 5 Photograph showing the fluorescence of a SiO2
surface (laid on LiNbO3) partly treated with streptavidin
(grey area) and partly with OTS (black area). The area treated
with streptavidin is thus shown to link specifically on the 
underlying aminosilan. 

The specific interaction of biotinylated molecules in solution with immobilized
streptavidin was studied versus the density of streptavidin attached to the surface,  their 
concentration in the actuated droplets and the contact time.

5. CONCLUSION 
We showed that the SAW biological liquid nanodroplet actuation on functionalized

areas highlight the relevance for on chip biological fluid handling and that SAW is an
attractive technique for conventional microfluidic devices. The possibility of joining 
together these various fluidic operations in the same demonstrator opens a potential field of
applications in microsystems, as well in the biomedical, the genomic and the proteomic
field or for protein detection and isolation.
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ABSTRACT
 A novel sliding micro dispensing device is proposed. This device is capable of 
dispensing liquids with sufficient quantitative accuracy in nanoliter range, including direct 
injection into multiple channel without any dead volume. Since the device is made of Pyrex 
glass and fluorocarbon coating, it has high chemical tolerance. Quantitative 10 nL 
dispensing into multi-channel was demonstrated. Flow Injection Analysis was performed to 
justify the applicability of this device. 
Keywords: dispenser, microvalve flow injection analysis, micromachining 

1. INTRODUCTION
 It is important for quantitative multiple analysis to devide sample into small amounts 
precisely in microchip. The fundamental concept and the test results of a sliding micro 
valve as single channel injector device was reported at MICROTAS2004 [1]. In this work, 
the single injection system is extended to dispensing one by modifying the slide valve 
structure to accommodate multi-channels and multi-movable parts. A nano-liter liquid 
dispenser and its application to a batch analysis are reported by Yamada et al. [2]. However, 
their structure needs gas to cut off liquids and finds it difficult to inject liquids into the flow 
of liquid, while the structure proposed in this work is capable of injecting liquids into the 
flow of liquid without facing any problem. 

2. DEVICE STRUCTURE

Figure 1. Structure of dispensing device. 

A picture of microchip and the schematic view of the proposed device are shown in 
Figure 1. The dispensing device consists of five parts. Part A, C and E is fixed, while part 
B and D can slide independently in parallel to the neighboring parts. The position of part B 
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and D is controlled by external actuators. Part B contains volume-metering channels of a 
capacity of 10 nL for quantitative dispensing. The depth and width of all channels are 40 

m and 100 m, respectively. Surface treatment of the slide structure is very important for 
pressure tightness. The contact surfaces of each part are coated with fluorocarbon to 
prevent the leakage of liquid from the gaps of the slide structure. All the valves can 
withstood a pressure of at least 5 Mpa. Since, this device is comprised of glass partly 
coated with fluorocarbon, it can be used for almost all kind of fluids including organic 
solvents, acids, alkalis, and gases. 

3. EXPERIMENTS
3.1. Quantitative nanoliter dispensing 

To visualize the action of the device, red ink was introduced as a sample. The sequence 
of dispensing procedure is shown in Figure 2.  

Figure 2. Dispensing procedure 

The procedure started with introducing the sample in the upper-most channel (Figure 3I). 
As a next step, part D was slid down to block all the flows except that in the uppermost 
channel (Figure 3II). After that, part B was slid down step by step to cut off 10 nL of the 

I. Introduce the Sample II. Stop the Injection Flow 

…

III. Filling Up 

IV. Filling All Up V. Filling All Up 
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Flow
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sample and stored it in the channels located in this part (Figure 3III and IV). Finally, part D 
was slid up to align all the channels dispensing all the samples stored in part B into an 
analysis section located in the right side of valve. (Figure 3V). The present device is 
capable of mechanically cutting quantitative samples and directly injecting them into the 
channels without any dead volume. Therefore it has a very good repeatability in terms of 
quantity.

3.2. Application to Flow Injection Analysis 
As a demonstration to justify the applicability of this device, flow injection analysis of 

hexavalent chromium (Cr(VI)) was performed. Typical result of analysis is shown in 
Figure 3. Sample of Cr(VI) having concentration of near environmental quality standards 
was injected into the 
flow of a coloring 
reagent. The degree 
of color change was 
measured with 
thermal lens 
microscope (TLM). 
The thermal lens 
signal was linearly 
increased with the 
Cr(VI) concentration. 
This result shows that 
the dispensing device 
works well for  the 
quantitative analysis.  

5. CONCLUSIONS 
This paper describes the development of a novel micro dispensing device. This device is 

able to precisely dispense quantitative nano liter volume in microchip. This proposed 
device is expected to serve a number of multiple analyses in micro-scale. 
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Chemical gradients play extremely important roles in biology.  From the early stages of
morphogenesis to highly specialized responses of the immune system, gradients of
diffusible molecules are critical for proper cellular activities and responses. Replicating 
such gradients in vitro has played decisive roles in identifying and studying the molecular 
mechanisms involved in cellular migration, pattern development during morphogenesis, 
wound healing or axon growth. However, most of the existing experimental systems have
limitations in their capability to generate gradients that are stable over time and in their 
flexibility to generate gradients of different spatial profiles.  Only recently microfluidic 
devices have been enabled the creation of stable gradients over time in a variety of shapes. 

Here we present a new approach to gradient generation in microfluidic systems by the use
of microscale structures inside microfluidic channels.  We used separating walls inside the 
channels to control the mixing and limit diffusion between two initial streams, containing
respectively the maximum and the minimum concentrations of the chemical in the gradient. 
The spatial gradient at the outlet of the device was dependent on the position of the walls
inside the channel.  We demonstrated theoretically that it is possible to generate any 
uniform monotonic gradient of any shape using the all-in-channel gradient device and we 
developed a systematic approach to calculating the configuration of the walls.  A Matlab 
computer code was used to calculate the number of walls necessary to produce the gradients 
of choice with the desired precision and to calculate the position of the walls inside the 
channel to generate these gradients. 

We used standard microfabrication techniques and PDMS casting on a micropatterned SU8
mold to build different configurations of the walls (Figure 1).  We verified the accuracy of 
our calculations by imaging the gradient generated by the device using fluorescent dyes and 
standard imaging equipment (Figure 2).  The theoretical predictions matched well the 
experimental results and one example, for an exponential gradient, is presented in Figure 3.

Compared to other microfluidic techniques to generate chemical gradients, our approach 
shows extreme flexibility, and only changes in the positioning of the separating walls are 
necessary to produce a wide range of spatial gradients at the outlet.  In addition, the small 
footprint of the microfluidic construct, would allow the combination of several such devices 
on single chip, with implications in screening-type experiments. 
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ABSTRACT 
 We present the design, numerical analysis, fabrication and experimental investigation 
of an integrated, high flow rate ferrofluid micropump. The dynamics of ferrofluids in 
spatially-traveling, sinusoidally time-varying magnetic fields is simulated. A prototype 
ferrofluid micropump is designed and fabricated based on the numerical simulations. 
Preliminary results show good agreement between theory and experiment. 

Keywords: Ferrofluid, Micropump 

1. INTRODUCTION
 Ferrofluids are stable colloidal suspensions of nanosize ferromagnetic particles in either 
aqueous or oil-based media. A magnetic field gradient, combined with liquid viscous 
forces, allows continuous actuation and precise positioning of a ferrofluid segment in a 
flow channel [1]. Ferrofluids have found their way into a variety of applications, such as 
sealing, damping and blood separation [2]; in dilute, functionalized forms, they have also 
been used as drug delivery and MRI contrast agents [3]. Ferrofluids offer attractive 
alternatives to moving mechanical components in miniaturized cooling, pumping and 
integrated microTAS devices for chip-scale chemistry and biology. Water-based ferrofluids 
can be made bio-compatible, rendering them useful in novel cell manipulation and sorting 
schemes. Here, we present a new, integrated ferrofluid micropump design that achieves 
high flow rates. This device requires no external moving mechanical parts for actuation, 
and is suitable for fully-integrated microfluidic circuits.  

2. THEORY
 Ferrofluid pumping in spatially uniform, sinusoidally time-varying magnetic fields has 
been studied extensively in the past [4]. Our design is based on spatially travelling 
sinusoidal magnetic fields, which offer the advantage of utilizing both magnetic force and 
magnetic torque pumping to achieve high flow rates [5]. Our approach involves solving 
the magnetization constitutive equation with coupled linear and angular momentum 
conservation equations to model the behavior of ferrofluids in microchannels in the 
presence of spatially traveling magnetic fields [1]. Flow velocity for a given ferrofluid 
depends partly on the spatial period of the traveling wave and the channel dimensions; the 
frequency of the input excitation precisely controls the flow speed. Flow can be reversed by 
changing the traveling magnetic field direction. As shown in Figure 1, maximum flow 
velocity is achieved when the product of the excitation wavenumber and height of the 
ferrofluid channel approaches unity, and the excitation frequency is close to the reciprocal 
of the Brownian relaxation time constant of the magnetic nanoparticles.  
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Figure 1. Scanning electron
micrograph of all-in-channel gradient
generating device.  Only the
separating walls closer to the outlet
(lower right) are shown. 

Figure 2.  In-channel generation of a
linear chemical gradient.  Separation
walls inside a channel are used to
control the mixing between two
solutions, one clear (bottom) and one
marked with fluorescent dye (top).
At the outlet a linear gradient of the
fluorescent dye is obtained.
Depending on the position of the
separation walls different gradient
profiles can be accomplished inside
the channel. 
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high flow rates. This device requires no external moving mechanical parts for actuation, 
and is suitable for fully-integrated microfluidic circuits.  

2. THEORY
 Ferrofluid pumping in spatially uniform, sinusoidally time-varying magnetic fields has 
been studied extensively in the past [4]. Our design is based on spatially travelling 
sinusoidal magnetic fields, which offer the advantage of utilizing both magnetic force and 
magnetic torque pumping to achieve high flow rates [5]. Our approach involves solving 
the magnetization constitutive equation with coupled linear and angular momentum 
conservation equations to model the behavior of ferrofluids in microchannels in the 
presence of spatially traveling magnetic fields [1]. Flow velocity for a given ferrofluid 
depends partly on the spatial period of the traveling wave and the channel dimensions; the 
frequency of the input excitation precisely controls the flow speed. Flow can be reversed by 
changing the traveling magnetic field direction. As shown in Figure 1, maximum flow 
velocity is achieved when the product of the excitation wavenumber and height of the 
ferrofluid channel approaches unity, and the excitation frequency is close to the reciprocal 
of the Brownian relaxation time constant of the magnetic nanoparticles.  
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3. FABRICATION 
 Figure 2 depicts the process 
flow and an initial prototype of the 
ferrofluid micropump designed 
based on previous numerical 
analysis. Initial devices are 
constructed on metal insulated 
substrates using standard wet 
etching of the top copper layer and 
subsequent soft lithography to 
define the microfluidic channels. 
SU-8 negative photoresist is used 
as an etching mask. The copper 
electrodes are connected by wire 
bonds to form a two-phase 
traveling magnetic field. Next 
generation devices will feature 
thick electrodes embedded in soft 
magnetic materials for optimal 
flux transfer to the ferrofluid [6]. 
A pair of external pressure sensors 

Figure 1. 3-D (a) and contour (b) plot of average flow velocity of ferrofluid versus the product 
of wave number and the height of the channel (k×d) for various applied magnetic field 
frequencies. The Brownian relaxation time constant for the nanoparticles ( ), as well as the 
geometry determine the pumping peak. The flow velocity (c) and particle spin velocity (d) 
profiles across the height of the microchannel are also shown. Here, Ks = 10000 A/m, height of 
channel d = 100 m, traveling wave period  =2 /k = 1.26 mm, 0 = 1.17,  = 3.75 s, =
0.0045 Kg/m.s,  = 0.00039 Kg/m.s,  = 10-9 Kg/m.s (refer to [5] for symbol meanings). 
Relevant material properties correspond to the EMG 700 series ferrofluid (from FerroTec) used 
in actual experiments. The excitation frequency is 42 kHz, chosen to correspond to maximum 
pumping given .

Figure 2. Fabrication process steps for the 
ferrofluid micropump and a picture of the 
completed device.
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are currently utilized to measure the pumping pressure of the water-based ferrofluid.  

4. EXPERIMENTAL RESULTS AND DISCUSSION 
Figure 3 shows a sample TEM image and overall particle size distribution of the EMG 

700 ferrofluid. The Brownian 
relaxation time constant ( ) of a 
ferrofluid is given by 4 r3

0/kT , 
where r is the overall effective radius 
of the nanoparticles (a mode of 6.5 
nm for EMG 700); 0 is the viscosity 
of liquid (4.5 cp); k is the Boltzmann 
constant and T is the temperature 
(300 K). Based on the discussion in 
the theory section above, the 
ferrofluid pumping peak frequency is 
therefore expected to be around 42 
kHz. Figure 4 compares the 
experimental ferrofluid pumping 
characteristics of the micropump to 
the predictions of the theory. Since 
static pumping pressure, and not 
fluid velocity, is measured, the 
numerical models are run iteratively 
to determine the pressure differential 
that results in stopped flow. The only 
fit parameter in the simulation is the 
magnitude scaling of the signal, 
which cannot not be eliminated 
owing to the difficulty of absolute 
pressure calibration of the sensors. 
Notice, however, that the pumping 
peak location is where it is expected. 
 The experimental pumping curve 
depicted in Figure 4 deviates in at 
least two ways from the simple 
theory that assumes a monodisperse 
suspension of particles and constant 
environmental conditions. First, at 
relatively very low frequencies, there is a minor pumping peak associated with a certain 
fraction of particles forming small agglomerates in the presence of the applied fields. The 
frequency of that minor pumping peak (around 1 kHz) indicates an effective hydrodynamic 
radius about three times that of the median. Secondly, there is a clear discrepancy between 
experiment and simple theory as the excitation frequency is increased beyond the main 
pumping peak. We believe this discrepancy is due to eddy-current heating of the aluminum 
substrate just under the electrodes and the dielectric layer, and gets worse with increasing 
frequency. Increasing ferrofluid temperature lowers the Brownian relaxation time constant 

Figure 3. A sample TEM image of EMG 700 series 
water-based ferrofluid and the overall particle size 
distribution. 

Figure 4. Experimental results and theoretical fit 
for the pumping characteristics of an EMG 700 
series ferrofluid in the micropump. 
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and reduces pumping at high frequencies. Next generation devices will feature fully 
insulating, thermally high conductive substrates to alleviate this phenomenon.  

5. CONCLUSIONS  
 We have presented the numerical modeling and experimental results of a ferrofluid 
micropump. Our theory successfully predicts the peak location of ferrofluid pumping based 
on Brownian relaxation dynamics of the magnetic nanoparticles inside the carrier liquid. 
The next step in the device development will involve measuring the ferrofluid pumping 
flow speed in closed-loop geometries directly using tiny fluorescently-tagged particles 
under a microscope. 
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ABSTRACT 
 This paper reports an experimental method to investigate the rheology of complex fluids. 
Velocity profiles inside rectangular glass-PDMS microchannels are measured with a 
Particle Image Velocimetry (PIV) set-up. Shear-thinning fluids show non-parabolic velocity 
profiles from which rheological properties can be accurately determined, which agree with 
macroscopic measurements over two orders of magnitude of shear rate. 
 
Keywords: Complex fluids, micro-PIV, rheology 
 
1. INTRODUCTION 
 Recent works in rheophysics have shown that local measurements are necessary to 
understand the behaviour of non-newtonian fluids due to the frequent occurrence of 
heterogeneities in the flow [1-3]. Here we propose to use microchannels to scan large 
dynamic ranges of shear rates observing the flow directly with a set-up developed in our 
group based on a micro-PIV technique [4]. This should permit the direct observation of the 
onset of potential spatial or temporal heterogeneities. This approach uses microfluidics as a 
tool to study non-newtonian fluids [5] in contrast to recent work that used such fluids to 
create non-linear microfluidics elements [6]. We demonstrate here the potential of the 
method using well controlled non-newtonian liquids. 
 
2. THEORY 
 The non-newtonian behaviour of complex fluids can be partly characterized by the non-
linear dependence of the stress with the shear rate (flow curve).  
From velocity profiles obtained in high aspect-ratio microchannels, the stress σ can be 
calculated, assuming that the pressure gradient ∇P is known, as σ(z)= ∇P | z - b/2 |, where z 
is the coordinate along the depth and b/2 its middle value. Shear rate is calculated directly 
from the derivative of the smoothed experimental velocity profile v(z): zz ∂∂= /v)(γ& .  

Elimination of z leads to flow curves for non-newtonian fluids that can be compared to 
macroscopic rheological measurements. 

3. EXPERIMENTAL 
 A scheme of the experimental set-up is shown on Fig.1. A stationary pressure driven flow 
is imposed inside a glass-PDMS microchannel. The solution is seeded with fluorescent latex 
particles (200 nm diameter), used as tracers at low volume fraction. An oil immersion, large 
numerical aperture objective is used to reach a narrow depth of field, smaller than one 
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micron (700 nm). The position of the focal plane is controlled with a piezoelectric position 
controller. The velocity of tracers in this plane is measured by particle image velocimetry 
[4,7]. The entire velocity profile v(z) is obtained by scanning the microchannel from the 
glass wall to the PDMS wall with 200 nm steps. 

 

 
Figure 1. Scheme of the experimental PIV set-up. An oil-immersion large numerical aperture 

objective is placed on a piezoelectric device to control the displacement of the focal plane inside the 
microchannel with a precision of 10 nm. 

 
4. RESULTS AND DISCUSSION 
 Figure 2.a. represents velocity profiles obtained with a model shear-thinning fluid 
(PolyEthyleneOxide (PEO), Mw = 5 000 000 g/mol, C = 7.5 g/L) at different pressure drops 
in a 19 µm deep microchannel. 
 Non-linearity shows up in the non-parabolic profiles and in the non-linear dependence of 
velocity on the applied pressure drops. Using  the equations described in part 2 for all these 
profiles, we obtain a remarkable collapse of the data on a stress versus shear rate curve 
(Figure  2.b., empty symbols). These data also agree very well with macroscopic 
measurements (Figure 2.b., full squares) made using classical rheometer with a Couette 
geometry at the same temperature. 
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Figure 2. a) Velocity profiles obtained with a PEO solution at different pressure drops in a 19 µm 
deep microchannel at T = 27°C. b) Log-log flow curve calculated from velocity profiles of Fig. 2.a. 

(empty symbols) compared to macroscopic measurements (full squares). 
 
At low shear stress the solution is roughly newtonian (slope close to 1) and at higher shear 
rates the shear-thinning behaviour is evidenced by a decrease of the slope.   
 
5. CONCLUSIONS 
 This work shows that accurate rheological measurements can be achieved with this 
experimental set-up. It will be used to investigate more complex fluids where non-linearities 
result in shear-banding effects, for example. Direct optical observations (like birefringence) 
can be added to relate velocity profile and formation of shear-induced structures [8]. 
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ABSTRACT 

To analyze near surface phenomenon such as the interaction between wall and 
bio-molecules, which relate to reaction efficiency for the micro total analysis system 
utilizing the reaction on the wall surface, concentration profile and Brownian motion of 
fluorescent particles as quasi-bio-molecules are experimentally evaluated. For the 
evaluation, combination of TIRM and PIV technique are employed. It is verified that 
Brownian displacement of fluorescent particle near the surface is smaller than that in bulk 
fluid. For concentration profile measurement, increasing concentration profile with 
increasing distance from the wall and increasing concentration gradient with increasing 
flow velocity are observed. 

Keywords: Microfluidics, Brownian motion, Concentration measurement 

INTRODUCTION

For the bio-chemical reaction on the surface in immunoassay chip analysis, the 
reaction efficiency is dominated from the diffusion due to Brownian motion of the 
substances. Although the smaller volume leads to high efficiency of the reaction, the 
reaction time does not decrease as scaling law. The parameters such as channel 
characteristics and flow velocity are usually decided from empirical rules based on 
homogeneous concentration profile of the substance. In the flow, substances near the 
surface undergo various effects such as the lift force due to shear gradient and wall 
repulsive potential. For the quantitative analysis of the effects, direct observation of the 
small Brownian substances is preferable. Conventionally, these effects have been evaluated 
by measuring the force due to wall-particle interaction using SFA (surface-force-apparatus) 
[1], AFM (atomic-force-microscopy) [2], and TIRM (total-internal-reflection-microscopy) 
[3]. However, these measurements are indirect for estimating the presence of the substance 
near the surface. In this study, a method for direct measurement of the concentration profile 
near the surface is proposed and concentration profile and Brownian displacement of 
fluorescent particle as quasi-bio-molecule are evaluated. 

EXPERIMENT 

In this work, concentration profile and Brownian displacement of the particles near the 
surface are investigated. Figure 1 shows a schematic of experimental apparatus. Solution 
including fluorescent particles with 100 nm diameter was induced to a PDMS-glass 
micro-channel (PDMS: polydimetylsiloxane) [4] by a syringe pump. OTS-treated (OTS: 
octadecyltriclorsilan) surface as well as glass surface was prepared for investigating the 
effect of the surface property. Figure 2 shows photo image and dimensions of the channel 
chip. Ar ion laser was emitted to glass-fluid interface at total reflective angle. The total 
reflective light generates evanescent light, which illuminates the region near the interface 
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and excites fluorescent particles in the 
fluid. The fluorescent light was captured 
by an Intensified CCD camera. The 
Brownian motion of the particles was 
evaluated with PIV (particle-imaging- 
velocimetry) technique from 200 frames 
of the particles images. The 
concentration of the particle was 
measured by counting particle number 
in the image. Penetration depth of the 
evanescent wave light can be calculated as = 0/4 (n1

2sin2 -n2
2)1/2, where 0 is the wave 

length of the incident light and  the light angle induced when light travels from glass with 
reflective index n1 into the sample fluid with reflective index n2. Therefore, it is possible to 
change illuminating region by choosing the induced light angle (Figure 3). The penetration 
depth is a few hundred nano-meters because the light intensity of evanescent wave is 
exponentially attenuated as I = I0exp(-z/ ), where I is light intensity, I0 intensity at the 
interface, and z distance from the interface. 

RESULTS AND DISCUSSIONS 

Table 1 shows mean displacement of 
Brownian motion in 1/200 seconds near 
surface. Brownian displacements obtained 
ware smaller than theoretical one away 
from the surface and decreased with 
increasing flow velocity. Those results 
indicate the surface and shear gradient of 
the flow prevent the particle from 
Brownian motion. Figure 4 shows 
concentration profiles obtained on OTS and 

Ar laser 

Intensified CCD 
camera 

Evanescent Wave Light 

Objective lens

Mirror unit 

Image processing 

Figure 1 Diagram for measurement 
apparatus using evanescent wave light

PEEK tube 

PDMS

Glass

Channel dimensions 
width: 1mm 

length: 20mm 
depth: 70µm 

Surface: glass/OTS 

Figure 2 Image and dimensions of 
PDMS micro-channel 

Fluid 

i: Penetration depth 

1

Figure 3 Penetration depth and 
illuminating region for the observation 

2

1

Evanescent light 

2 3

Glass

Table 1 Mean displacement of Brownian 
particles 

Flow
velocity 
(µm/s) 

Mean
displacement 

(µm) 
0 0.21 

1.9 0.16 Glass
6.0 0.10 

OTS 0 0.18 
Theoretical  0.53 
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ABSTRACT
We present a simple and robust isotachophoresis (ITP) injection method that can be
integrated with microchip-based capillary electrophoresis (CE) devices to achieve million-
fold sample concentration increase. This method also allows for robust sample control
using either pressure-driven or electrokinetic flows, and can be performed with simple, off-
the-shelf chips. We have also developed a fast numerical model for ITP that leverages an
area-averaged formulation of the general equations. The model captures dispersion effects,
is valid for multiple species, and can be used to optimize sample concentration processes.

Keywords: Isotachophoresis, sample stacking, on-chip capillary electrophoresis

1. INTRODUCTION
ITP is often combined with CZE as a robust sample pre-concentration method as (i) it
lowers the achievable limit of detection (LOD); and (ii) provides a self-sharpening of
sample concentration fields which increases resolution. ITP stacking is implemented
using a leading electrolyte (LE) with relatively high mobility ions and a trailing electrolyte
(TE) with low mobility ions. The ion mobilities of the LE and TE are respectively lower 
and higher than those of sample ions, so sample ions focus within a narrow zone between
the LE and TE and each migrate at the same velocity.  The highest reported signal
enhancement factor using electromigration-based methods has been typically limited to
roughly 500-fold for microchip experiments [1,2], and 5,500-fold for free-standing
capillaries [3]. The latter is, to our knowledge, the highest demonstrated signal increase
for a single step, electromigration-based stacking method prior to the current work.

2. THEORY
The Kohlrausch regulating function [4] can be derived from 1D conservation laws for
species assuming negligible diffusion and zero bulk fluid velocity as follows:

i i

i i

z C x (1)

where zi is the valence number, Ci is the molar concentration of the electrolytes, and i is the
electrophoretic mobility. This simple model suggests that sample concentration fields are
constrained by the initial multi-species concentration profile. For a model ITP system
which consists of leading ion B-, sample ion S-, and counter ion A+, we can derive an
expression for concentration adjustment between two zones in ITP:

S A B
S B

B A S

C C . (2)

Note that the adjusted sample concentration, CS, is only a function of the concentration of
leading electrolyte and electrophoretic mobilities of species.
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glass surface in stable fluid. The profiles demonstrate small concentration near the surface 
and increasing curve as distance from the surface on both surfaces. These results indicate 
that the surface effects on Brownian motion and therefore probability distribution of the 
particle movement is changed then the particles tend to be away from the surface. In 
addition, different surface property results in different concentration profile. It means the 
surface property effects on the particle movement. Figure 5 shows the concentration profile 
obtained in the flow. The concentration profile have larger gradient with increasing flow 
velocity. The result shows the surface effective region becomes smaller depending on the 
flow velocity. It means the large flow velocity leads to the shear dependent regime near the 
surface. It corresponds to “turbular pinch” effect, which shear gradient makes the region 
near surface free from particles [5]. The mechanisms of the effects complicated because 
particle-surface interaction is dominated by various nano scale parameters such as surface 
groups and electrical potential on the surface, and because shear gradient of the flow near 
surface is actually unknown. As future works, the flow behavior near surface and the 
surface effects should be investigated. 

CONCLUSION 

A novel method for measuring 
concentration profile near surface was 
proposed and concentration profile and 
Brownian displacement of fluorescent 
particles with 100nm diameter as 
quasi-bio-molecules were investigated. 
From the results, it is indicated that the 
surface and shear gradient of the flow 
prevent the particle from Brownian motion 
and makes low concentration near the 
surface.
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ABSTRACT
We present a simple and robust isotachophoresis (ITP) injection method that can be
integrated with microchip-based capillary electrophoresis (CE) devices to achieve million-
fold sample concentration increase. This method also allows for robust sample control
using either pressure-driven or electrokinetic flows, and can be performed with simple, off-
the-shelf chips. We have also developed a fast numerical model for ITP that leverages an
area-averaged formulation of the general equations. The model captures dispersion effects,
is valid for multiple species, and can be used to optimize sample concentration processes.

Keywords: Isotachophoresis, sample stacking, on-chip capillary electrophoresis

1. INTRODUCTION
ITP is often combined with CZE as a robust sample pre-concentration method as (i) it
lowers the achievable limit of detection (LOD); and (ii) provides a self-sharpening of
sample concentration fields which increases resolution. ITP stacking is implemented
using a leading electrolyte (LE) with relatively high mobility ions and a trailing electrolyte
(TE) with low mobility ions. The ion mobilities of the LE and TE are respectively lower 
and higher than those of sample ions, so sample ions focus within a narrow zone between
the LE and TE and each migrate at the same velocity.  The highest reported signal
enhancement factor using electromigration-based methods has been typically limited to
roughly 500-fold for microchip experiments [1,2], and 5,500-fold for free-standing
capillaries [3]. The latter is, to our knowledge, the highest demonstrated signal increase
for a single step, electromigration-based stacking method prior to the current work.

2. THEORY
The Kohlrausch regulating function [4] can be derived from 1D conservation laws for
species assuming negligible diffusion and zero bulk fluid velocity as follows:

i i

i i

z C f x (1)

where zi is the valence number, Ci is the molar concentration of the electrolytes, and i is the
electrophoretic mobility. This simple model suggests that sample concentration fields are
constrained by the initial multi-species concentration profile. For a model ITP system
which consists of leading ion B-, sample ion S-, and counter ion A+, we can derive an
expression for concentration adjustment between two zones in ITP:

S A B
S B

B A S

C C . (2)

Note that the adjusted sample concentration, CS, is only a function of the concentration of
leading electrolyte and electrophoretic mobilities of species.
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We have also developed a fast numerical model of ITP with a finite volume method. This
model adopts a depth-averaged approach that accurately captures the convective-dispersion
processes of the electrolytes, and includes important physical effects such as electrical body 
force and fully nonlinear multi-species electromigration.

3. EXPERIMENTAL
We have developed a simple and robust sample injection and separation method that
integrates ITP with an on-chip electrophoretic separation. TE and LE consist of 5 mM
HEPES (pH 7.0) titrated with sodium hydroxide and 1 M NaCl dissolved in deionized
water, respectively. We added 0.1 % w/v poly-N-hydroxyethylacrylamide (PHEA) to all
electrolytes to suppress electroosmotic flow [5].

4. RESULTS AND DISCUSSION
Figure 1 shows a plot of maximum stacked sample concentration and corresponding
concentration increase versus the initial concentration of sample analyte. We varied initial
concentration of sample (alexa fluor 488) from 1 pM to 1 nM. The conductivity ratio of
LE and TE buffer was kept constant at 1.27x103 (LE: 113 mS/cm, TE: 89.0 µS/cm) for all 
cases, as the effect of sample ions on electrical conductivity of TE/sample mixture was
negligible (Csample << CTE). 1D theory neglecting diffusion predicts that the maximum
stacked sample concentration is not a function of the initial sample concentration (Eq. 2).
However, our experimental data show that higher initial sample concentration results in
higher maximum stacked sample concentration. Clearly, more comprehensive models are
needed to capture the complexity of ITP stacking.
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Figure 1. Concentration increase, CI and
maximum stacked sample concentration,

versus initial sample concentration,
. TE and LE were 5 mM HEPES and

1 M NaCl, respectively. The potential drop
between the electrodes during stacking
process was held constant at 2 kV (nominal
electric field of 220 V/cm). CCD imaging
was performed at 30 mm downstream of
injector region.

,S finalC

,S initialC

Figure 2 shows simulation results for ITP stacking of three sample species. Note the
electromigration of leading and trailing ions leads to a zone of depleted background ions in
which the sample ions stack. We have used our understanding of ITP dynamics to
optimize ITP-based stacking and its integration with CZE. 

Million-fold increase in sample concentration can be used to detect trace concentration of
analyte ions.  As an example, in Figure 3 we show detection of initial sample
concentration of 100 fM.  A brief (~ 40 s) preconcentration step enables detection of
100 fM analyte concentration with a signal-to-noise ratio greater than 11.  Measured
concentration distribution shows that the maximum concentration-increase (i.e., stacking 
ratio) in this case is greater than million-fold.
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Figure 2.  Simulation of ITP showing
background electrolyte concentration
(dotted: counter-ion; dashed: leading and
trailing ions) as well as three stacked
sample peaks (solid lines).  Labels 1, 2 
and 3 represent sample species with
increasing mobilities.  The traces are
area-averaged, axial distribution of all six 
ions 7.5 s after injection.  The applied
field is 500 V/cm.

Figure 3. Detection of alexa fluor 488 at
an initial concentration of 100 fM. The
leading electrolyte in this experiment was 
1 M NaCl with the trailing electrolyte as
5 mM HEPES buffer. We used 10X
objective (N.A. of 0.4) with viewing
dimensions of 1.2x0.1 mm in the object
plane.  Time between each peak is 500
ms. The potential drop between electrodes
during stacking was held constant at 2 kV
(nominal electric field of 220 V/cm).

5. SUMMARY
We performed experimental and theoretical studies of ITP stacking. We have developed a
hybrid ITP/CE method that enables the use of off-the-shelf microchip systems, and enables
robust injections and separation using simple voltage controls. We have also demonstrated
million-fold concentration increase for trace analytes and are able to detect 100 fM
concentrations.
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ABSTRACT 

The velocity fields for the flow of -DNA solutions in microfluidic systems are investigated 
using Digital Particle Image Velocimetry (DPIV).  The effects on -DNA transport in 
microscale flows are significant because the flow behavior is influenced by molecular 
interactions, both viscous and elastic forces dominate inertial forces at this length scale, and 
the macromolecular length scale approaches the device length scale.  Quantitative 
comparisons of experimental velocity vector fields with ongoing numerical simulations aim 
to provide both a deeper understanding of the underlying physics of DNA transport in 
microfluidic flow and development of a powerful design tool for BioMEMS. 
Keywords - DNA transport, Digital Particle Image Velocimetry (DPIV), microfluidic, 
viscoelastic 

INTRODUCTION

Conformational studies of DNA flow in microfluidic devices indicate that DNA 
molecules stretch out in accelerating flow regions, and recoil in decelerating flow or 
stagnant regions [1].  Additionally, the presence of macromolecules like DNA in a 
Newtonian fluid gives the fluid viscoelastic behavior.  Since viscoelastic fluids may display 
very different behavior in shear-dominated and extension-dominated flows, the nature of 
the device geometry is important.  Rather than explore viscoelastic flow in a complex 
geometry, this investigation examines flows of DNA in a microscale gradual contraction; 
contraction flow is a benchmark problem in viscoelastic fluid mechanics [2].  In this 
canonical microfluidic structure, the spatially developing flow consists of regions of 
elongation along the channel centerline and shear at the walls.  Rodd et al. characterized 
flows of polyethylene oxide solutions in micro contraction-expansion systems using streak 
images [3].  This investigation differs in the use of -DNA solutions as viscoelastic test 
fluids, the parameter range studied, the use of a gradual contraction design and DPIV to 
obtain direct, quantitative measurements of velocity vector fields in addition to streak 
imaging.    

METHODOLOGY 

A.  Device Fabrication 
Figure 1 contains a diagram of the top view and scanning electron micrographs of 

the gradual contraction device, fabricated using conventional silicon microfabrication 
methods (see [1] for details).   

B.  Dimensional Analysis 
Viscoelastic flows are characterized by the Reynolds (Re) and Deborah (De) 

numbers, dimensionless parameters, defined by the following, 
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Figure 1. (A) Top view and (B) SEM of gradual contraction device. 

where  is the solution viscosity,  is the solution density, c =2 cV /wc is the average shear 
rate, wc is the channel width, h is the depth, Dh is the hydraulic radius, and cV  = Q/(hwc) is 
the average velocity, and Q is the flowrate.  Re compares the magnitude of inertial forces to 
viscous forces.  De is a dimensionless ratio relating the time scale of the polymer relaxation 
 to the time scale of the flow.  The dimensionless vortex reattachment length is  = LV/wc,

where the vortex length LV is the arc length along the upstream wall between the boundary 
of the secondary flow vortex and contraction plane. 

C.  Fluid Rheology and Flow Visualization 
Two -DNA (New England Biolabs, 31.5 x 106 Da, 48,502 bp) solutions are used: 

one in the dilute concentration range (0.4c* DNA) and the other a semi-dilute concentration 
(4c* DNA).  The overlap concentration c* is 100 µg/ml.  The rheological properties of the 
0.4c* (40 µg/ml) and 4c* (400 µg/ml) DNA solutions are detailed in Gulati et al.[4].  The 
test fluids are seeded with 1.0 µm orange fluorescent polystyrene beads (FluoSpheres, 
Molecular Probes) for flow visualization.  Images (1013 x 1000 pixel) are captured at 30 
frames/sec over a range of operating conditions (0.4c*: 0.011<Re< 0.68, 0.6<De< 36 and 
4c*: 0.0008<Re<0.13, 1.2<De< 180). DPIV interrogation regions were 64 x 64 pix with a 
50% overlap. 

RESULTS

Figures 2 and 4 contain streak images for flows of 0.4c* and 4c* DNA.  
Recirculation regions are not observed upstream of the contraction across a broad range of 
De and Re for 0.4c* DNA, indicative of inelastic flow behavior.  For 4c* flows, 
recirculation regions observed are characteristic of a highly elastic flow behavior; these 
regions are symmetric, stable, and grow with increasing Re and De. The growth of the 
dimensionless vortex length  with De for 4c* DNA flows is shown in Figure 3 and follows 
the functional form,  = 0.8445De0.51.    Figure 4 contains velocity fields for flows of 4c* 
DNA in the recirculation region.  The contraction is located at x = 0 µm and the centerline 
is located at y = 0 µm.  The x- and y-positions are normalized by the channel width wc and 
x- and y-velocity are normalized by the channel average velocity cV .

No recirculation is observed for the low De case and the transition to recirculation 
– i.e., to elastic flow behavior, occurs at De > 1.2.  The velocity fields constructed in the 
recirculation region demonstrate the use of DPIV for quantitative validation of numerical 
simulation by Trebotich et al. [5].  This characterization of the fundamental physics of 
DNA transport will enable the realization of a bioMEMS design tool capable of predicting 
the location and conformation of a DNA molecule and anticipating potential molecular 
damage or molecular migration. 
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A MICROFLUIDIC SENSOR FOR INTERFACIAL 
TENSION MEASUREMENT 
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ABSTRACT
 This paper reports a novel microfluidic sensor for measuring dynamic gas/liquid 
interfacial tension. The device consists of a mirofluidic chip with a microchannel network 
and an optical detection system. The sample is introduced into a main channel, while air is 
injected through a T-junction. A simple analytical model was established to identify the 
parameters, which can be used for measuring the surface tension. Due to the fixed flow rate 
ratio used for the sensor, bubble formation frequency is the only parameter, which can be 
measured easily by optical detection. While the bubble is represented by a pulse in the 
output signal, the formation frequency is simply the frequency of the output signal. 
Measurements were carried out for aqueous solutions with different concentrations of the 
ionic surfactant CTAB (Cetyl Trimethyl Ammonium Bromide). The sensor potentially 
allows the use of a minute amount of sample compared to the relatively large amount 
required for existing commercial systems. 

Keywords: Microfluidics, bubble formation, droplet formation, interfacial tension 

1. INTRODUCTION
 This paper presents a microfluidic sensor for dynamic surface tension measurement. The 
sensor chip has two functions: generation and detection of air bubbles in a sample flow. 
The microfluidic sensor was fabricated on a PMMA substrate by laser machining and direct 
thermal bonding. The bubbles are formed at a T-junction between a large channel for the 
sample liquid and a smaller channel for injection of the air bubble. The T-configuration has 
been widely used for droplet formation in the works mentioned above. Our experiments 
also showed that this configuration results in reliable and reproducible generation of air 
bubbles. The generated air bubbles are detected optically using a pair of optical fibres 
positioned on both sides of the sample channel. The characterization results show a clear 
relation between the surface tension and the formation frequency of the bubbles, which can 
be easily determined from the output signal of the optical detection system. 

2. MODELLING 
 Figure 1 depicts a simple model of bubble formation. Since bubble formation is a 
complex physical phenomenon, this model only serves the purpose of understanding the 
relations between key parameters such as bubble size, formation frequency, sample flow 
rate, and most importantly surface tension. The model assumes a fixed flow rate ratio 
between air and sample liquid. Further assumptions are small bubbles size and 
incompressibility of air. Since bubbles in the model are formed in micro scale and the flows 
are in steady state, mass related forces such as inertial force, momentum force and 
buoyancy force are neglected. As the growing bubble is present in a flowing surfactant 
liquid, the surfactant concentration at the bubble surface is not uniformly distributed and 
thus a gradient of surface tension on the bubble surface is developed. The presence of the 
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Fig. 3. Velocity vector fields for 4c* DNA flow at (A) Re = 0.0008 and De = 1.2 and (B) 
Re = 0.006 and De = 9 through gradual contraction.  The corresponding streak images and 
region of interest are shown at top.  Vectors are scaled such that an arrow of length x/w = 
0.2 corresponds to vx/u = 0.04 for (A) and vx/u = 0.002 for (B). 
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Figure 3. Dimensionless vortex length for 
flows of 4c* DNA through gradual 
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The vortex length follows the functional 
form,  = 0.8445De0.51.

Fig. 2. Streak images of gradual contraction 
device for flows of 0.4c* DNA at (A) Re = 
0.20, De = 12 and (B) Re = 0.41, De = 24 
and 4c* DNA at (C) Re = 0.01, De = 15 
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ABSTRACT
 This paper reports a novel microfluidic sensor for measuring dynamic gas/liquid 
interfacial tension. The device consists of a mirofluidic chip with a microchannel network 
and an optical detection system. The sample is introduced into a main channel, while air is 
injected through a T-junction. A simple analytical model was established to identify the 
parameters, which can be used for measuring the surface tension. Due to the fixed flow rate 
ratio used for the sensor, bubble formation frequency is the only parameter, which can be 
measured easily by optical detection. While the bubble is represented by a pulse in the 
output signal, the formation frequency is simply the frequency of the output signal. 
Measurements were carried out for aqueous solutions with different concentrations of the 
ionic surfactant CTAB (Cetyl Trimethyl Ammonium Bromide). The sensor potentially 
allows the use of a minute amount of sample compared to the relatively large amount 
required for existing commercial systems. 
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1. INTRODUCTION
 This paper presents a microfluidic sensor for dynamic surface tension measurement. The 
sensor chip has two functions: generation and detection of air bubbles in a sample flow. 
The microfluidic sensor was fabricated on a PMMA substrate by laser machining and direct 
thermal bonding. The bubbles are formed at a T-junction between a large channel for the 
sample liquid and a smaller channel for injection of the air bubble. The T-configuration has 
been widely used for droplet formation in the works mentioned above. Our experiments 
also showed that this configuration results in reliable and reproducible generation of air 
bubbles. The generated air bubbles are detected optically using a pair of optical fibres 
positioned on both sides of the sample channel. The characterization results show a clear 
relation between the surface tension and the formation frequency of the bubbles, which can 
be easily determined from the output signal of the optical detection system. 

2. MODELLING 
 Figure 1 depicts a simple model of bubble formation. Since bubble formation is a 
complex physical phenomenon, this model only serves the purpose of understanding the 
relations between key parameters such as bubble size, formation frequency, sample flow 
rate, and most importantly surface tension. The model assumes a fixed flow rate ratio 
between air and sample liquid. Further assumptions are small bubbles size and 
incompressibility of air. Since bubbles in the model are formed in micro scale and the flows 
are in steady state, mass related forces such as inertial force, momentum force and 
buoyancy force are neglected. As the growing bubble is present in a flowing surfactant 
liquid, the surfactant concentration at the bubble surface is not uniformly distributed and 
thus a gradient of surface tension on the bubble surface is developed. The presence of the 
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surface tension gradient leads to the Marangoni force acting on the bubble. If the surfactant
solution is dilute, the Marangoni force is assumed to be negligible, and thus the force
balance equation including only the drag force of the sample flow and the surface tension at 
the injection port is expressed as: 
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From (2), the surface tension can be measured based on the formation frequency f , if all 
other parameters are constant.

3. EXPERIMENTAL RESULTS AND DISCUSSION 
Our microfluidic device is made of polymethyl methacrylate (PMMA), the 

microchannels are machined into the substrate using CO2 laser. The injection channel and 
the guides for inserting the optical fibres are both 175 µm in width and 205 µm in depth.
The larger microchannel for sample flow has a width of 340 µm and a depth of 340 µm.
The guides for the two optical fibres are engraved at a down stream position. The optical 
fibres (AFS105/125Y, THORLABS Inc.) have a core diameter of 105 µm, a clad diameter
of 125 µm, a buffer diameter of 250 µm, and a numerical aperture of 0.22. After bonding at
165 ºC, the bonded stack is annealed at 80 ºC for relieving stress. The bonding pressure
was kept at about 20 kPa. Laser light is led into the channel and detected by a ADP module.
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Figure 1. The microfluidic sensor for surface tension measurement: (a) droplet 
formation, (b) optical detection, (c) the fabricated device.
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Figure 2. Bubble formation frequency as function of  (a) sample flow rate, (b) surfactant
concentration.

The formation frequency can be measured as the frequency of the output signal of the ADP
module. Cetyl trimethyl ammonium bromide (CTAB, C19H42BrN) was used as surfactant
to vary surface tension values. Experimental results are shown in Fig. 2. 

5. CONCLUSIONS 
In this paper, we presented a microfluidic device for bubble formation and detection.

The device has a microchannel network to form the bubbles. The bubbles are detected by
two optical fibres. A bubble passing by the detection point diffracts a part of the incoming
laser light. The change in intensity can be detected by the optical fibres placed on the other 
side of the channel. Due to the small changes in density, formation frequency depends only
on the surfactant concentration or on the surface tension. Since the frequency increases 
monotonously with the concentration, bubble formation frequency can be related directly to
the surfactant concentration. Up to the critical micelle concentration (CMC), the relation
between surface tension and formation frequency is almost linear. Thus, formation
frequency can be used to measure surface tension. Beyond CMC, the frequency changes 
sharply. Detecting the sharp changes may allow the sensor to determine this critical value
of a surfactant solution. 
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ABSTRACT
 In this study, a quantitative flow measurement study has been performed in order to 
clarify the hydrodynamic aspects involved in the microdroplet formation when using two 
immiscible fluids. This paper describes external and internal flow fields during 
microdroplet formation and internal/external circulation patterns when a microdroplet is 
moving through a microchannel. Cross-junction microchannels which were made of PDMS 
were used and two immiscible liquids (water/oil phase fluids) were infused continuously. 

Keywords: Microdroplet, Two-phase flow field, Immiscible fluids, Circulation 

1. INTRODUCTION
 Micro-droplet has been widely studied in chemical/bio-chemical applications in order to 
increase the chemical reaction or the diffusion rate through the interface between two 
immiscible fluids and a lot of papers about microdroplet have been reported. Most of 
microdroplet studies have still stayed at the visualization approaches[1, 2]. However, it is 
necessary to measure the internal/external flow field of microdroplet in order to design 
micro reactors and to understand/analyze the chemical reaction. 
 Therefore, this study aimed to measure both internal and external flow fields in and 
around a microdroplet formed in a microchannel and to suggest a measurement method of 
two phase flow which has deformable/moving boundaries. From this study, numerical 
simulators can get beneficial information to make a model for the numerical simulation.  

2. EXPERIMENTAL SETUP
 A cross-junction microchannel which had three inlet ports and single outlet was used in 
this study as shown in figure 1. The water phase fluid (water with 3% of PVA) was 
introduced into the main channel and 
Oil-phase fluid (Freol ALPHA 10G) 
was injected into one of the branch 
channels. The other branch channel 
was used as the inlet channel for the 
water or oil phase fluid. The depth was 
100 m through the whole channel. 
 The channel was made of PDMS 
(Polydimethylsiloxane) and bonded 
with a glass plate by means of the 
plasma treatment. The PDMS channel 
was placed into 120°C oven for 72 
hours to recover the hydrophobicity Figure 1. Dimensions of cross-junction microchannel
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after the plasma bonding. Figure 2 shows the 
schematic of the experimental setup for Micro-
PIV system for this study. The system was 
consisted of a 10 bit high speed CCD camera, a 
microscope with 20X objectives and syringe 
pumps. A 10bit high speed CCD camera was 
used to get time resolved velocity fields as a 
microdroplet was formed (1280 512 pixel 
resolution, 1272.3 fps). Shadows of particles 
were formed on the image plane unlike using 
fluorescent particles. Particles with 1 m
diameter were seeded into the working fluids, 
water and oil phase fluid. 

3. BOTH INTERNAL AND EXTERNAL FLOW FIELDS MEASUREMENTS
 Nonlinear diffusion filter was used to detect the interface between two fluids and to 
segment the each fluid region. This procedure is important to get more accurate vectors 
close to boundary and to analyze the each fluid region separately. Figure 3 shows an 
original image and segmented regions by using nonlinear diffusion filter, edge detection 
method and fill flood algorithm. 
 Figure 4 shows the flow fields of the water 
and oil phase fluid while a microdroplet was 
generated (Qinlet1, water= 0.8, Qinlet2, oil=3.0,
Qinlet3, water=0.2 l/min). Each flow field of 
two immiscible fluids was calculated 
separately with different interrogation sizes. 
From these results, one can understand the 
mechanism of the droplet formation in a 
microchannel and the mixing pattern in a 
microdroplet while the droplet is generated. 
Figure 5 shows the flow field in and around 
microdroplet and Galilean decomposed flow 

Figure 2. Schematic of system setup

x (micron)

y
(m

ic
ro

n)

-100 0 100 200 300 400 500 600

-100

0

100

10 mm/s

x (micron)

y
(m

ic
ro

n)

-100 0 100 200 300 400 500 600

-100

0

100

10 mm/s

x (micron)

y
(m

ic
ro

n)

-100 0 100 200 300 400 500 600

-100

0

100

10 mm/s

x (micron)

y
(m

ic
ro

n)

-100 0 100 200 300 400 500 600

-100

0

100

10 mm/s

Figure 4. Both internal and external flow fields 
Figure 3. Original instantaneous image and 

segmented regions of each fluid 



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

628

fields (U-Udroplet). The flow conditions 
were Qinlet1, water= 1.0, Qinlet2, oil=3.0, Qinlet3, oil 

=3.0 l/min. One can see the circulation 
pattern from figures 5 and 6. The internal 
circulation can be resulted from the slip at 
the wall and the shear at the leading edge 
and the backside of the microdroplet. As 
the velocity profile of the oil is developed, 
the center line velocity of the oil should be 
faster than the moving velocity of the 
droplet. This brings out the low pressure at 
the leading edge of the droplet and the high 
pressure on the other side. Therefore, at the 
leading edge, the oil fluid should be 
entrained into the center line of the channel 
due to the mass conservation and At the 
backside, the oil fluid would get out of the 
center line. Therefore, the internal 
circulation of the microdroplet can be 
continued to the end of the microchannel 
and would perform the internal mixing. 
This circulation pattern is quite different 
with other predictions in previous studies[1, 
2]. 

4. CONCLUSION 
 Both internal and external flow fields 
could be successfully obtained by using the 
nonlinear diffusion filtering, boundary 
detection and the segmentation. The internal circulation in the microdroplet and the 
external circulation were different from other predictions in previous studies. These flow 
fields during the formation and moving of the microdroplet can also provide a numerical 
model for numerical simulators. 
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CONFOCAL MICRO-PIV MEASUREMENT OF 
INTERNAL FLOW IN A MOVING DROPLET 
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ABSTRACT
 This paper presents a new micro flow diagnostic technique, “confocal micro-PIV”, and 

its application to the internal flow measurement of a droplet passing through a 
microchannel. The confocal micro-PIV enables us to measure velocity distributions within 
a thin layer of a cross-sectional plane. Using the confocal micro-PIV, we have successfully 
measured the internal flow structure of a droplet, which is travelling in a 100 m-square 
channel. The measurement result suggests that three-dimensional circulating flow is formed 
inside the droplet. It also shows the possibility to design a droplet-based device using the 
mechanism of circulating flow in order to enhance mixing. 

Keywords: Circulating flow, confocal scanner, droplet, micro-PIV 

1. INTRODUCTION
 Microfluidic device that utilizes discrete flow such as droplets or plugs has been focused 
due to its advantage that the amount of dead volume can be dramatically decreased [1]. The 
key issue in droplet-based devices is handling of liquid droplets, such as transportation, 
metering, or mixing. In order to conduct these processes efficiently, it is required to 
understand the fluid flow inside the droplet [2]. Recently, micro-PIV has become a 
powerful measurement tool in microfluidic study [3], which enables us to measure velocity 
distributions of micro flows. Conventional micro-PIV technique, however, has a 
disadvantage in obtaining a good quality of particle images. Most of the conventional 
micro-PIV systems make use of the epifluorescent microscopy so as to image the tracer 
particles. Therefore, the micro-PIV images include projection of whole fluorescent light 
from not only the focused particles but also the unfocused particles [4], which degrades the 
signal-to-noise ratio of images and causes measurement errors. 

In this study, we develop a confocal micro-PIV system applying the confocal microscopy 
to conventional micro-PIV system in order to remove out-of-focus light and obtain clear 
cross-sectional images. Using the confocal micro-PIV system, we measure the internal flow 
of a droplet that moves in a square microchannel and figure out the flow structure inside the 
droplet. 

2. EXPERIMENTAL SETUP 
 Figure 1 illustrates the schematic of the confocal micro-PIV system. The system mainly 
consists of inverted-type microscope, confocal scanner, high-speed camera, CW laser, and 
PC. The key feature is the high-speed confocal scanning system [5], which enables 
confocal imaging at 2,000 frames per second. This imaging speed is high enough to 
perform PIV analysis. Using this confocal micro-PIV system, we can measure the velocity 
field in the region of 240 m x 180 m with the depth-of-field of 1.8 m.  

A T-shaped PDMS microchannel is used as a droplet-generating device. The 
experimental setup for droplet formation is shown in Fig. 2. We use two different working 
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fluids for refractive index matching, silicone oil and 55% glycerol solution. Silicone oil is 
streaming in the main channel and glycerol solution is flowing into the main channel at the 
T-shaped intersection, where small droplets of glycerol solution are generated repeatedly 
and transported to the measurement section. Glycerol solution contains fluorescent tracer 
particles of 500 nm in diameter for PIV. The velocity distributions in a total of 6 cross-
sections of a droplet were measured using the confocal micro-PIV system. 

X

Z

Y

RS232C

TTL pulse trigger

Desktop PC Piezo driver

High-speed camera

Inverted microscope

CW laser
Optical fiber

Measurement target:
Microchannel

Objective 40x/1.25
on Piezo Z-stage

Confocal scanner
CSU22

800 x 600 pixels, 12-bit
2000 fps

Scan speed: 0.5 ms/frame
    =  2000 fps

532 nm green
Power: < 1.5 W

Z resolution: 0.1 um
Frequency: < 10 kHz

View from bottom

100 m

Outlet (to drain)

PDMS

Cover glass
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Inlet 2
(Grycerol solution)

Inlet 1
(Silicone oil)

x

depth:100 m

y

z

Droplet

Grycerol solution

Silicone oil

Measurement section

Figure 1. Schematic of confocal micro-PIV system Figure 2. Experimental setup for 
droplet formation

4. RESULTS AND DISCUSSION 
 The particle image obtained by the confocal micro-PIV system is compared with the 
standard micro-PIV image in Figs. 3. Using the confocal scanner, we can eliminate the 
unfocused particle images optically and capture only the particle images within a thin layer 
of a horizontal focal plane. Figure 4(a) shows the instantaneous velocity distributions in 
each cross-section. Whole velocity vectors denote the direction toward downstream since 
the droplet is moving along with the channel path. In order to elucidate the flow 
phenomenon inside the droplet, the velocities relative to the moving speed of the droplet 
are estimated and mapped in Fig. 4(b). The axisymmetrical circulation flow is observed in 
any cross-sections, such that its direction is different between near the top/bottom wall and 
around the center of the channel. This result suggests that the fluid inside a closed droplet 
circulates in the three-dimensions by the drag force on the contact surface with the 
surrounding channel walls when the droplet passes through a square microchannel. 

Moving direction

0 50 m

Moving direction

0 50 m

(a) Standard fluorescent image (b) Confocal image

Figure 3. Particle images at the center cross-section of a moving droplet
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Figure 4.  Velocity distribution inside a moving droplet

5. CONCLUSIONS 
 The confocal micro-PIV system has been developed and applied to the internal flow 
measurement of a small droplet that is transported in a square microchannel. The use of 
high-speed confocal scanner enables the confocal imaging and PIV measurement at up to 
2,000 fps. We can measure the velocity field in a cross-sectional plane of 240 m x 180 m
with the depth-of-field of 1.8 m using the present confocal system. The internal flow of a 
droplet has been measured using the confocal micro-PIV and the flow structure inside a 
closed droplet has been investigated. The PIV results indicate that the fluid is circulating 
three-dimensionally due to the drag force by the surrounding channel walls. 
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ABSTRACT

We have found that, in an asymmetric microchannel with deep and shallow lanes, liquid 
flow in the deep lane and gas flow in the shallow lane spontaneously crosses each other.
We have named it “gas-liquid crossing flow”. Capillary force to drive the liquid phase into 
the shallow lane with higher surface to volume ratio is the main cause for the crossing flow. 
Flows become turbulent at the crossing point and settles down downstream. Therefore 
effective gas-liquid mixing and separation could be realized with the crossing flow. In the 
present study, we optimized conditions for the gas-liquid crossing flow formation and also 
applied the technique developed here to an ammonia gas analysis system.   

Keywords: crossing flow, gas-liquid, microchannel 

1. INTRODUCTION

 We have proposed several kinds of gas-liquid flows inside microchannels [1-2]. They 
include laminar and counter flows in specially designed asymmetric two- or three-lane 
microchannels. A section diagram and a top-view of a two-lane gas-liquid microchip were 
shown in Figure 1. Between such multi-phase gas-liquid flows, a gas-liquid interface inside 
asymmetrical channels is stably formed (shown in Figure 2) and quantitative gas-liquid 
reactions could occur. 

180 60

30 9
0

( m )

< Pyrex glass, 70 x 30 mm >

 We have successfully demonstrated the construction of a novel gas analysis microchip 
system for ammonia or formaldehyde by combining such gas-liquid two-phase laminar 
flows and thermal lens microscopic detectors [2].  However, more effective gas-liquid 
reaction is necessary for measurement at lower concentration. 
 Recently, we developed a unique gas-liquid crossing flow inside microchannels with 
shallow and deep lanes [3]. When a gas flow comes in a shallow lane and a liquid flow in a 
deep lane, the merged flow becomes turbulent near the confluence, and settles into gas-
liquid laminar profile at the downstream section. 

Figure 1.  Section diagram and top-view
of a two-lane gas-liquid microchip.

Figure 2. Gas-liquid laminar two phase flow
inside a two-lane microchip. 
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 In this study, the conditions for stable formation of a gas-liquid crossing flow were 
optimized. This crossing flow was applied to an ammonia gas analysis system with a good 
result. 

2. THEORY

 The mechanism of the gas-liquid crossing flow was shown in Figure 3. We consider that 
strong capillary force that drive the liquid-phase, which was introduced in the deep lane, 
into the shallow lane of the microchannel should be the major cause for the spontaneous 
generation of the crossing flow. Since capillary force is so large, the gas-phase flow 
introduced in the shallow lane is immediately pushed out into the deep lane by the liquid-
phase intruded into the shallow lane. Figure 4 shows the gas-liquid crossing flow observed 
in a two-lane microchip. 

Gas

Liquid

Gas-Liquid Crossing
- Turbulence -

Laminar flow

Liquid

Gas

Gas

Liquid

Gas-Liquid Crossing
- Turbulence -

Laminar flow

Liquid

Gas

Figure 3.  Mechanism of gas-liquid crossing flow.     Figure 4.  Image of gas-liquid crossing flow. 

3. RESULTS AND DISCUSSION 

Optimization for formation of gas-liquid crossing flow

 In order to form the gas-liquid crossing flow, the form, the depth of the channels depths 
of the shallow lane and the ratio of gas to liquid flow rates were optimized. Asymmetric 
channel-design, depth of the shallow lane of less than 50 m, and the ratio of gas to liquid 
flow rates from 100 to 2000 were essential parameters for the formation of the gas-liquid 
crossing flows inside microchannels as shown in Table 1. We also succeeded informing the 
gas-liquid crossing flows in three-lane microchannels as shown in Figure 5. 

Table 1. Optimization for formation of gas-liquid crossing flow 

Parameter Note Formation of gas-liquid crossing flow 
Asmmetric Good Microchannel 

design Symmetric NG 
< 50 m Good

Depth of shallows 
> 50 m NG

100 – 2000 Good Ratio of flow rates 
- gas / liquid - < 100  or  > 2000 NG 

Liquid Gas

Liquid
Gas

Liquid Gas

Liquid
Gas
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Figure 5.  Gas-liquid crossing flow inside a three-lane microchannel. 

Application to ammonia gas analysis microchip system

 The gas-liquid crossing flow was applied to an ammonia gas analysis microchip system. 
Sensitivity down to 1 ppm of ammonia gas higher than with a non-crossing flow was 
observed as shown in Figure 6. 

Figure 6.  Response to ammonia gas by using gas-liquid crossing flow method. 

4. CONCLUSIONS

1) Conditions for formation of gas-liquid crossing flow were optimized. 
 a) channel-design : asymmetric b) depth of shallow channel : < 50 m
 c) ratio of gas to liquid flow rate : 100 – 2000  
2) The crossing flow was applied to the ammonia gas analysis system with a higher 

sensitivity than a previous system. 
3) This technology will be useful for analysis and synthesis in microchannels.
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ABSTRACT 
We produce monodisperse droplet trains (CV < 2%) to add multiphase flow 

technologies such as droplet emulsions and segmented flow to centrifugal microfluidics.  
Within a working range of droplet generation, the droplet volumes (5 to 22 nL) and their 
spacing is controlled by the channel geometry as well as the frequency of rotation.  One 
important unit operation, the hydrodynamic splitting of droplets, is shown.  The centrifugal 
platform also enables new functions in multiphase microfluidics, most notably 
sedimentation. 
Keywords: droplets, segmented flow, centrifugal, microfluidics 

1. INTRODUCTION 
Emulsification is a central step within a multitude of production processes in the 

nutrition, cosmetic and pharmaceutical industry. In the recent years, the production of stable 
microemulsions featuring narrow droplets size distributions [1] and even double emulsions 
[2] have been demonstrated by microfluidic systems.  In case the droplet size is set in the 
range of the channel dimensions, a continuous flow is split into separate liquid 
compartments, each of them representing a minute reaction vessel where fast diffusive and 
even convection enhanced mixing is realized [3],[4]. 

This paper presents the realization of multiphase fluidic operations on our recently 
introduced centrifugal micro process engineering platform [5]. 

2. MECHANISM OF DROPLET FORMATION 
The two phases are centrifugally pumped through the structure on the rotating disk.  

Water droplets are generated at the flow-focusing junction of two outer oil flows o and an 
enclosed water column w (Figure 1).  Since (unpolar) oil exhibits superior wetting 
properties in the polymer microchannels made of COC (Table 1), the water plug has to be  

Figure 1. Droplet generation structure placed on the rotating disk. The process of 
droplet formation is depicted in a stroboscobic frame sequence. 

F
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actively “pulled” out of the central channel by the centrifugal force F  counteracting the 
surface tension force F . Hence, at small frequencies of rotation, the water plug rests in the 
central channel or even withdraws. 

Within the working range above a frequency threshold low, a water plug is expelled 
towards the junction and breaks off as soon as the droplet exceeds a critical mass.  This 
process can be followed in the stroboscopic sequence of picture frames (Figure 1).  The 
upper limit of the working range high is determined by the point where d and start to 
match, leading to a contact and merging of the droplets. The droplet generation process is 
influenced by the hydrodynamic resistances Ro, Rw and Rout of the supply and outlet 
channels as well as the geometry of the droplet carrying channel.  

3. EXPERIMENTAL RESULTS 
Surfactant-free sunflower oil suspending ink-colored water (2 vol-%, Table 1) is used to 

investigate the process of droplet formation.  Two parameters, the characteristic droplet 
area A and the droplet spacing , which is a measure for the droplet production rate, have 
been experimentally evaluated.  The diameter d as well as the volume of the droplets can 
only be approximated from A as the droplets are squeezed (Figure 2) to an unknown extend 
between the upper and lower wall of the channel (depth ~200 µm). 

Three different functions are realized by varying the design of the structure.  Modes of 
fully suspended and isolated (high o and small Rout) droplets, vertically squeezed droplet 
trains (lower o and bigger Rout) as well as segmented flow (“squeezed structure” with 
widened junction) can be established within the droplet carrying channel (Figure 2).  
Besides the channel geometry, also the frequency of rotation impacts the spacing and the 
diameter of the droplets (Figure 3).  Towards increasing frequencies of rotation, the droplet 
generation rate grows while their size shrinks. 

Apart from the merging of droplets toward high frequencies, we also demonstrate 
hydrodynamic splitting of droplets (Figure 4). To this end, a crossing with a second 
downstream sheath-flow has been realized.  Our experiments show that above a certain 
threshold frequency, the droplet splits due to 
the hydrodynamic stress imposed by the 
lateral oil flow o at this junction. A further 
increase of the spinning frequency leads to 
the formation of additional satellite droplets. 

Figure 2.  Spatially separated droplets are generated within the working range. Towards 
high frequencies of rotation , the droplet spacing reduces until the droplets merge. 

 [mPas]  [°] [g/cm3]

water 1.09 82.7 1.005 
sunflower oil 62.2 10.3 0.909 
Table 1. Properties of water and sunflower oil
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4. CONCLUSION AND OUTLOOK 
A novel centrifugal microfluidic method for the 

continuous production of highly monodisperse trains 
of water droplets in an oil flow has been studied.  By 
changing the channel geometries and the frequencies 
of rotation, the flow regime could be switched between 
monodisperse emulsions and segmented flow.  Also 
key unit operations such as the splitting and merging 
of droplets are demonstrated.  We see further benefits 
of porting multiphase flows to the centrifugal platform 
in the comparatively high discharge rates [5] as well as 
the facile integration of centrifugal droplet 
sedimentation, thus enabling novel applications in the 
fields of droplet based analytics and micro process 
engineering [6]. 
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Figure 3. The droplet diameter d and the droplet spacing  are portrayed as a function of 
the frequency of rotation .

Figure 4. Above a critical freq-
uency , a droplet can be split at 
a second downstream junction.  
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ABSTRACT
In this study, we developed a code which can simulate micro flow using Moving Particle 

Semi-implicit (MPS) method, one of the particle methods. Since surface tension is 
extremely strong in micro fluid, we introduced a sub-time step algorithm to calculate the 
surface tension term stably and efficiently. Micro droplet generation is analyzed in a micro 
channel in two dimensions.  The calculated result shows good agreement with experimental 
data [1]. 
Keywords: Numerical analysis, fluid dynamics, MPS method, droplet generation 

1. INTRODUCTION 
Micro droplets enhance the surface area per unit volume, which accelerates chemical 

reactions, for example solvent extraction.  A variety of experimental studies have been 
carried out to generate micro droplets in micro channels [1 - 3]. In order to optimize micro 
channel design, we have to make a number of micro channels and test them.  Thus, the cost 
of optimization is enormous, or in most cases, it is impossible. If we could use numerical 
analysis, the optimization would be more easily at a lower cost.  Numerical analysis will be 
useful for optimization of micro channel design.   

Surface tension is extremely strong in micro scale multi-phase flow.  This reduces the 
time step so much and the calculation will be time-consuming to analyze micro droplet 
generation process. We need an efficient calculation algorithm specific to the micro flow.  
Besides, large deformations of interfaces are necessary to analyze.

In conventional numerical methods, such as finite difference and finite element methods, 
which use meshes, large deformations of interfaces are difficult to calculate due to mesh 
distortion.  Particle methods do not need meshes, so they are fitted to this problem since 
they are free from the mesh distortion.  Another point of the code development is 
verification. The calculation result must be compared with experiments quantitatively.   

In this study, a code is developed to analyze micro droplet generation using a particle 
method called MPS.  A new algorithm is proposed to analyze micro flow efficiently even if 
the surface tension is extremely strong.  Calculations are carried out in two dimensions and 
compared with an experiment [1].  

2. MATHEMATICAL MODELS 
In the MPS method, fluid dynamics is solved without the mesh.  Governing equations are 

discretized to particle dynamics using particle interaction models.  Since the mesh is not 
used, large deformation of interfaces can be analyzed without mesh distortion.  The 
particles move in fully Lagrangian description, and the convection terms are not necessary 
to calculate.  It is essentially free from numerical diffusion.  The interfaces are kept clear 
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even if large deformation takes
place.  Thus, the MPS method
is fitted to the analysis of micro
droplet generation. The details
of the MPS method are
provided in [4, 5]. In this study
we develop an algorithm in
which sub-time steps are used
for the surface tension term,
while a larger time step is kept
for other terms.  The most time-
consuming part is the solver of
the Poisson equation of pressure.
This algorithm keeps a large
time step with respect to the
Poisson equation of pressure
when surface tension is stronger.  The MPS method with the sub-time step algorithm keeps
numerical stability and enables us to analyze micro droplet flow efficiently.

Figure 1.  Calculation geometry
Both width and depth of micro channels are 100x10

[m].  Water and organic phases are delivered into
the micro channels and droplets are formatted at the 
Y-junction. The droplet size and pitch are defined as 
shown in the figure.

We built two-dimensional calculation geometry as same as an experiment (Fig.1).  Butyl
acetate and water were injected into micro channel.

3. RESULTS 
The behavior of droplet generation is shown in Fig. Experimental results and simulation

results show same behavior as follows.
a. The shape of droplets is round. 
b. Organic phase breaks up, and that a droplet is generated at the junction.
c. Almost uniform droplets are generated.

Figure 3. Formation of droplets
(stimulation)
The flow rates of organic phase and 
water phase are 8 l/min and
4.8 l/min, respectively. The interval
of each figure is 0.008sec. 

Figure 2. Formation of droplets
(experimental)
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ABSTRACT
     A method is presented for interfacing polymeric microfluidic chips to printed circuit 
boards for automated data acquisition.  Our world-to-chip interface connects a microfluidic 
patch clamp array chip to a personal computer.  The combined system forms an automated 
electrophysiology platform.  Both electrical and mechanical interconnects are positioned 
vertically, while microfluidic components are found in the horizontal plane of the chip.  
Although our interface is presented as part of an electrophysiology system, it may be 
generalized to similar devices that require electrical and fluidic interfacing. 

Keywords: world-to-chip interfacing, patch clamp, lab automation 

1. INTRODUCTION
     Microfluidics offers the potential to lower costs and increase reaction speeds by greatly 
diminishing the volumes of reagents necessary for bioassays.  However, a challenge exists 
in interfacing the microdevice to the macroworld [1].  While the small physical dimensions 
of microfluidic systems prohibit manual operation, the required use of (often sophisticated) 
controls and automation systems requires sequentially larger components.  Most 
microfluidic interfaces have been primarily concerned with the input and output of fluid; 
few interconnects allow the supply of electrical power or electrical signals [2].  We have 
developed a world-to-chip interface using hollow Ag/AgCl electrodes that combines the 
electrical and fluidic interconnect into a single component.  We demonstrate the interface 
with a previously reported patch clamp microdevice created in poly(dimethysiloxane) [3].       

2. EXPERIMENTAL
     A schematic of the complete world-to-chip interface comprising an electrophysiology 
system is shown in Figure 1.  Both electrical and mechanical interconnects are placed 
vertically, while device components are found within the plane of the chip.  Hollow 
Ag/AgCl electrodes are used for both electrical and fluidic interfacing of the printed circuit 
board to the PDMS patch clamp array chip.  The electrode interconnect allows for charge 
transfer between the on-board electronics and fluid, where the electrode-electrolyte
interface permits the whole-cell recording of ion channels.  A personal computer running 
LabVIEW provides the input to the printed circuit board, while the output of the PCB 
connects to a Dagan PC-One patch clamp amplifier.  The amplifier output is then connected 
back to the PC to close the loop.  Once configured, the operator primarily interacts with the 
PC rather than the microfluidic device. 
     The printed circuit board (Figure 2) contains circuitry to reduce crosstalk and minimize 
noise.  A 4:1 analog multiplexer is placed between the four recording channels and the sole 
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We compare simulation results with experimental results quantitatively in two points:
droplet size and droplet pitch (Fig.4and5). We define the ratio of inlet flow rate as flow
rate of organic phase divided by flow rate of water phase. When the ratio of inlet flow rates
increases, the droplet size becomes larger, and the droplet pitch once becomes smaller and
then larger both in the experiment and the simulation.  However, the calculated droplet size
and pitch are larger.  This differences are attributed to the two-dimensional calculations,
while the experiment is three-dimensional.
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Figure 4. Ratio of inlet flow rates Figure 5. Ratio of inlet flow rates 

 v.s. droplet size v.s. droplet pitch

4. CONCLUSION 
In this study we introduced a sub-time step algorithm to the MPS method for the 

extremely strong surface tension term.  This algorithm enables us to calculate micro flow
efficiently in keeping the numerical stability.  Then we calculate two-dimensional droplet
generation and compare the simulation results with the experimental results quantitatively.
Good agreement is obtained though the calculated droplet size and pitch are larger than the
experimental data. We can use our code for the optimization of micro channel design.
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ABSTRACT
     A method is presented for interfacing polymeric microfluidic chips to printed circuit 
boards for automated data acquisition.  Our world-to-chip interface connects a microfluidic 
patch clamp array chip to a personal computer.  The combined system forms an automated 
electrophysiology platform.  Both electrical and mechanical interconnects are positioned 
vertically, while microfluidic components are found in the horizontal plane of the chip.  
Although our interface is presented as part of an electrophysiology system, it may be 
generalized to similar devices that require electrical and fluidic interfacing. 

Keywords: world-to-chip interfacing, patch clamp, lab automation 

1. INTRODUCTION
     Microfluidics offers the potential to lower costs and increase reaction speeds by greatly 
diminishing the volumes of reagents necessary for bioassays.  However, a challenge exists 
in interfacing the microdevice to the macroworld [1].  While the small physical dimensions 
of microfluidic systems prohibit manual operation, the required use of (often sophisticated) 
controls and automation systems requires sequentially larger components.  Most 
microfluidic interfaces have been primarily concerned with the input and output of fluid; 
few interconnects allow the supply of electrical power or electrical signals [2].  We have 
developed a world-to-chip interface using hollow Ag/AgCl electrodes that combines the 
electrical and fluidic interconnect into a single component.  We demonstrate the interface 
with a previously reported patch clamp microdevice created in poly(dimethysiloxane) [3].       

2. EXPERIMENTAL
     A schematic of the complete world-to-chip interface comprising an electrophysiology 
system is shown in Figure 1.  Both electrical and mechanical interconnects are placed 
vertically, while device components are found within the plane of the chip.  Hollow 
Ag/AgCl electrodes are used for both electrical and fluidic interfacing of the printed circuit 
board to the PDMS patch clamp array chip.  The electrode interconnect allows for charge 
transfer between the on-board electronics and fluid, where the electrode-electrolyte
interface permits the whole-cell recording of ion channels.  A personal computer running 
LabVIEW provides the input to the printed circuit board, while the output of the PCB 
connects to a Dagan PC-One patch clamp amplifier.  The amplifier output is then connected 
back to the PC to close the loop.  Once configured, the operator primarily interacts with the 
PC rather than the microfluidic device. 
     The printed circuit board (Figure 2) contains circuitry to reduce crosstalk and minimize 
noise.  A 4:1 analog multiplexer is placed between the four recording channels and the sole 
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patch clamp amplifier to simplify external wiring and lower system cost.  The patch clamp 
chip (Figure 3) contains inlet and outlet ports as well as a circular array of patch clamp 
trapping junctions. 
     The electrodes extend above the top of the PCB, allowing cells to be inserted/removed 
from the device by applying positive/negative pressure to tubing connected over the inlet 
and outlet electrodes.  Similarly, cell trapping occurs by applying suction through the 
trapping channel electrodes.  Cell trapping may be performed by manually operating 
syringes or automatically, using a pressure control system.  The automated method uses a 
pressure controller and three-way valves to switch between suction and air, is advantageous 
in that suction can be removed following trapping to minimize cell disturbance.  The 
pressure control system allows completely hands-free operation by replacing the 
individually operated syringes with automated valves for cell trapping. 

3. RESULTS AND DISCUSSION 
     Our vertical electrode interface successfully connects a PDMS microdevice to a custom 
printed circuit board.  Figure 4 shows the configuration for using syringes to insert samples 
and apply suction for cell trapping.  Once cells are trapped, all elements of the assay may 
be performed through custom patch clamp recording software.  Figure 5A shows the 
LabVIEW graphical user interface used for multi-cell recording. A current vs. time plot 
from a trapped cell following stimulus with a 50 mV, 10 Hz square wave voltage pulse is 
shown in Figure 5B. 
     The world-to-chip interface is a crucial element in the formation of microfluidic systems 
that are capable of automatic, reliable and reproducible data acquisition.  There is a clear 
need for interfaces that will interoperate with a broad spectrum of electronic and 
mechanical hardware.  We believe that the frequent need for a world-to-chip interface that 
carries both fluidic sample and data makes the creation of µTAS devices with ports aligned 
to standard electronics footprints, such as DIP (dual in-line package), highly advantageous.  
The freedom of placement of vertically arranged, hollow Ag/AgCl electrodes is 
advantageous since alignment with conventional electronic footprints ensures compatibility 
with electronic design automation (EDA) software.  Our interface allows electrical data 
recording from the microfluidic device, while printed-circuit compatibility allows the 
control of valves, multiplexers, and other components necessary to maintain proper 
operation.

4. CONCLUSIONS 
     Our world-to-chip interface, which allows the manipulation of both fluids and data 
through a single interconnect, demonstrates a hierarchical and modular approach to 
microfluidic system design.  The system is compatible with newly designed devices that 
conform to the printed circuit footprint, and thus offers “plug and play” functionality.  
Although our approach has been demonstrated in the context of a patch clamp recording 
system, the design may be adapted to other microfluidic applications where fluid and data 
interfacing are required. 
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Figure 2: Photograph of 
PCB, showing input 
ethernet connector, Ag/ACl 
electrodes, and coaxial 
cable output.

Figure 1: Schematic of complete electrophysiology 
setup, comprising printed circuit board with PDMS 
patch clamp array, multiplexed data recording, and 
pressure control.
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Figure 5: A) LabVIEW software for multi-
channel recording. B) Patch clamp seal current 
recording from a single trapping channel.  The 
current observed is in response to a 50 mV, 10 
Hz square wave voltage pulse.

Figure 3: Micrograph of lateral patch clamp array 
device.  Center circular structure is 500 µm.

Figure 4: Trapping using a 
syringe on each channel to 
manually apply suction 
against a nearby cell.
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ABSTRACT 
 BioMEMS microfluidic system which accommodates a novel fluidic sealing and device 
integration has been designed and fabricated to provide a platform for post-fabrication, 
spatially selective biomolecular assembly and biofunctionalization.  
Keywords: BioMEMS, microfluidics, package, reusable sealing 

1. INTRODUCTION
 Research aimed at multi-step, multi-site bioprocess reactions for sensing, synthesis, and 
metabolic engineering requires an integrated approach to microfluidic chip and packaging 
designs to accommodate fluidic, electrical and optical networks.[1]  We exploit surface-
controlled bioreaction processes through electrodeposition of amine-rich chitosan 
biopolymer as the platform for biofunctionalization with proteins or nucleic acids.[2]

Robust fluidic sealing which can be subsequently removed is desirable for post-reaction 
analysis of materials and surfaces and for reuse of package and device components.  We 
achieve this using SU8 microchannels and a PDMS sealing layer.[3]  Plexiglas plates above 
and below the bioMEMS device chip (Fig. 1) enable compression bolts in the package to 
compressively seal the microchannels while allowing the system to be opened and reused 
afterwards.  The Plexiglas plates carry fluidic and electrical inputs/outputs (I/O’s) to 
external control systems.  Finally the packaging system is built with transparent Plexiglas 
material and it allows visible observation to the bioreaction test site by microscope (Fig. 2). 

Figure 1 Conceptual exploded view of 
microfluidic chip and package 

Figure 2 Picture of the Plexiglas 
microfluidic packaging system 
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2. DESIGN AND STRUCTURE
 BioMEMS device chips are fabricated from SU8 microchannels (500 m wide, 130 m
deep) on pyrex substrates with patterned Au electrodes as the sites for the biomaterial 
assembly and functionalization (Fig. 3).  The bioMEMS chip design shown includes 6 
fluidic networks, their I/O’s, and Au electrodes for each microchannel.  As indicated in the 
Fig. 3 insert, the SU8 pattern is restricted to a small lateral extent - a micro-knife-edge - on 
either side of each microchannel.  A flexible thin film (~150 m) of PDMS then forms a 
leak-tight gasket seal when pressed against the SU8 micro-knife-edge from the top (Fig. 4).  
The SU8 micro-knife-edge maximizes local PDMS compression to assure a robust seal. 
 Assembly is accomplished by placing the SU8/pyrex bioMEMS wafer on the Plexiglas 
bottom compression plate.  The PDMS layer is spun onto a Plexiglas top sealing plate, 
inverted, and placed onto the SU8 layer.  A Plexiglas top compression plate and then a 
Plexiglas I/O ring are added, and then the assembly is bolted together and tightened to seal 
the PDMS gasket against the SU8 micro-knife-edge structures which form the perimeter of 
each microfluidic network.  Set screws in the Plexiglas top compression plate can supply an 
additional stress distribution to optimize sealing across the 4” wafer.  Fluidic connectors, O-
ring seals for them, and electrical contact structures mounted in the Plexiglas I/O ring 
accomplish connections to external sources and controls.  The overall package allows 
optical access for real-time microscopy observations of bioprocesses from above.  

3. RESULT AND DISCUSSION 
 To demonstrate robust channel fabrication and package, we performed a series of 
microfluidic leak tests using dye solutions, as shown in Figure 5.  For this, we introduced 
blue dye solution into the BioMEMS microfluidic system for visible observation.  Figure 5 
shows the test results of the BioMEMS microfluidic system which is fully compressed with 
the system bolts and it shows that the microfluidic channels are successfully sealed by the 
SU8 micro-knife-edge and PDMS gasket.  This result shows that our packaging strategy 
using a SU8 knife edge, PDMS gasket, compression bolts and the Plexiglas package 
provides robust leak-tight sealing and simple observation. 
 To demonstrate spatially selective biomolecular assembly in microfluidic system, we 
deposited NHS-fluorescein labelled chitosan film onto the Au electrode in microchannel.  
Chitosan solution (pH~5, 1 w/v %) was introduced into microfluidic channel by micropump 

(b) (a)
Figure 3 (a) Design of SU8 micro-knife-edge 
channel and Au electrode on Pyrex (b) Cross 
section view through A-A' 

Figure 4 Schematic drawing of microfluidic 
packaging level (side view) and compression 
sealing. 
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ABSTRACT
 Novel user-friendly one touch fluidic tube connectors for microchips and microfluidic 
devices were developed. The characteristics of these microconnectors are as follows: i) one 
touch connection; ii) high pressure application (~25MPa); iii) low dead volume; iv) O-ring 
less; v) high mechanical strength and chemical resistance. These novel microconnector 
were all-in-one structures (micro stainless tube, teflon tube, and leak free flange structure), 
so easy hand connection was achieved without any careful assembly. 

Keywords: chip interface, connector, no dead volume, one touch connection, leak-
tight

1. INTRODUCTION
 This paper focuses on interfacing between the macroworld and the microworld, a main 
challenge for microfluidic devices. There is often a need for tube connectors on a 
microfluidic device for interfacing between the device and the outside world [1]. The main 
demand on such connectors is that they are leak tight for high pressure application. Other 
demands on the couplers depend on the application, but typically include mechanical 
strength, easy and cheap assembly and low dead volume. Most of the fluidic interface 
typically does not contribute to the functionality provided by the miniaturization. On the 
contrary, it constitutes a dead volume that counteracts the benefits from the on-chip size 
reduction. Therefore, it is important to minimize the system interfacing. Since efficient 
standard connectors are not commercially available, a new and simple one touch 
connection method for conveniently fixing external tubes to the chip without any glues was 

Figure 1.  Photo of one touch lock and detachable microfluidic connector 
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with flow rate of 2 l/min.  Then the pump was turned off to provide static flow condition 
for chitosan film deposition.  Voltage (2 A/m2, 240 sec) was applied and electrodeposition 
of fluorescein labeled chitosan (Fig. 6) is clearly seen on the negative electrode.  While 
important issues of preferential deposition and biofunctionalization remain, these results 
demonstrate the ability of this bioMEMS device and package design to support selective 
deposition of biofunctional platforms in a manner that ensures robust, leak-free fluid flow, 
and in a configuration that permits reuse and post-process materials and surface 
examination.  

4. CONCLUSIONS 
 In conclusion, we designed and fabricated a BioMEMS microfluidic system - device chip 
and package - having non-permanent, reusable sealing technology, fluidic/electrical device 
integration, and optical access to test sites.  We demonstrated that the micro-knife-edge and 
gasket sealing technology allows robust fluid sealing readily achievable.  Further, we 
demonstrated post-fabrication biomolecular assembly in the microfluidic system by 
electrodeposition of fluorescein-labeled chitosan on the gold electrode. 
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Figure 5 Microscopic images of microfluidic 
leak test experiment with blue dye (reservoir 
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deposition in the microchannel. 
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ABSTRACT
 Novel user-friendly one touch fluidic tube connectors for microchips and microfluidic 
devices were developed. The characteristics of these microconnectors are as follows: i) one 
touch connection; ii) high pressure application (~25MPa); iii) low dead volume; iv) O-ring 
less; v) high mechanical strength and chemical resistance. These novel microconnector 
were all-in-one structures (micro stainless tube, teflon tube, and leak free flange structure), 
so easy hand connection was achieved without any careful assembly. 
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1. INTRODUCTION
 This paper focuses on interfacing between the macroworld and the microworld, a main 
challenge for microfluidic devices. There is often a need for tube connectors on a 
microfluidic device for interfacing between the device and the outside world [1]. The main 
demand on such connectors is that they are leak tight for high pressure application. Other 
demands on the couplers depend on the application, but typically include mechanical 
strength, easy and cheap assembly and low dead volume. Most of the fluidic interface 
typically does not contribute to the functionality provided by the miniaturization. On the 
contrary, it constitutes a dead volume that counteracts the benefits from the on-chip size 
reduction. Therefore, it is important to minimize the system interfacing. Since efficient 
standard connectors are not commercially available, a new and simple one touch 
connection method for conveniently fixing external tubes to the chip without any glues was 

Figure 1.  Photo of one touch lock and detachable microfluidic connector 
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developed, as shown in Figure 1.   

2. DESIGN AND EVALUATION
 A novel user-friendly tube connection interface, such as a way of one touch lock and 
detachable structure is developed. All the connector was tested up to 25MPa without any 
leakage. A novel tube connection interface, such as a way of one touch connection without 
any O-ring, and no dead volume structure, is described below. 
Teflon tubing was inserted into the micro stainless tube with heating method. The 

advantage of this structure is O-ring less, good chemical resistant, good mechanical 
strength and leak tight for high pressure application. Easy assembly and low cost 
manufactured design was achieved. No glued were needed between the tube and the 
connectors. No leakage was observed up to 25MPa. All the connectors have been 
successfully used for interfacing to the microfluidic devices.  
 Mechanical strength and ease of assembly are the main requirements in their specific 
application as test structure connectors. The connectors have been successfully used for 
interfacing to the microfluidic devices. Figure 2 and Figure 4 show the photo of one touch 
connector and one touch lock and detachable chip holder and the connection method. This 
is an user-friendly all in one microfluidic starter’s kit. Figure 3 shows the photo of the edge 
of one touch lock and detachable microfluidic connector; the left is one touch type(2005); 
the right is screw type[1]. In order to improve its durability, the PEEK and Teflon hybrid 

Figure 3.  Photo of the edge of One touch lock and detachable microfluidic connector (left) one 
touch type(2005), (right) Screw type (2004). 

Figure 2.  Photo of one touch connector and one touch lock and detachable chip holder. This is 
an user-friendly all in one microfluidic starters’ kit. 
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flange structure was designed. Table 1 shows the comparison of the leakage test results 
between one touch type and screw type. All the one touch connector developed was tested 
up to 25MPa without o ring. 

3. CONCLUSION 
 An User-friendly one touch fluidic tube connector for microfluidic devices was 
developed. This novel microconnector has an all-in-one structure (micro stainless tube, 
teflon tube, and leak free flange structure), so easy hand connection was achieved without 
any careful assembly.We believe these connectors are very promising devices for a large 
variety of micro TAS applications. 
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ABSTRACT 
Combining protein chip formed by electrospray deposition method and a PDMS 
microchannel develops a multi-channel microfluidic immunoassay chip capable of 
detecting multiple analyte. The chip has 16 channels with 250 micrometer in width and 
combined with glass substrate with up to 16 protein stripes can be formed by electrospray 
deposition method. Fluorescent and chemo-luminescent detection methods are compared 
and the latter showed much better signal to noise ratio. Four different antigens of mice 
infection disease are sprayed on the substrate and independent or mixed serum samples can 
be correctly detected. 

1.INTRODUCTION 
Bioassay chips using microfluidic devices are known to have those advantages of reduced 
amount of samples and reagents, short assay time and low cost compared to conventional 
ones based on multiple well plates. One important issue in those chips is the method to 
immobilize detection reagents like antibody or antigen inside micro channels. Most 
immunoassay micro fluidic chips utilize micro-beads coated with appropriate protein, but it 
is no very easy to immobilize micro-beads inside micro channel or beads-injection ports are 
required separately. 
The authors have proposed a new way of constructing multi-channel, multi-analyte 
immunoassay chip by utilizing stripe-patterned protein chip formed by electrospray 
deposition (ESD) method on glass substrate.[1] This device has a advantage of easy 
preparation process of protein microarray using ESD method by combining 
PDMS(polydimethylsiloxane) microchannel. The design and fundamental assay test result 
have been reported in the previous report [2]. In this report, detailed characteristics of the 
developed immunoassay chip including assay time, spray conditions, multi-analyte 
detection and detection methodology is tested and discussed.  

2.THEORY 
Fig.1 shows a configuration of ESD device[3,4]. Protein samples are stored in a glass 
capillary having very small tip diameter about 50 micrometers. Upon applying several 
thousand volts between substrate, sample starts to spray. Sprayed sample dries up 
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immediately to form nano-particles, which lands on the substrate attracted by electrostatic 
force.[5] An insulating mask placed on the substrate is charged up immediately after spray 
has started to repel sprayed particles. As a result, most part of sprayed material is 

concentrated into the holes of insulating mask to form spots stripes or arbitrary pattern. 
Stripes of protein are patterned on the aldehyde-modified glass substrate coated with ITO 

by ESD method. The width of protein stripes is approximately 300 to 750 micrometers 
depending on the case and the width of channel, 250 micrometers, pitch, 500 micrometers 
and depth 100 micrometers respectively. The configuration of the microfluidic chip is 
showed in Fig.2. Antibodies or antigens are sprayed on the glass substrate for specific 
detection. Analysis protocols similar to standard ELISA assay are adopted. 

3.EXPERIMENTAL 
Fig. 3 shows the fluorescent signal intensity with different amount of Tyzzer antigens 

       
inlet outlet

(a)configuration of the device       (b)Photograph of the PDMS microchannel 
                           (Reaction area approx. 8x8mm) 

Fig. 2 Configuration of multi- channel immunoassay chip

Fig.1 Configuration of a electrospray
deposition device 
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sprayed over different mouse antibody concentration. The result shows that 250ng protein 
per line is sufficient for qualitative analysis, while approximately more than 1 microgram 
protein per line is necessary for quantitative analysis. 250ng /line corresponds to 15ng/assay, 
which is roughly 1/10 of protein amount needed for conventional assay using 96 well 
plates. 

Fig. 4 shows comparison of fluorescent and chemiluminescent detection methods. Antigen 
for Helicobactor pylori was sprayed on the glass substrate. For fluorescent detection, 
secondary antibody with Alexa488 was used and detected using fluorescent microscope 
(Olympus BX51W) and cooled CCD camera (Hamamatsu ORCAII), while ECL advance 
reagents from Pharmacia was used and luminescence was detected with cooled CCD 
camera. The result shows that very high background noise is observed in fluorescent 
detection method while very small background noise can be observed in 
chemiluminescence. The signal to noise ration is approximately 1.2:1 for fluorescence and 
23:1 for chemiluminescence. Chemiluminescence method has proved to have great 
advantage over fluorescent method in terms of sensitivity.  
Fig. 5  shows an example of multiple-sample, multiple-analyte detection using antigens of 
mouse pathogen. Detection was made by fluorescent method. Different antigens are 
detected separately without interference between channels and mixed samples can be also 
detected independently with corresponding antigen spots.  

500 m

0.25 g 1.0 g 2.5 g 5.0 g

(a)Assay result using fluorescent-labeled       (b)Signal intensity versus different amount of 
secondary antibody                       ESDed protein and relative antibody  

               concentration 
Fig.3 Signal intensity and amount of protein ESDed on the substrate
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5.CONCLUSIONS 
Those results show that the developed multi-channel, multi-analyte immunoassay chip is 
capable of simultaneous detection of multiple sample and analyte with very small amount 
of protein reagents. The sensitivity of the chip can be even improved by optimizing 
chemiluminescence method. Further optimization of assay conditions will be carried out for 
the purpose of pathogenic inspection of small animals, point-of-care diagnostics, and other 
sophisticated analytical applications. 

Fig.5 Multi-sample, multi-analyte detection experiment result 
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ABSTRACT
This work describes a chemical self-replication reaction in a microfluidic system. The

wedge-shaped continous fan-flow reactor offers a continuous gradient of material exchange
rates. The fabrication in PDMS and hydrodynamic testing of the microflow reactor are
described along with experiments establishing ongoing chemical replication. The chemical
amplification system is shown theoretically and experimentally to adapt its location of
major growth activity to the region of optimal exchange. Varying the overall inflow rate to
the fan reactor shifts this region but stability of a stationary replication standing wave front
is maintained. This “homeostatic” standing wave provides a suitable object of study for
long-term replication and evolution experimentation in connection with self-replication en
route to artificial cells.

Keywords: gradient microfluidics, DNA, PDMS, artificial cell

1. INTRODUCTION
Spatially self-regulating replication reactions require novel microflow structures. A fan-

shaped microreactor has been designed to allow ongoing chemical replication with a
constant gradient in a microfluidic system. The fan reactor also provides a gradient of
through-flow and hence material exchange rates as shown in figure 1.

Figure 1. Left: Basic principle of the fan reactor. The arrows show the direction and magnitude of
fluid flow. The pale grey region is where the amplification reaction has sufficiently low
product depletion from flow to take significant hold. Propagation of amplified material
towards the center of the fan is exactly compensated by the flow for any value of the
concentration gradient at a particular radius. Right: Mask design of the wedge shaped !-
reactor. Fabrication: soft-lithography technique. The small 21 reactor-outlets are 25 !m
deep, the reaction chamber as well as the main inlet and outlet channels are 110 !m deep.
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2. MATERIALS AND METHODS

Our work presents first results with experimental profiles captured via fluorescence
video microscopy for the isothermal enzymatic Strand Displacement Amplification (SDA)
reaction [1] and the enzyme-free DNA amplification system proposed by Schöneborn,
Bülle and Kiedrowski (SBK) [2-4]. In common with cellular membranes, microstructures
offer the ability to spatially structure chemical reactions on the micrometer scale. Non-
equilibrium chemical processes, which are sustained in cellular systems by environmental
resource renewal and waste depletion, can be sustained in microfluidic systems more
flexibly using defined chemical flows.

Figure 2. Left: Velocity distribution inside the fan reactor. Right: Fluid velocity and residence time
inside the fan reactor.

Hydrodynamic simulations for design optimization of the microflow reactor are
described in figure 2. The geometry of the reaction chamber causes a decrease of the flow
rate towards the outlet. In turn, this results in the formation of a reaction front when
performing an exponential amplification reaction like SDA. The formation of double-
stranded products in the SDA reaction was detected on-line by the intercalating dye
TOPRO 1, which is excited at 488 nm of an argon ion laser. The intensity distribution of
fluorescence emission was monitored by a CCD camera connected to a microscope and a
bandpass filter upstream. Tempering was achieved by a peltier element. A non-pulsed flow
was adjusted by external pumps.

3. EXPERIMENTAL RESULTS AND DISCUSSION
Performing SDA in the fan reactor leads to successful formation of specific amplification

products. Varying the overall inflow rate to the fan reactor shifts this region but stability of
a stationary replication standing wave front is maintained. This “homeostatic” standing
wave provides a suitable object of study for long-term replication and evolution
experimentation in connection with self-replication en route to artificial cells. We also took
advantage of the symmetry of the fan reactor to solve reaction-diffusion equations for the
relaxation and spatial dependence of the non-equilibrium standing wave, and compared
these results with experimental profiles captured via fluorescence video microscopy for
both chemical test reactions. The results establish that, in the microfluidic fan reactor,
chemical amplification reactions can be sustained robustly under constant conditions using
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ABSTRACT

We present heating of fluids within a microfluidic channel using an embedded
microwave transmission line to deliver microwave power to a specific location in the 
device.  The device consists of a coplanar waveguide patterned on a glass substrate with an 
elastomeric microfluidic channel aligned over it.   Spectral measurements made over the
frequency range of 45 MHz – 50 GHz show that heat is delivered optimally to the fluid at a 
frequency of 19.2 GHz (in agreement with theory) and is independent of the ionic strength.

Keywords: Microwave dielectric heating, microfluidic system, coplanar waveguide.

1. INTRODUCTION
Precise temperature control and rapid temperature cycling are vital capabilities for
optimizing the throughput of micro-total analysis systems.   This is commonly
accomplished by external heating blocks [1] and integrated resistive heaters [2].  In this 
work, we demonstrate temperature control by microwave power delivered to a specific 
point in a microchannel.  This approach is motivated by recent results [3] that report some
advantages of using microwave heating in macroscale chemical / biochemical syntheses. 
These studies, conducted in conventional laboratory grade microwave ovens, report that
microwave assisted chemistries exhibit faster heating and cooling rates (and therefore
shorter reaction times), high purity end-products, and more homogeneous heating profiles.
In this paper, we examine the microwave heating characteristics in the microfluidic format
as a function of signal frequency and power, and buffer concentration.

2. EXPERIMENTAL
We have integrated a ground-signal-ground coplanar waveguide (CPW) on a glass

substrate with a poly dimethylsiloxane (PDMS) microchannel (see Fig 1.). When a
microwave signal is applied to the CPW, the electric field is confined close to the gap 
between the center electrode and the ground electrodes.  Since glass and PDMS have a low
absorption to microwave power, the signal power couples directly with the fluid only where 
the microchannel passes over the CPW.  Thus the CPW is capable of delivering microwave
energy (and thus heating) only where the microchannel passes over the waveguide.

Microwave scattering (S) parameter data was obtained using a 2-port vector network
analyzer (VNA) connected to each end of the CPW following standard procedures []. 
Measurements of temperature as a function of frequency were determined by connecting
the signal generator (set to an output power of 10 mW) to one end of the transmission line
and 50  load on connected to the other end.  The fluid temperature was measured by using

Contribution of the National Institute of Standards and Technology, not subject to 
copyright in the United States.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

656

comparatively small volumes of reactants. Figure 3 shows the ongoing chemical self-
replication system of oligonucleotides (SBK).

Figure 3. Spatially resolved on-line detection of “Self-replicating oligonucleotides" SBK reaction
(10% external template) in the fan reactor. The plot shows the decrease in fluorescence
intensity associated with the creation of replication products, as a function of radial distance
from the inlet to the fan reactor.

4. CONCLUSIONS
We have introduced a microsystem-based method for online monitoring of chemical self-

replication systems. The presented chemical replication systems (SDA & SBK) in the fan
reactor enables a spatially resolved real-time analysis e.g. for evolution studies in vitro in
long-term experiments. The evolution process can be described as change of the position of
the reaction front. Modifications in the environmental conditions can be implemented easily
and the adaption of the system can be studied.
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We present heating of fluids within a microfluidic channel using an embedded
microwave transmission line to deliver microwave power to a specific location in the 
device.  The device consists of a coplanar waveguide patterned on a glass substrate with an 
elastomeric microfluidic channel aligned over it.   Spectral measurements made over the
frequency range of 45 MHz – 50 GHz show that heat is delivered optimally to the fluid at a 
frequency of 19.2 GHz (in agreement with theory) and is independent of the ionic strength.
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1. INTRODUCTION
Precise temperature control and rapid temperature cycling are vital capabilities for
optimizing the throughput of micro-total analysis systems.   This is commonly
accomplished by external heating blocks [1] and integrated resistive heaters [2].  In this 
work, we demonstrate temperature control by microwave power delivered to a specific 
point in a microchannel.  This approach is motivated by recent results [3] that report some
advantages of using microwave heating in macroscale chemical / biochemical syntheses. 
These studies, conducted in conventional laboratory grade microwave ovens, report that
microwave assisted chemistries exhibit faster heating and cooling rates (and therefore
shorter reaction times), high purity end-products, and more homogeneous heating profiles.
In this paper, we examine the microwave heating characteristics in the microfluidic format
as a function of signal frequency and power, and buffer concentration.

2. EXPERIMENTAL
We have integrated a ground-signal-ground coplanar waveguide (CPW) on a glass

substrate with a poly dimethylsiloxane (PDMS) microchannel (see Fig 1.). When a
microwave signal is applied to the CPW, the electric field is confined close to the gap 
between the center electrode and the ground electrodes.  Since glass and PDMS have a low
absorption to microwave power, the signal power couples directly with the fluid only where 
the microchannel passes over the CPW.  Thus the CPW is capable of delivering microwave
energy (and thus heating) only where the microchannel passes over the waveguide.

Microwave scattering (S) parameter data was obtained using a 2-port vector network
analyzer (VNA) connected to each end of the CPW following standard procedures []. 
Measurements of temperature as a function of frequency were determined by connecting
the signal generator (set to an output power of 10 mW) to one end of the transmission line
and 50  load on connected to the other end.  The fluid temperature was measured by using

Contribution of the National Institute of Standards and Technology, not subject to 
copyright in the United States.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 657



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

658

Rhodamine-B, a temperature sensitive dye,
following the method presented by Ross et al.
[4]. The microchannel was filled with an
aqueous salt solution composed of 0.167
mmol L-1 Rhodamine-B in 19.4 mmol L-1

NaHCO3  (pH  8.3). A digital camera with
an appropriate filter set attached to an
inverted microscope was used to characterize
the fluorescence intensity. 

3. THEORY 
The optimum microwave frequency for 

dielectric heating of water is derived from the
well-known Debye-Drude equations [5]
which are based on a single dielectric 
relaxation time for water (in the microwave
spectrum). For water at 20 oC, the relaxation
time is 8.523 ps and the relaxation frequency
corresponding to this relaxation time is 18.67

GHz.
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Figure 1: Photograph of the integrated
microwave heating system. A PDMS 
microfluidic chip is aligned over the
microwave coplanar waveguide.

4. RESULTS AND DISCUSSION 
The data shown in Table 1 is plotted as the temperature change ( T) from room

temperature (20 °C) per mW of continuous wave (CW) microwave power incident from the
microwave signal generator. The data was acquired 250 ms after turning on the microwave
signal. A peak value of 1.37 oC/mW is observed at 18 GHz, closely matching the
theoretically predicted frequency.

The data shown in Table 2, sampled from S-parameter measurements lists the broadband 
frequency dependence of the energy absorption in aqueous solutions. The absorption
characteristics of three solutions of increasing salt concentrations (microchannel filled with
deionized water, 0.9% NaCl solution, and 3.5% NaCl solution) were studied at five
frequencies of interest. A maximum in energy absorption of nearly unity is observed for all
the samples at 19.215 GHz, again matching the theoretical frequency to within 3%. 

At the lower frequencies, greater energy absorption is observed for a sample with higher
ionic strength. At lower frequencies, the ions can gain kinetic energy from the applied
electric field, and dissipate this energy as heat. However, at the microwave frequencies, the 
electric field changes polarity far too rapidly and only dielectric heating is observed. 

5. CONCLUSIONS
A prototype system was used to demonstrate that temperature control of fluids in

microfluidic devices can be implemented using CPWs to deliver microwave power to a 
specific point in the device. It was observed that heating was optimized at a frequency of
19.215 GHz, which conformed to theory. It was also observed that at 19.215 GHz, the
heating was independent of ionic strength. This work provides a foundation for further
development and integration of this technology with micro-total analysis systems (µ-
TAS).
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Table 1:  Data indicating broadband 
absorption of the applied power in the fluid
channels with varying ionic concentration.
This data is constructed from S-parameter
measurements.

Table 2: Measured temperature rise at 
different microwave frequencies
normalized to incident power. Incident
power is kept constant at 10 mW
throughout.

1 0.65 0.05
8 0.8 0.06

10 1.2 0.09
18 1.37 0.11
20 0.97 0.07

Absorbed  Power / 
Incident Power 

Frequency
(GHz
0.25) Pure D.I

Water
0.9%
NaCl

3.5%
NaCl

1 0.47 0.49 0.53
10 0.74 0.76 0.76

19.2 0.98 0.99 1.0
25 0.83 0.81 0.82



A MICRO-POST PRECONCENTRATOR FOR A 
MICROSCALE GAS CHROMATOGRAPHY SYSTEM 

Y. Tang1, J. Yeom2, J. Han2, B. Bae1, R.I. Masel1, and M.A. Shannon2* 

1 Department of Chemical and Biomolecular Engineering,  
2 Department of Mechanical and Industrial Engineering 

University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA 
*Contact Author:  217-244-1545, mshannon@uiuc.edu

ABSTRACT 
To develop a micro scale gas chromatography system ( GC) for the analysis of 

complex vapor mixtures encountered in ambient air, a micro preconcentrator is being 
developed to increase the concentration of < ppb concentrations of analytes by several 
orders of magnitude.  Micro-post structures coated with a stationary phase (TenaxTM) have 
been developed to provide a surface-area-to-volume ratio (~328 m2/cm3) that is similar to 
packed granular media, but with a shorter effective path length and lower pressure drop per 
unit length (< 3 kPa/cm), in order to reduce both the power consumption and analysis time 
of the GC.  The preconcentrator (PC) gain was estimated to be around 260.  

Keywords: preconcentrator, PC, micro-post, GC

1. INTRODUCTION 
A worldwide effort is underway to develop a GC system that is small enough to be 

carried by individuals [1, 2]. A micro pre-concentrator ( PC) is desired for a high 
performance GC system to concentrate low concentration (part-per-billion) analytes for 
subsequent detection after separation in a stationary phase coated microcolumn.[1] 

An integrated PC is being developed at the University of Illinois at Urbana-
Champaign to have a high PC gain for compounds of interest and to meet the design 
requirements of the overall µGC system.  This PC provides a comparable contact area and 
thus adsorbent capacitance per unit volume as granular absorbents for analytes. 

Microporous or packed granular matrices are commonly used in PCs due to their 
high surface area to volume ratio [3].  However, the transport of analytes through these types 
of PCs depends on the porodiffusion through the matrix, leading to a significant pressure 
drop (> 10 kPa [3]).  In our work, polymer coated micro-post structures are developed to 
provide a similar surface area to volume ratio and lower pressure drop per unit length 
(< 3 kPa/cm), which are key to developing a µGC system with lower power consumption 
and a faster analysis time.  The purpose of this paper is to describe the fabrication process 
of an integrated MEMS PC and its performance in terms of the PC gain.  

2. EXPERIMENTS 
As schematically shown in Fig. 1, the PC is composed of (1) dense and high-aspect-

ratio post structures to provide the sufficient adsorbent capacitance with the minimal 
pressure drop, (2) Tenax coated stationary phase on the posts, (3) connections to capillary 
columns, (4) a Pyrex glass cover bonded with a polymer adhesive, and (5) a NiCr resistive 
heater with a fast heating rate (>200°C/sec).  The PCs were fabricated using traditional 
MEMS fabrication processes from a 100 mm double-sided polished Si wafer.  To form a 
resistive  microheater,  a 1000 Å  NiCr  layer  and  1000 Å  Au  layer  as a contact pad were 
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deposited on the front side of the wafer using DC magnetron sputtering and patterned with 
a liftoff process.  The NiCr heater was then coated with a PMDA-ODA polyimide layer to 
provide electrical and thermal isolation (see Fig. 2).   

The 200 µm tall micropost structures in the PC trap area and thru-holes for the 
connectors were generated using double-side photolithography and subsequent DRIE of Si.  
As shown in Fig. 3, the diameter and spacing of evenly distributed posts are 15 µm and 
50 µm respectively, producing a sampling volume of 2.5 µL (5  2.5  0.2 mm).  A 1% 
Tenax solution by weight in dichloromethane was introduced on the PC trap to coat the 
micro-post surface by evaporation (c.f. Fig. 4) as the stationary phase to trap and thermally 
desorb analytes upon heating the PC.  To improve the coating quality, the micropost 
structures were covered with a 2000 Å silicon oxide layer that renders the surface 
hydrophilic.  Two fused-silica capillaries were connected to 393 µm holes through which 
the analyte is introduced into the PC, and the whole device was potted in a high 
temperature epoxy for a gas-tight seal. 

Dimethylmethanephosphonate (DMMP) was used to characterize the performance of 
the PC using a flame ionization detector (FID) in a conventional GC system (HP5890 
Series II) through a six-way valve with passivated fused-silica capillary tubing.  Figure 5 
indicates the system configuration used for performance tests.  The DMMP analyte was 
diluted in N2 in a Tedlar bag to a concentration of 11.5 ppb.  A sample was exacted by a 

gas-tight syringe and injected into the 
sample stream, which was drawn 
through the PC by a purge station 
(Termark 3000).  Subsequent heating to 
180°C of the PC led to desorption of 
the captured samples, which was eluted 

Figure 1. A schematic of micro-post preconcentrator.

Figure 2.  A photograph of
the NiCr microheater at the 
front side of preconcentrator. 

Figure 3. A photograph of the DRIE-etched Si 
micro-post structures in the fabricated PC.

Figure 4. Tenax-coated micropost
structures
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ABSTRACT
A lithography-based fabrication technique that employed UV dose control to 

create 3-D embedded micro -channels was proposed and successfully realized.
Experimental work demonstrated that covered channels of various widths (50µm - 250µm)
and shapes could be produced.
Keywords: MEMS, micro-channels, micro-fluidics, SU8

INTRODUCTION
As the development and fabrication of micro-Total Analysis Systems (µTAS)

become a key research areas in the field of micro- and nanotechnology so will the 
development of micro-fluidic systems.  These systems are used to store, manage and 
integrate the reagents and biological media to the analysis sites.  The fluidic systems consist 
of valves, filters and pumps, all of which use micro-channels as the transportation network, 
making them essential components of both the fluidic support and analysis networks.

To fabricate micro-channels, researchers have typically taken advantage of
standard techniques established for the production of other devices.  These techniques 
include bulk/surface micromachining [1], wafer bonding, sacrificial filler material, replica
molding, etc.  Although these techniques are feasible for the fabrication of micro-channels,
their complexity and integration issues have pushed researchers to take advantage of some 
commercially available polymers to simplify the process.

A number of groups have introduced SU8 as the channel structural material.
However; each employs customized techniques to form the micro-channels , such as
bonding [2], multiple material structures  [3], etc [4]. Distinct from the above techniques, 
the method presented in this paper does not require any additional material, bonding or 
tools containing expensive components such as proton beams for the fabrication of 3-D
networks of microchannels.  This process easily allows for the integration of the channels 
on the test platform due to the simple application and patterning of SU8.  The fabrication of 
the micro -channels discussed in this paper will be implemented on to lab-on-a-chip
architecture for the transport of cells and sustaining fluids for a biological sensor.

EXPERIMENTAL
The fabrication of 3-D microchannels is based on standardized processing steps 

developed by MicroChem [5]. Using the standard process as a guideline, modifications
were implemented to fabricate the channel covering. A process was proposed for the
fabrication of 3-D channel networks (Figure 1).  The development work for this process 
was carried out on 8” silicon substrates using SU-8 50.  Initially the wafer is treated with an
oxygen plasma and undergoes a dehydration bake to ensure that the surface is both clean 
and dry, promo ting adhesion of the SU8 film.  A 100µm SU8 film is spun onto the wafer
and soft baked (Figure 1a).  The well and channel walls are defined by the first long 
exposure (~100-150s based on a 6mW/cm2 lamp intensity value) and post-exposure-bake
(30 – 35 minutes) (Figure 1b).  A second layer is spun on and soft baked (Figure 1c), after 
which the well and channel walls are patterned in the second layer (Figure 1d) by a long 
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with a positive pressure of He carrier gas to the FID for detection. 

3. RESULT AND DISCUSSION 
The surface area per unit volume of the PC trap was measured to be 328 m2/cm3.

(B.E.T. Surface Area Physisorption).  An in-situ measurement of the pressure drop within 
the PC system uses microfabricated pressure sensors measuring the pressure difference 
between upstream and downstream of the micropost structures, which was less than 3 kPa.

Figure 6 shows the calibration curve (mass of DMMP to the peak area in a FID signal) 
to which the resulting desorption peak area was fitted.  Upon desorption, the FID detected 

about 9000 ng DMMP in about 3 mL 
carrier gas, which means the eluted 
DMMP concentration is about 3000 ppb. 
The PC gain, defined as the ratio of the 
analyte concentration after desorption to 
the inlet concentration was estimated to 
be around 260 in the PC.  Note that this 
PC gain is a lower bound, in that the band 
stacking that occurs on injection into a 
column, as well as any decrease due to 
dead volume in the test system, was not 
considered in these measurements.  A PC 
fully integrated into a GC system would 
be expected to have a higher effective 
gain. 

REFERENCES 
1. G. Frye-Mason, R.J. Kottenstette, P.R. Lewis, E.J. Heller, R.P. Manginell, D.R. Adkins, D. 

Dullock, D. Martinez, D. Sasaki, C. Mowry, C. Matzke, L. Anderson, Proceedings of Micro Total 
Analysis Systems 2000, 229 (2000) 

2. G. Lambertus, A. Elstro, K. Sensenig, J. Potkay, M. Agah, S. Scheuering, K. Wise, F. Dorman, 
and R. Sacks, Design, Fabrication, and Evaluation of Microfabricated Columns for Gas 
Chromatography, Anal. Chem, 76, 2629 (2004) 

3. W. C. Tian, S. W. Pang, C. J. Lu, and E. T. Zellers, Microfabricated Preconcentrator-Focuser for 
a Microscale Gas Chromatography, Journal of Microelectronmechanical System, Vol. 12, No. 3, 
June (2003) 

0

2000

4000

6000

8000

10000

12000

14000

16000

0 1 2 3 4 5 6 7 8 9

Time (min)

FI
D

 s
in

ga
l

Figure 6. FID response to thermally desorbed
DMMP injected from the PC.  

(a) (b)

Figure 5. Schematic of testing configuration for (a) loading the pre-concentrator with a
vapor sample and (b) thermal desorption and analysis by FID. 



FABRICATION OF THREE DIMENSIONAL MICRO-
CHANNELS IN SU8

Alison Gracias, Bai Xu, James Castracane
College of Nanoscale Science and Engineering, University at Albany - SUNY

ABSTRACT
A lithography-based fabrication technique that employed UV dose control to 

create 3-D embedded micro -channels was proposed and successfully realized.
Experimental work demonstrated that covered channels of various widths (50µm - 250µm)
and shapes could be produced.
Keywords: MEMS, micro-channels, micro-fluidics, SU8

INTRODUCTION
As the development and fabrication of micro-Total Analysis Systems (µTAS)

become a key research areas in the field of micro- and nanotechnology so will the 
development of micro-fluidic systems.  These systems are used to store, manage and 
integrate the reagents and biological media to the analysis sites.  The fluidic systems consist 
of valves, filters and pumps, all of which use micro-channels as the transportation network, 
making them essential components of both the fluidic support and analysis networks.

To fabricate micro-channels, researchers have typically taken advantage of
standard techniques established for the production of other devices.  These techniques 
include bulk/surface micromachining [1], wafer bonding, sacrificial filler material, replica
molding, etc.  Although these techniques are feasible for the fabrication of micro-channels,
their complexity and integration issues have pushed researchers to take advantage of some 
commercially available polymers to simplify the process.

A number of groups have introduced SU8 as the channel structural material.
However; each employs customized techniques to form the micro-channels , such as
bonding [2], multiple material structures  [3], etc [4]. Distinct from the above techniques, 
the method presented in this paper does not require any additional material, bonding or 
tools containing expensive components such as proton beams for the fabrication of 3-D
networks of microchannels.  This process easily allows for the integration of the channels 
on the test platform due to the simple application and patterning of SU8.  The fabrication of 
the micro -channels discussed in this paper will be implemented on to lab-on-a-chip
architecture for the transport of cells and sustaining fluids for a biological sensor.

EXPERIMENTAL
The fabrication of 3-D microchannels is based on standardized processing steps 

developed by MicroChem [5]. Using the standard process as a guideline, modifications
were implemented to fabricate the channel covering. A process was proposed for the
fabrication of 3-D channel networks (Figure 1).  The development work for this process 
was carried out on 8” silicon substrates using SU-8 50.  Initially the wafer is treated with an
oxygen plasma and undergoes a dehydration bake to ensure that the surface is both clean 
and dry, promo ting adhesion of the SU8 film.  A 100µm SU8 film is spun onto the wafer
and soft baked (Figure 1a).  The well and channel walls are defined by the first long 
exposure (~100-150s based on a 6mW/cm2 lamp intensity value) and post-exposure-bake
(30 – 35 minutes) (Figure 1b).  A second layer is spun on and soft baked (Figure 1c), after 
which the well and channel walls are patterned in the second layer (Figure 1d) by a long 
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exposure (~100-150s based on a 6mW/cm2 lamp intensity value) and post-exposure-bake
(30 – 35 minutes).  Although the films have undergone a number of exposures and post 
bakes, the SU8 in the channels and wells are still UV sensitive.  To form the channel
coverings, two short exposures (~7-8s based on a 6mW/cm2 lamp intensity value) (Figures
1e and 1f) followed by a post-exposure-bake (~7 minutes) was done to form the covering 
on the first and second layers.  The final step is to develop (Figure 1g) the unexposed SU8 
to open the channels and wells.

Figure 1: Fabrication process for 3-D channel networks

RESULTS AND DISCUSSION
After process optimization, channels of various shapes (Figure 2a) and channel 

widths of 50µm to 250µm were fabricated with good fidelity and repeatability (Figure 2b & 
Figure 2c).

Figure 2: Single layer embedded channels in SU8 (a) plan view of 100µm channels of 
various shapes (b) 50µm channel with covering thickness of 19µm (c) 250µm channel with 

covering thickness of 20µm

The channel coverings on the first layer and second layers (Figure 3a & Figure 3b)
can be adjusted by varying the first of the short exposures. Connections between the two 
channels are done through an interconnect (Figure 3c), where the first layer channel is on 
the left and the channel on the second layer is found on the right.



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

665

Figure 3: 3-D network of embedded channels; (a) channel on first layer with covering (b)
embedded channel on the second layer (c) cross-section of connection point between 

first(left side of image) and second(right side of image) layer channels

CONCLUSION
A fabrication technique for embedded micro-channels using UV exposure dose 

control was proposed and successfully realized.  Development work determined that
increased curing cycles played the most significant role in the ability to form and control 
the channel covering. In contrast to other techniques that fabricate buried channels, this 
method simply employs curing duration and dose control, eliminating the need for bonding 
and any additional materials. Experimental results have demonstrated the ability to
fabricate 3-D micro -channels using the proposed process flow and have potential
applications in complex micro-fluidic systems for bioMEMS and micro-Total Analysis 
Systems .
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FLUID-STRUCTURE TRAVELING WAVE FILTERS 
BASED ON THE MAMMALIAN COCHLEA 

Robert D. White and Karl Grosh 
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ABSTRACT 

 Micromachined fluid-structure systems capable of acoustic sensing and mechanical 
frequency analysis are demonstrated.  These systems act as passive mechanical acoustic 
filters.  A capacitive sensing scheme is incorporated into the structure to produce 32 
channels of filtered output, each sensitive to a particular frequency band.  Inspiration for the 
design is taken from the structure of the mammalian cochlea. 

Keywords: acoustic, cochlea, sensor, filter 

1. INTRODUCTION

 Previously, a number of researchers in cochlear mechanics have reported life-sized 
cochlear models [2, 3, 4, 5].  These devices demonstrate the ability to achieve passive 
cochlear-like acoustic filtering in a life-size engineered cochlea.  The device described in 
this paper takes the next step of incorporating sensing elements into the structure to build a 
cochlear-like acoustic sensor/filter.  The system can be applied to the measurement of air- 
or water-borne sound, with the ability to discriminate different frequencies with low power 
consumption. 

2. THEORY

 Mechanically, the system consists of a trapped fluid coupled to a variable width 
membrane (a diagram is shown in Figure 2).  The varying width results in varying 
membrane compliance, leading to a frequency-position map: high frequencies excite motion 
close to the narrow end, low frequencies close to the wide end.  A thin-film viscous fluid 
model coupled to a membrane model captures the fluid-structure interaction in a 
computationally efficient scheme [5, 6].  Model results are shown in Figure 1. 

Figure 1. Model results show the predicted magnitude and phase of the centerline oscillation for 3 
different driving frequencies.  Different frequencies generate amplified motion at different locations. 
Phase accumulations in the 30 mm length of the device are predicted to be between 4 and 40 radians. 
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3. EXPERIMENTAL 

The membrane is a 3 cm long, 0.1/1.0/0.1 µm thick, LPCVD Si3N4/p+ Polysilicon/Si3N4

laminate with 40 MPa net tensile stress.  The membrane width tapers exponentially from 
140 µm to 1.82 mm.  A two stage deep reactive ion etch (DRIE) defines both the membrane 
shape and a 475 µm high fluid chamber behind the membrane.  Anodic bonding and Sn-Au 
fluxless solder bonding are used to bond on two Pyrex glass dies which seal the fluid 
chamber and provide electrodes for sensing.  Silicone oil of 200 cSt viscosity is used to fill 
the fluid chamber.  Figure 2 shows a plan view and two cross-sections of the design. 

Figure 2. A diagram of the system geometry.  The key feature is the exponentially tapered membrane. 

 Direct measurement of structure motion has been conducted using Laser Doppler 
Velocimetry (LDV).  A baffled piezoelectric tweeter is used to deliver sound to the input 
membrane.  A subsonic traveling fluid-structure wave is set up.  Figure 3 shows the 
measurement results.  Each frequency excites amplified membrane motion at a frequency 
dependent location.  The design responds with 0.1-0.2 nm/Pa in the 10-100 kHz band. 

Figure 3: LDV data shows magnitude and phase of the traveling wave along the centerline of the 
membrane for harmonic excitation.  A peak occurs at a frequency-dependant location.  

 The on-chip capacitive sensing scheme consists of 32 multiplexed channels distributed 
along the length of the membrane.  A DC bias of 9 volts is applied.  Membrane vibration 
generates current which is integrated by an off-chip JFET buffered charge amplifier with 10 
V/pC charge gain.  Figure 4 shows the output of all 32 channels for 2 driving frequencies. 
(These results are typical of all frequencies measured from 100 Hz to 70 kHz.) 
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ABSTRACT 

 There is an urgent need for low-cost HIV diagnostic tools that could be utilized in the developing 
countries, where the resources are scarce. More than 35 million HIV-infected people live in the 
developing world, a number projected to rise to 80 million by 2010. Effective antiretroviral therapy 
(ART) for HIV has been available in the developed countries for a decade, but fewer than 5% of the 
HIV-infected people in need of treatment are currently treated in the developing world. This is due in
part to the expensive laboratory diagnostics on which treatment is based, and which cost significantly
more than the drugs. 
Monitoring the level of CD4+ T lymphocytes is a critical diagnostic test in developing countries. The 
CD4 count in blood is used to evaluate HIV-infected patients and has important prognostic and 
therapeutic implications. It establishes the basis for most treatment decisions. In the developed world 
this information is obtained by sophisticated laser flow cytometry, which is an expensive and 
complex method. In this paper, a disposable, low cost (<$1) device that combines 
microelectromechanical systems (MEMS) and microfluidics with inexpensive digital fluorescence 
imaging is demonstrated. This device utilizes a fingerstick sample of blood (10 µl) and produces an 
absolute CD4 count in less than 3 minutes with simple, syringe-push operation within ±10 % error 
range. 
Keywords: HIV diagnostics, MEMS microfluidics, Global Health 

1. INTRODUCTION

More than 35 million HIV-infected people live in the developing world, where the resources are 
scarce. In 2002, it was predicted that the number of the HIV infected individuals in the developing 
world would rise to 80 million by 2010 [1]. Effective antiretroviral therapy (ART) for this infectious
disease has been available in the developed countries for more than a decade. However, fewer than 
5% of the HIV-infected people in need of treatment in the developing world are believed to be 
receiving treatment. There is an urgent need for low-cost diagnostic tools that could be implemented 
in the developing countries [2].  
Monitoring the CD4 count is critical to management of HIV disease. The absolute number of CD4+ 
cells in circulating blood is vital for evaluating HIV-infected patients and has important prognostic 
and therapeutic implications. Moreover, it establishes the basis for most treatment decisions and 
indicates the effectiveness of the treatment. Laboratory diagnostic tests are the major expense in HIV-
care in developing countries and cost more than the drugs [1-3]. There have been efforts to develop 
affordable CD4 counting methods by utilizing the flow cytometer approach. Although these devices 
are more affordable than standard flow cytometers, they remain complex, require expensive reagents, 
involve sample preparation steps and are labor intensive and low throughput [4]. Rodriguez et. al. has
described a large scale laboratory prototype that combines a tubular fluidic mechanism with digital 
fluorescence imaging [4]. This method had a large counting error range due to the lack of control on 
the fluid flow and the large size of the device. In addition, it was non-disposable and still required
careful technical handling and prior sample preparation. 
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Figure 4. Measured sensitivity of the 32 capacitive sensors at two driving frequencies. 

4. CONCLUSIONS 

 A device which mimics the mechanics of the passive cochlea has been realized.  Models 
predict 0.2 nm/Pa of membrane vibration in the 100 Hz-10 kHz band.  LDV measurements 
show traveling waves with these levels of vibration, but at elevated (10 kHz-100 kHz) 
frequencies.  The discrepancy could be due to membrane stress introduced during anodic 
bonding or to violation of the thin-film model approximations.  An integrated 32-channel 
capacitive sensing scheme has been included with the device and has been shown to sense 
membrane vibration.  The capacitive sensors do not show the same pattern of membrane 
vibration measured by LDV.  At all frequencies, the channels at the wide end of the 
membrane show the highest output.  This may be due to ineffectiveness of the top glass as a 
baffle, resulting in direct excitation of the membrane,  (during LDV measurement a baffle 
confines the excitation pressure to the input membrane) or to incomplete Sn-Au bonding. 
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ABSTRACT 

 There is an urgent need for low-cost HIV diagnostic tools that could be utilized in the developing 
countries, where the resources are scarce. More than 35 million HIV-infected people live in the 
developing world, a number projected to rise to 80 million by 2010. Effective antiretroviral therapy 
(ART) for HIV has been available in the developed countries for a decade, but fewer than 5% of the 
HIV-infected people in need of treatment are currently treated in the developing world. This is due in
part to the expensive laboratory diagnostics on which treatment is based, and which cost significantly
more than the drugs. 
Monitoring the level of CD4+ T lymphocytes is a critical diagnostic test in developing countries. The 
CD4 count in blood is used to evaluate HIV-infected patients and has important prognostic and 
therapeutic implications. It establishes the basis for most treatment decisions. In the developed world 
this information is obtained by sophisticated laser flow cytometry, which is an expensive and 
complex method. In this paper, a disposable, low cost (<$1) device that combines 
microelectromechanical systems (MEMS) and microfluidics with inexpensive digital fluorescence 
imaging is demonstrated. This device utilizes a fingerstick sample of blood (10 µl) and produces an 
absolute CD4 count in less than 3 minutes with simple, syringe-push operation within ±10 % error 
range. 
Keywords: HIV diagnostics, MEMS microfluidics, Global Health 

1. INTRODUCTION

More than 35 million HIV-infected people live in the developing world, where the resources are 
scarce. In 2002, it was predicted that the number of the HIV infected individuals in the developing 
world would rise to 80 million by 2010 [1]. Effective antiretroviral therapy (ART) for this infectious
disease has been available in the developed countries for more than a decade. However, fewer than 
5% of the HIV-infected people in need of treatment in the developing world are believed to be 
receiving treatment. There is an urgent need for low-cost diagnostic tools that could be implemented 
in the developing countries [2].  
Monitoring the CD4 count is critical to management of HIV disease. The absolute number of CD4+ 
cells in circulating blood is vital for evaluating HIV-infected patients and has important prognostic 
and therapeutic implications. Moreover, it establishes the basis for most treatment decisions and 
indicates the effectiveness of the treatment. Laboratory diagnostic tests are the major expense in HIV-
care in developing countries and cost more than the drugs [1-3]. There have been efforts to develop 
affordable CD4 counting methods by utilizing the flow cytometer approach. Although these devices 
are more affordable than standard flow cytometers, they remain complex, require expensive reagents, 
involve sample preparation steps and are labor intensive and low throughput [4]. Rodriguez et. al. has
described a large scale laboratory prototype that combines a tubular fluidic mechanism with digital 
fluorescence imaging [4]. This method had a large counting error range due to the lack of control on 
the fluid flow and the large size of the device. In addition, it was non-disposable and still required
careful technical handling and prior sample preparation. 
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MEMS technologies, possesing merits such as high throughput, low fabrication cost, and device 
disposability, have created a host of diverse developments in various fields [5-7]. In this paper, we 
utilize MEMS and microfluidics to demonstrate a low cost ($1), disposable device which utilizes a 
fingerstick sample of blood (10 µl) and produces a CD4 count rapidly by using fluorescence imaging.  

2. DEVICE DESIGN AND FABRICATION 

The design, as shown in figure 1, consist of (i) passive microfluidic channels where the antibody 
reagents mix with the whole blood by diffusion-facilitated mechanical steering and stain the CD4+

and CD3+ white blood cells, (ii) the passive filter that serves for removal of most of the red blood 
cells from the whole blood and washing of the excess antibody as well as a flat plane for fluorescent 
imaging, and (iii) an imaging step with an inexpensive fluorescence microscope that includes an 
embedded image recognition algorithm to count CD4 cells from the acquired image.  

(a)                                              (b) 
Figure 1. (a) The microfluidic channel design ending at the filter, (b) ridges at the bottom surface. 

The fabrication of the device was by using standard micromachining techniques. A thin film of SU-8 
photoresist was deposited on a silicon wafer and the channels were defined by photolithography. 
Then, a PDMS layer was poured on the wafer. The microfluidic channels lead the blood-antibody 
mixture to a polycarbonate membrane filter (Whatman, NJ) with 3 µm diameter pores as shown in 
figure 2. The waste passing through the porous filter is coupled to another fluidic channel and can be 
collected in a fluid reservoir if desired.  

The cells were stained by Alexa647 anti-CD3 and Alexa488 anti-CD4 antibodies (Molecular Probes, 
Oregon). Two cell staining methods were followed. Initially 10 µl of blood was stained with 3 µl 
Alexa647 anti-CD3 and Alexa488 anti-CD4 antibodies. The mixture was incubated at room 
temperature for 8 minutes. Then, this solution was diluted to 200 µl by adding extra PBS. Second 
approach was staining the cells in the microfluidic channels by using the fast diffusion provided by 
the ridges. 10 µl of whole blood was added to 3 µl of each antibody and 184 µl of PBS is added to the 
solution. All of this solution was run in the fluidic channels with ridges at a flow rate of 6 ml/hr and 
staining of the cells was observed in less than 60 seconds.  

Figure 2. (a) A disposable post supported 13 mm diameter filter microfluidic device. 
The counting of the CD4 cells was achieved by taking average count of ten images over adjacent 
locations on the filter. After the pictures are obtained by the optical setup, simple image recognition 
algorithms are utilized in order to identify each object based on detailed information such as area, 
perimeter, inertia, brightness, and eccentricity. The experimental results with the microfluidic 
disposable device are compared to the standard flow cytometry in order to obtain the error ranges.  

4. RESULTS AND DISCUSSION 

The primary objective was to test the sensitivity of the device at a range of CD4 counts from 0 to 
1500 CD4 T-cells per 1 µl of whole blood. Experimental approach was to run the stained whole blood 

3. EXPERIMENTAL METHODS 
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through the filter. The experiments were repeated over approximately 30 devices which demonstrated 
repeatability. The experiments were conducted with the whole blood resulting into a noise level on 
the image due to the presence of red blood cells on the filter. After extra PBS solution is flown 
through the filter, the red blood cells were observed to wash through the filter as well as the free 
antibodies that form a background on the filter. A sample image of data is shown in figure 3. We also 
observed that the device can be operated by simple syringe push operation. We observed that the 
error range is repeatably within ±10% of the actual CD4 count obtained by the flow cytometry.  

Figure 3. The red marked cells correspond to CD3+ cells, green marked cells correspond to CD4+ and 
the yellow marked locations on the image correspond to CD3+ and CD4+ T-lymphocytes. 

A flow cytometry was performed on the collected waste. We observed that less than 1% of the white 
blood cells and more than 90% of the red blood cells make it through the polycarbonate filter.  
5. CONCLUSIONS 
The presented results provide proof of principle that low cost MEMS microfluidic structures 
combined with fluorescence imaging can be successfully utilized for obtaining CD4 cell counts in 
whole blood for adult monitoring. This system has the potential to increase the throughput 
significantly to as fast as 3 minutes per patient, which enables real time clinical decisions at the point 
of care. Furthermore, there is a potential to decrease the cost of a single test from $200 down to $1.
Additional product development would be sufficient in order to scale up the use of this approach in 
resource-limited settings. The future of low cost diagnostics in global health predicts solutions 
accomplished by utilization of MEMS lab-on-a-chip technologies.  
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ABSTRACT

We demonstrate novel patterning of gold, nickel alloy, and graphite wires on silicone
rubber. We subsequently fabricate resistive heaters, magnetic single cell traps,
thermocouples, and electrostatic actuators embedded within silicone rubber structures, with
feature sizes ranging from microns to centimeters.

Keywords: Chemical Deposition, Electronic Components, Magnetic Cell Trap, Plasma
Patterning

1. INTRODUCTION

Silicone rubber (PDMS) is an attractive material for microfabrication because it is
inexpensive and can be use to reproduce microscopic features via molding. We have
developed a variety of methods to pattern metal and granular materials on PDMS, thereby
producing electromagnetically and optically active structures and substantially increasing
the utility of PDMS in MEMS applications. These components will soon be included in a
single cell analysis device that utilizes a new technology to transduce arbitrary molecular
signals into DNA, which can then be amplified and quantified in parallel via PCR [1].

2. THEORY

While PDMS is mechanically and optically suited to inexpensive micro total analysis
systems, many applications require more sophisticated capabilities. It was our goal to
modify PDMS surfaces to introduce low cost, functional elements that would confer greater
functionality to PDMS devices.

3. EXPERIMENTAL

A short plasma treatment is used to change the chemical properties and hydrophobicity
of silicone rubber (Dow Sylgard 184 and GE RTV 615) surfaces, with a photoresist or
silanized PDMS mask protecting areas to be patterned. We fabricated graphite wires by
exploiting the resulting pattern of hydrophobic and hydrophilic areas. After plasma
treatment and mask removal, the surface is wet with DI water, dusted with 20 micron
graphite particles (Aldrich, Milwaukee, WI), and then rinsed. Gold deposition is controlled
via changes in the oxidation state of the platinum-based catalyst in the silicone rubber, with
a commercial gold toning solution (GoldEnhance LM, Nanoprobes, Yaphank, NY) used to
develop wires on areas protected by a mask from plasma exposure. Nickel wires were
fabricated on plasma treated PDMS via patterned deposition or etching, as described in [2].
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Figure 1. Arrays of 2.5 cm by 100 micron carbon (left, middle) and gold wires (right), with silver
paint at ends to make electrical contacts. During plasma treatment, a PDMS stamp protects areas

where wires will form. Background deposition is due to suspended areas of stamp collapsing against
surface during plasma treatment and inadequate “ventilation” of the surface by the plasma.

Figure 2. Top row is side view schematic; photos are of electrostatic actuator at 0 and 200 V.
Membrane suspended between crossed channels undergoes two-dimensional stretching of ~30%.

Figure 3. Engineering test bed to demonstrate electrically matched, thermally isolated thermocouple
pair. Experimental Seebeck coefficient (21.2 mV/deg C) is near theoretical value (21.5 mV/deg C)

(Vertical axis on plot is 1000x). Gold and nickel were sequentially deposited after plasma treatment.
Temperatures were calibrated using commercial thermocouples attached to the surface of the wafer.
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ABSTRACT
This work presents a new electrode array applied with parylene technology, used for 

recording of high-level cognitive neural signals.  All dry etching processes were developed 
to fabricate the silicon probes using double-side-polished (DSP) wafers.  Instead of 
inorganic materials (e.g. silicon dioxide, silicon nitride), the electrodes and conduction 
traces are insulated by parylene, which is a polymer material with high electrical resistivity, 
mechanical flexibility, biocompatibility and easy deposition process.  As a result, the 
probes exhibit better electrical and mechanical properties. 

Keywords: Neural probe, parylene, neural prosthesis 

1. INTRODUCTION 
A neural prosthesis is a direct brain interface that enables a primate, via use of surgically 

implanted electrode arrays and associated computer algorithms, to control external 
electromechanical devices by pure thought only (Figure 1) [1].  The new electrode array, 
described in this paper, is designed and used at the front end of this neural prosthesis to 
record high-level cognitive signals.  Silicon has well-recognized advantages in probe 
fabrication.  Two main fabrication methods are developed to make silicon probes.  One is 
based on boron diffusion and wet etching technologies [2], the other depends on dry 
etching and silicon-on-insulator (SOI) technologies [3].  Each of these has its own unique 
set of advantages and limitations.   Most of these probes use silicon dioxide or silicon 
nitride as insulating materials.  In experimental conditions, these materials are subject to 
large stress, which can lead to failure.  In addition, silicon dioxide is known to hydrate over 
time, which limits the probes’ ability for long time chronic neural recording.  With the 
properties of high electrical resistivity, mechanical flexibility, biocompatibility and easy 
deposition process, parylene is a good substitute.  Parylene C was used as insulating layer 
on neural probes by Xu [4], but each probe contained only a single recording site, and a 
special process was required to open the probe tip.  Our work first demonstrates the use of 
standard lithography processes to fabricate multi-site neural probes with parylene insulating 
layer.

2. DESIGN AND FABRICATION 
The geometry design of the probes is shown in Figure 2.  Four shafts (in 400 m spacing) 

with four Pt electrode sites each (10 m  10 m in 100 m spacing) are in front a thicker 
plate, resulting in a 16-site 2D electrode array.  The shaft thickness is 50 m and the shaft 
width is 75 m at the base and 45 m at the outmost section.  The probe fabrication process 
flow is shown in figure 3, which is based on dry etching technology.  First, XeF2 etching is 
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Figure 4. Left: Still frame of yeast capture video, showing two budding cells approaching from the
left, and a captured cell. Right: Magnetic elements fabricated on PDMS, where the number above

each element is the width of the element in µm. The bottom of each element forms a tip.

4. RESULTS AND DISCUSSION

We have produced arrays of 2.5 cm by 100 mm wires in graphite and gold, distributed
on a 7.5 cm substrate, which demonstrates wafer scale fabrication (Figure 1). We have
applied similar techniques to build single cell magnetic traps using nickel-alloy magnetic
relays (Figure 4) [2], and electrostatic actuators (Figure 2). These actuators have been used
to produce prototype valves and peristaltic pumps in PDMS [3]. We have also fabricated
an engineering test bed containing gold heaters and gold-nickel thermocouple junctions,
and demonstrated heating and temperature sensing from room temperature to 100 degrees
Celsius (Figure 3). Because the thermocouple junctions are electrically matched and
thermally isolated, the temperature at different points on a microfabricated device can be
determined simply by measuring the voltage difference between gold electrodes leading to
hot and cold junctions.

5. CONCLUSIONS

We have developed a number of patterning and deposition techniques to fabricate
electromagnetically active elements on PDMS. We used these techniques to demonstrate
fabrication of integrated electromechanical circuits. These elements will soon be included
in devices designed to automatically manipulate and sort yeast cells for aging and cancer
studies, and to process and detect low concentration environmental and clinical samples.
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ABSTRACT
This work presents a new electrode array applied with parylene technology, used for 

recording of high-level cognitive neural signals.  All dry etching processes were developed 
to fabricate the silicon probes using double-side-polished (DSP) wafers.  Instead of 
inorganic materials (e.g. silicon dioxide, silicon nitride), the electrodes and conduction 
traces are insulated by parylene, which is a polymer material with high electrical resistivity, 
mechanical flexibility, biocompatibility and easy deposition process.  As a result, the 
probes exhibit better electrical and mechanical properties. 

Keywords: Neural probe, parylene, neural prosthesis 

1. INTRODUCTION 
A neural prosthesis is a direct brain interface that enables a primate, via use of surgically 

implanted electrode arrays and associated computer algorithms, to control external 
electromechanical devices by pure thought only (Figure 1) [1].  The new electrode array, 
described in this paper, is designed and used at the front end of this neural prosthesis to 
record high-level cognitive signals.  Silicon has well-recognized advantages in probe 
fabrication.  Two main fabrication methods are developed to make silicon probes.  One is 
based on boron diffusion and wet etching technologies [2], the other depends on dry 
etching and silicon-on-insulator (SOI) technologies [3].  Each of these has its own unique 
set of advantages and limitations.   Most of these probes use silicon dioxide or silicon 
nitride as insulating materials.  In experimental conditions, these materials are subject to 
large stress, which can lead to failure.  In addition, silicon dioxide is known to hydrate over 
time, which limits the probes’ ability for long time chronic neural recording.  With the 
properties of high electrical resistivity, mechanical flexibility, biocompatibility and easy 
deposition process, parylene is a good substitute.  Parylene C was used as insulating layer 
on neural probes by Xu [4], but each probe contained only a single recording site, and a 
special process was required to open the probe tip.  Our work first demonstrates the use of 
standard lithography processes to fabricate multi-site neural probes with parylene insulating 
layer.

2. DESIGN AND FABRICATION 
The geometry design of the probes is shown in Figure 2.  Four shafts (in 400 m spacing) 

with four Pt electrode sites each (10 m  10 m in 100 m spacing) are in front a thicker 
plate, resulting in a 16-site 2D electrode array.  The shaft thickness is 50 m and the shaft 
width is 75 m at the base and 45 m at the outmost section.  The probe fabrication process 
flow is shown in figure 3, which is based on dry etching technology.  First, XeF2 etching is 
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performed on the silicon surface.  The first insulating parylene layer is then deposited and  
the conduction trace lines (Cr/Au) are patterned by lift-off process.  The second protection 
parylene layer is coated and patterned.  Ti/Pt is then patterned as electrode sites.  The probe 
shape is defined by front side DRIE etching, and then back side DIRE etching is performed 
to define the probe thickness.  

3. RESULTS 
Fabrication results are shown in Figure 4.  The probes were tested mechanically and 

electrically on rat brain cortex.  Following a craniectomy over the barrel cortex, the probes 
were easily inserted into brain tissue without buckle or cracking.  Electrode impedance is 
around 1.5M  at 1kHz.  Neural signals were properly recorded.  Figure 6 shows the 
sample filtered neural data recorded from one channel of the neural probe in rat cortex and 
the sample action potential waveforms. 

4. DISCUSSIONS 
The silicon surface etched by XeF2 has high roughness (Figure 5(a)).  This roughness 

helps the parylene grab hold of the silicon surface mechanically, greatly enhancing 
adhesion.  Instead of SOI wafers, double-side-polished (DSP) wafers were used, which are 
less expensive.  Problems encountered include how to protect the probes during back DRIE 
etching and how to control the probes thickness without an oxide insulator layer.  
Experimental  results show that the probes can be well protected by baked photoresist 
during back DRIE etching, as shown in Figure 5(b). In addition, by depositing protection 
photoresist on the backside of the finished probes to stop DRIE etching die by die, the 
probes thickness can be well controlled within 5 m on the whole wafer. 

5. CONCLUSIONS 
All dry processes were developed to fabricate the new multi-site neural probes with 

parylene insulating layer.  With the advantages of parylene material, the probes perform 
with good mechanical and electrical properties.  Neural signals were properly recorded 
from rat cortex. 
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Figure 1. Schematic of the pathway of 
information flow for the cognitive-based 
neural prosthetic paradigm. Figure 2. Geometry design of the probes.  

Figure 4. The optical and SEM pictures of the 
fabricated probes. (a) Pictures of the whole 
probes and shafts; (b) SEM pictures of the 
probe tip with multiple electrode sites; (c) SEM 
pictures of front side view of the probe tip, 
showing the interface between parylene layer 
and Si substrate and the interface between two 
parylene layers.  

Figure 3. Fabrication process flow. 

Figure 6. (a) Sample filtered neural data recorded from one channel of the neural probe in rat 
cortex; (b) Sample action potential waveforms.

Figure 5. Fabrication process pictures. (a) 
Roughened Si surface; (b) Photoresist 
protection for probe tips during back DRIE 
etching.
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ABSTRACT 
 We have characterized glass-glass and glass-Si bonding processes for the fabrication of 
planar nanofluidic channels as shallow as 20 nm, enabling well-controlled, model-based 
study of molecular and fluidic transport process in confined space. In addition, we have 
demonstrated massively-parallel vertical nanofluidic membranes, with fluidic conductance 
as large as standard microfluidic channels, for high-throughput biomolecular separation and 
analysis.

Keywords: High-aspect-ratio trenches, Nanochannels, Nanofluidic membranes 

1. INTRODUCTION
 For nanofluidic applications, one critical issue is the availability of reliable, reproducible 
fabrication strategies for nanometer-sized structures. A simple fabrication strategy of 
fabricating "shallow" channels on silicon substrate, which only requires photolithography, 
etching, and anodic bonding techniques, was developed by Han et al. [1]. However, the 
uniformity of the channel as well as the limitation of this technique has never been 
characterized. Recently, Morishima et al. [2] reported a high throughput Pyrex-Pyrex 
bonding method for microfluidic devices using hot pressing. However, applicability of this 
method for fabricating thin nanochannels remains unclear. Here we will describe the full 
experimental characterization of nanochannel fabrication using standard anodic bonding 
and glass-glass fusion bonding techniques. 
    In addition, to increase conductance of planar nanofluidic channels for high-throughput 
molecular separation, we have developed a novel fabrication approach to generate deep, 
parallel vertical trenches with a controlled gap size down to 100 nm. Anisotropic wet 
etching of (110) silicon provides an attractive and effective method for fabrication of high-
aspect-ratio structures with smooth and vertical sidewalls because of the high selectivity 
between (110) and (111) planes [3]. Also, deep reactive ion etching (DRIE) is a standard 
method to fabricate high-aspect-ratio microstructures with vertical sidewalls. Compared 
with fabrication of high-aspect ratio submicrometer channels developed by Mogensen et al.
[4], our strategy allows a smaller, more uniform nanofilter gap by minimizing the sidewall 
roughness during the vertical etching process. 

2. EXPERIMENTAL
 As shown in Fig 1(a), planar nanofluidic channels with various widths were defined by 
photolithography on silicon or glass substrate, and then etched for a short time (by reactive 
ion etching on silicon or wet etching on glass) to generate shallow trenches. Finally, 
nanochannels were sealed by bonding silicon or glass substrate with another flat glass 
substrate either by glass-glass fusion bonding (550 °C) or anodic bonding process.  

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

678 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

679

A schematic diagram of fabricating nanofluidic membranes is given in Fig 2(a) . We used 
anisotropic wet etching (KOH) to make narrow, vertical trenches on Si (110) substrate. 
Alternatively, conventional deep reactive ion etching (DRIE) can be performed to produce 
very deep trenches, then the sidewalls can be 'smoothened' by a short KOH etching. Then 
the width of the trench channel was decreased down to a desired thickness (~100 nm), by 
growing thermal oxide. Finally, nanofluidic channels were sealed with a glass cover by 
anodic bonding.  

3. RESULTS AND DISCUSSION 
 We have demonstrated that glass-glass nanofluidic channels as shallow as 25 nm with 
low aspect ratio of 0.0005 (depth to width) can be achieved with the developed glass-glass 
bonding technique (550 ºC). We also found that 20 nm silicon-glass nanofluidic channels 
with aspect ratio of 0.004 can be reliably obtained with anodic bonding technique. Scanning 
electron microscopy (SEM) imaging was performed to measure and confirm the thickness 
of nanofluidic channels after the bonding process, as shown in Fig 1. It can be seen that the 
channels are of good uniformity and completely open, and there is no significant change of 
the depth of the nanofluidic channels due to both anodic bonding and glass-glass bonding 
processes. The aspect ratio of the planar nanochannels achieved in this work 
(0.004~0.0002) is small enough, so that standard photolithography (with typical lateral 
patterning resolution of >1 µm) can be used to generate nanofluidic channels as shallow as 

Figure 1 (a) Schematic description of planar 
nanochannel fabrication process on silicon or 
glass substrate. (b) Cross-sectional SEM 
images of the 80 nm and 20 nm deep silicon-
glass channels (top), and 100 nm and 25 nm 
deep Pyrex glass-glass channel (bottom). 

Figure 2 (a) Fabrication process of 
nanofluidic membranes. (b) Cross-sectional 
SEM micrograph of vertical trenches with 
widths of 400 nm (A) and 75 nm (B), 
fabricated by KOH etching followed with 
thermal oxidation. 
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ABSTRACT
Fabrication process of a micropipette chip that practically enables electrophysiological 

and optical measurements simultaneously has been presented. In this study, a fine 
through-hole was etched on a 150- m-thick silica glass plate since it provides excellent 
optical transparency and electrical isolation. The etched silica plate was assembled with 
PDMS microfluidics and microelectrodes to complete a planar micropipette chip. The 
performance of the chip was evaluated with regard to the electrical and optical properties 
necessary for cellular analysis. Access resistance of the chip and seal resistance for a HL60 
cell were 2.5M and 10G , respectively. 

Keywords: Cell analysis, DRIE(deep reactive ion etching), Optical Measurement, 
Patch clamp 

1. INTRODUCTION 
Ion channels on the cell membrane play an important physiological role in regulating the 

movement of ions such as sodium, calcium and potassium, into and out of cells. And hence, 
they are critical target proteins in drug discovery. Patch-clamp recording is a powerful 
method that allows one to study the function of the specialized channel protein in real time 
by directly measuring ion movement through the channel using a microelectrode. However, 
conventional patch-clamp technique requires skillful operators and suffers from low 
throughput. And thus, chip-based patch-clamp devices with small planar apertures have 
been recently developed for the establishment of automated measurement systems [1,2]. 
Unfortunately, planar devices reported so far do not have an attractive characteristic enough 
to replace with a conventional micropipette. As well as high throughput measurement, it is 
necessary to achieve high added value such as the acquisition of detailed space distribution 
information of a cell. For this purpose, a device enabling observation, manipulation, and 
measurement of cells at the same time is necessary. In this paper, we have developed a 
planar patch-clamp device integrated with manipulator electrodes on transparent silica glass 
plate for the simultaneous measurement of electrical and optical measurement of cells and 
demonstrated their performances. 

2. DESIGN AND FABRICATION 
Figure 1 shows the schematic drawing of the micropipette device. As a planar aperture of 

micropipette, hole patterns with the diameter of 120 µm and 2 µm were engraved from both 
sides of the silica glass plate of 150 µm thickness. A small reservoir to hold cells and bath 
solution was attached on this plate, and a PDMS microfluidic sheet was attached under the 
plate for the exchange of electrode solution. Electric current between the internal and 
external solution was measured through Ag/AgCl electrodes and was recorded using an 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

680

20 nm. The availability of such a uniform, flat nanofluidic channel could lead to more 
careful, controlled study of molecular and fluidic transport in nanopores or confined space. 

     

We have achieved efficient entropic-trapping separation [1] of large DNA molecules 
(10~48kbp) in the vertical entropic nanofilter array device, fabricated by a combination of 
DRIE and KOH etching, as shown in Fig 3. The potential for high-throughput separation of 
large DNA molecules has been demonstrated, even though the gap uniformity is to be 
further improved for high-resolution separation. We believe that these membrane devices 
could be a key to the high-throughput nanofluidic sample-preparation microsystems. 
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Figure 3 Separation of the mixture 
of -DNA and -DNA digested by 
Hind  in lateral entropic 
nanofilters consisting of alternating 
narrow (80~500 nm) and wide 
regions (3 µm) with a depth of 8 
µm. Peak assignment: (a) 48,502 bp, 
(b) 23,130 bp, (c) 9,416 bp, (d) 
6,557 bp, (e) 4,361 bp. The shortest 
fragments (2,3 kbp and 2 kbp) were 
missing. The nonuniform gap is due 
to insufficient KOH etching. (A)
Separation under different applied 
electrical fields. Electropherogram 
was detected at 1.8 cm from the 
entrance of the separation column. 
(B) Fluorescence images of the 
DNA bands separated at 10 V/cm. 
The scale bar is 1 mm. 
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ABSTRACT
Fabrication process of a micropipette chip that practically enables electrophysiological 

and optical measurements simultaneously has been presented. In this study, a fine 
through-hole was etched on a 150- m-thick silica glass plate since it provides excellent 
optical transparency and electrical isolation. The etched silica plate was assembled with 
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movement of ions such as sodium, calcium and potassium, into and out of cells. And hence, 
they are critical target proteins in drug discovery. Patch-clamp recording is a powerful 
method that allows one to study the function of the specialized channel protein in real time 
by directly measuring ion movement through the channel using a microelectrode. However, 
conventional patch-clamp technique requires skillful operators and suffers from low 
throughput. And thus, chip-based patch-clamp devices with small planar apertures have 
been recently developed for the establishment of automated measurement systems [1,2]. 
Unfortunately, planar devices reported so far do not have an attractive characteristic enough 
to replace with a conventional micropipette. As well as high throughput measurement, it is 
necessary to achieve high added value such as the acquisition of detailed space distribution 
information of a cell. For this purpose, a device enabling observation, manipulation, and 
measurement of cells at the same time is necessary. In this paper, we have developed a 
planar patch-clamp device integrated with manipulator electrodes on transparent silica glass 
plate for the simultaneous measurement of electrical and optical measurement of cells and 
demonstrated their performances. 

2. DESIGN AND FABRICATION 
Figure 1 shows the schematic drawing of the micropipette device. As a planar aperture of 

micropipette, hole patterns with the diameter of 120 µm and 2 µm were engraved from both 
sides of the silica glass plate of 150 µm thickness. A small reservoir to hold cells and bath 
solution was attached on this plate, and a PDMS microfluidic sheet was attached under the 
plate for the exchange of electrode solution. Electric current between the internal and 
external solution was measured through Ag/AgCl electrodes and was recorded using an 
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Axopatch 200B patch clamp amplifier (Axon Instruments, Union City, CA). Moreover, two
pairs of metal microelectrodes were patterned on the glass plate with a aperture for the 
electrokinetic control (EP and DEP) of cells’ positions in the reservoir. Figure 2 shows the
detailed microfabrication sequence of the aperture plate. Through-hole was engraved using
SF6/C4F8 ICP deep etching [3] and bottom side alignment lithography. Though diameter is 
required to be smaller than the size of cells, high-aspect-ratio deep etching of silica glass is 
impossible in practical steps. Thus, relatively larger hole of 120 µm in diameter was etched 
in the first step, and subsequently a smaller hole with the diameter from 500 nm to 2 µm
was etched from the bottom side of the plate to complete the through-hole feature. In these
etch steps, a Cr thin film was used as a hard mask for providing the high etch rate
selectivity of silica against the mask. Especially, in the fine hole etching of 2 m or below,
hole pattern on the photoresist was transferred to the Cr film with high fidelity using dry
etching in Cl2 plasmas [4]. Figure 3 shows the cross-sectional SEM photo of the aperture
plate. The minimum diameter of the aperture could be shrunk to 500 nm or less from the
mask size of 2 µm by controlling the taper angles in the second etch.

5. After removal of Cr mask 
residue in the 4th process step, a 
Cr film was deposited on a bottom
side of the silica glass plate.

140 m

0.6 m

2 m

6. According to the 2 m diam. hole
pattern of the photoresist, the Cr film
was vertically etched in Cl2 plasma.

2 0.5 m0.6 m

7. Using a Cr metal mask, micro-
pipette hole of 10 m in depth was
etched into silica glass. Tapered
etch shape resulted in the shrinked
hole diam. of 0.5 m

Cr

Photoresist

5. After removal of Cr mask 
residue in the 4th process step, a 
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side of the silica glass plate.

140 m

0.6 m

2 m
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2 0.5 m0.6 m
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etched into silica glass. Tapered
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Photoresist

1. A Cr film was sputter-deposited
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8 m

150 m

2. Photolithography of 120 m diam.
120 m

3. Transfer the hole pattern to the
Cr film by wet etching.

ca. 120 m

Cr

Silica glass

Photoresist

4. Using the Cr metal mask, 120 m
diam. hole pattern of 140 m in depth
was engraved ito silica glass plate
using SF6/C4F8 ICP etching
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4. Using the Cr metal mask, 120 m
diam. hole pattern of 140 m in depth
was engraved ito silica glass plate
using SF6/C4F8 ICP etching

Figure 1. Design of the micropipette device
for the simultaneous electrophysiological and
optical measurements.

Figure 3. A cross-sectional SEM photo of the
through-hole engraved into a silica plate. 

Figure 2. Process sequence of the aperture on a
silica plate. 

3. RESULTS AND DISCUSSION 
Figure 4 depicts the usage of the developed device in the physioelectrical and optical

measurement system that is mainly composed of invert microscope and patch-clamp
amplifier. First, a target cell in the reservoir is fixed onto the aperture with the assistance of
cell manipulation and optical observation of the fine structures in the cell, and then, electric
current through the cell membrane is measured during the application of pulse voltages of
50 mV to the AgCl electrodes. Figure 5 shows a microscopic photograph of human
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promyelocytic leukemia HL60 cells on the device. Thus, the optical image is free from the
distortion due to refraction or scattering since etched structures have vertical walls and flat
bottoms which is not attainable by wet etching. Finally, the electric current with and
without cell patch are shown in Fig. 6. The access resistance of the aperture was 2 M with
phosphate buffered saline and the seal resistance for the HL60 cell was as large as 10 G .

Figure 4. Operation of the developed device.
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Figure 6. Electric response to the pulse voltage
without (top) and with (bottom) a HL60 cell on
the aperture. 

Figure 5. Microscopic photos of HL60 cells
on the device. 

4. CONCLUSION 
We have fabricated a planar micropipette device suitable for simultaneous

electrophysiological and optical measurement of cells. The fabricated device showed
excellent electrical property comparable to the traditional micropipette. Such a device is
expected to be useful for fundamental research of cell biology and pharmacological
screening.

ACKNOWLEDGEMENT
This work was supported by the PRESTO program of the Japan Science and Technology

Agency (JST) . 

REFERENCES
[1] N. Fertig, M. Klau, M. George, R.H. Blick, J. C. Behrends, Appl. Phys. Lett., 26,

4865-4867 (2002). 
[2] T.Lehnert, M.A.M.Gijs, R.Netzer and U.Bischoff, Appl. Phys. Lett., 26, 5063-5065

(2002).
[3] T. Ujiie, T. Kikuchi, T. Ichiki, Y. Horiike, Jpn. J. Appl. Phys., 39, 3677-3682 (2000). 
[4] T. Ichiki, S. Takayanagi, Y. Horiike, J. Electrochem. Soc., 147, 4289-4293 (2000). 

Takanori Ichiki, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, 113-8656 JAPAN,
E-mail: ichiki@sogo.t.u-tokyo.ac.jp 
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ABSTRACT 
In this paper, a novel plastic thermal bonding technique to seal and form large area 

microchambers without collapse has been demonstrated.  Two types of large area 
microchambers (20mmu10mmu40Pm and 12mmu2.5mmu120Pm) with microchannels
replicated on plastic substrates were successfully sealed without collapse by introducing a 
holed pressure equalizing plate (HPEP) that includes a hole of the same size and shape as 
the microchamber. 

Keywords: Collapse-free thermal bonding, Holed pressure equalizing plate, 
Microchambers, Plastic microfluidic systems  

1. INTRODUCTION
Microchambers are frequently required for microfluidic applications, such as reactions

(e.g. antigen-antibody reaction), PCR and cell cultivation [1].  Bonding of polymer 
substrates is an essential fabrication step to seal microchannels or microchambers in
polymer microfluidic systems [2-3].  Several plastic bonding techniques have been reported 
[2]: lamination, gluing, thermal bonding, low temperature bonding by x-ray irradiation [3],
etc.  For lamination and gluing, the adhesive may clog the channels and it creates 
inhomogeneous property on channel surfaces i.e., polymer and adhesive surfaces.  The 
thermal bonding is the simplest technique and has the advantage of making the 
homogeneous channel surfaces.  However, the high pressure applied during bonding may 
result in undesirable deformation of microchannel and more seriously may lead even to
collapse of microchambers.  

2. THEORY
To prevent collapse from happening, we suggest a thermal bonding technique adopting a 

holed pressure equalizing plate (HPEP). The HPEP was easily realized by two steps: (i) 
transcribing patterns of the mold to a pressure equalizing plate, e.g. Teflon plate, by hot
embossing and then (ii) making holes at the patterned microchamber areas.  Figure 1 shows 
the schematic diagram of the bonding process with the HPEP.  The replicated substrate and 
a lid are sandwiched between two HPEP’s and placed inside the hot embossing metal 
blocks.  Thermal bonding is then carried out slightly below the glass transition temperature 
(Tg) of the plastic material under the processing pressure. 

3. EXPERIMENTAL 
In order to validate the proposed method, two different master molds were fabricated 

(Figure 2).  One of the masters (Master I) has 20mmu10mmu40Pm entrance and exit 
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microchambers (Figure 2(a)) and the other master (Master II) contains 12mmu2.5mmu
120Pm reaction chambers (Figure 2(b)) [4].  The master mold patterns were replicated on 
PMMA (polymethylmethacrylate; Tg|105qC; pattern of Master I) and COC (cyclic olefin
copolymer; Tg|136qC; pattern of Master II) substrates by hot embossing and injection 
molding, respectively.  Then, the replicated substrates and each lid were bonded with the 
help of the HPEP.  For the comparison purpose, they were bonded without the HPEP at the 
same condition.  

Hot embossing metal block for
providing pressure and heat 

Pressure equalizing plate for 
compensating parallelism of hot
embossing blocks and flatness of 
polymer substrates 

Plastic substrates having
microchannels and microchambers 

Hole (same size and shape as the 
microchamber) to prevent collapse of 
microchamber during thermal bonding

Figure 1. Proposed collapse-free thermal bonding with a holed pressure equalizing plate (HPEP).

Positive relief of microchambers of
20mmu10mm and 40Pm thick

Positive relief of ten microchannels of
40~400Pm wide with an increment of
40Pm, 40Pm thick and 20mm long

Positive relief of 
microchambers of 
12mmu2.5mm and
60Pm thick 

Positive relief of various microchannels 

          (a)  (b) 
Figure 2. Nickel master mold containing the positive relief of microchambers and microchannels: (a) 
master mold fabricated by silicon deep RIE and subsequent nickel electroforming (Mater I) and (b) 

master mold fabricated by SU-8 photolithography and subsequent nickel electroplating (Master II) [4].

4. RESULTS AND DISCUSSION 
Figures 3 and 4 show the bonding results of PMMA and COC substrates, respectively,

with and without the HPEP.  Without the HPEP, the microchannels were successfully 
sealed and formed, but the chambers were almost collapsed as indicated in Figures 3(a) and 
4(a).  In contrast, with the HPEP, the microchannels and microchambers were successfully
sealed without any clogging and collapse as indicated in Figures 3(b) and 4(b).  

5. CONCLUSIONS 
In this paper, we present a novel plastic thermal bonding technique to seal and form

large area microchambers without collapse with the help of the HPEP.  The simple thermal
bonding technique suggested in this study can be easily applied for sealing or assembling 
large area microchambers in plastic microfluidic systems or micro optical-components 
(microlens, optical grating, etc) in plastic MOEMS. 
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Collapsed microchamber

Successfully sealed and 
formed ten microchannels

Inlet to 
microchamber 

Successfully sealed and 
formed microchamber 

Successfully sealed and
formed ten microchannels 

Inlet to 
microchamber

Entrapped air 
bubbles

(a)    (b) 
Figure 3. Thermal bonded PMMA substrates at the bonding condition of 95qC and 20kPa for 15min 

(a) without the HPEP and (b) with the HPEP. Red dyed water was injected to show the bonding result. 
The microchannel and microchamber patterns are replicated from Master I in Figure 2(a). 

Collapsed microchambers

Successfully sealed and 
formed microchannels

Inlet 

Successfully sealed and 
formed microchannels

Inlet Successfully sealed and 
formed microchambers

(a)    (b) 
Figure 4. Thermal bonded COC substrates at the bonding condition of 123qC and 20kPa for 10min (a) 

without the HPEP and (b) with the HPEP. Red dyed water was injected to show the bonding result. 
The microchannel and microchamber patterns are replicated from Master II in Figure 2(b).
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ABSTRACT
This paper describes a new generic polymer fabrication technology based on lamination

for lab-on-a-chip devices. The proposed method allows production of SU-8 photocurable
films and their release after lamination and patterning. 3D microfluidic networks can be 
realized in this way with simple tools and with the excellent precision of the
photolithography for the interlevel alignment. Furthermore, additional studies on how to 
tailor pysico-chemical properties of the SU-8 based channels such as hydrophilicity and
surface charge density are performed.

Keywords: three-dimensional microfabrication, SU-8, surface modification 

1. INTRODUCTION
Though many research groups pointed out the interest to use SU-8 as a material for the

construction of closed microchannels, the major drawback of the proposed methods is the
use of rigid substrates that support the SU-8 closing layers. Such substrates usually prevent
patterning of the SU-8 layer and require complex and heavy operations to free the structure
in order to continue the layer-by-layer fabrication [1, 2]. An improvement to the original
process was the use of partially crosslinked SU-8 on a flexible substrate to seal the
structures [3]. Our method allows a patterning step after the lamination of uncrosslinked
films. As surface properties are very important in microfluidics, especially when dealing 
with electrokinetic liquid pumping and/or electrophoretic separations, surface treatment of 
SU-8 surfaces were also investigated. 

2. MICROFLUIDIC DEVICE FABRICATION 

(1.1)

(1.2)

(1.3)

substrate 1(1.1)

(1.2)

(1.3)

substrate 1

(2.1) substrate 2

(2.2)

(2.4)

(2.3)

(2.1) substrate 2(2.1) substrate 2

(2.2)

(2.4)(2.4)

(2.3)(2.3)

Figure 1. Fabrication of a SU-8 dry film (1.1) 
adhesive PET lamination, (1.2) SU-8 spin-
coating and soft-bake, (1.3) dry film peeling

Figure 2. Sealing SU-8 open structures (2.1) 
open SU-8 structures, (2.2) SU-8 film
lamination, (2.3) SU-8 patterning and release, 
(2.4) final structure after many lamination steps
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Our method consists in the fabrication of uncrosslinked SU-8 films on a flexible
substrate as described in figure 1 and 2. This film is then transferred in a photosensitive 
state through lamination. After that this layer is patterned by conventional
photolithography. The key features of the technique include: a.) transfer of a flexible SU-8 
film by lamination avoiding reported problems due to surface inhomogeneities, b.)
patterning of the layer after bonding that allows an excellent level-by-level alignment and, 
c.) easy peeling of the flexible substrate in order to build complex, totally SU-8
microfluidic structures.

3. SU-8 SURFACE MODIFICATION 
The proposed surface treatment is based on the reaction at the network surface of 

unreacted epoxy groups with diethylenetriamine (DETA). Samples of SU-8 were prepared
by a spin-coating process, soft-baked and irradiated. Different post-exposure bake (PEB)
durations and temperatures were performed corresponding to different conversion ratios.
The density of free epoxy groups in the processed SU-8 films was determined by IR
spectroscopy. They were then soaked in a solution of a) 5% of DETA in THF during 2 
hours,.b) 10% of DETA in THF during 2 hours and c) 5% DETA in THF during 3 hours.
Samples were subsequently sonically washed in THF during 10mn and dry at 80°C during
1 hour. The contact angle between a droplet of DI water and the substrate was then
measured.

4. RESULTS AND DISCUSSION 
This new technology is used to create closed microchannels on a silicon substrate as 

shown in figure 4 and 5. A simple electrophoresis chip made on a glass substrate and an
example of a chip connection are shown respectively in figure 6 and 7. 

Figure 4. SEM photograph of a 100µm x
100µm microchannel sealed by a 10µm SU-8 
film on a silicon substrate

Figure 5. SEM photograph of a 3D network of 
connected 40µm x 100µm totally SU-8 
microchannels

Figure 6. Photograph of an electrophoresis chip 
(10cm x 3cm) on a glass substrate

Figure 7. Photograph of a connected
microchannel ready for test

Shown in figure 8, the conversion rate of epoxy groups is demonstrated to be quite stable
for a given temperature after a long PEB duration. Swelling and delamination of SU-8 
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occured in THF for conversion ratios inferior to 60%. Contact angle measurements are 
shown in table 1 for the soaking conditions a), b) and c) described in the previous
paragraph.
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swelling and delamination of SU-8

Figure 8. Conversion ratios of epoxy groups as 
a function of PEB duration and temperature 

Table 1. Contact angle measurements after 
DETA surface modification of SU-8 samples

Without any modification of SU-8 surface, the measured contact angle was greater than
90°. The lowest contact angle is demonstrated for the soaking condition b) and for a
conversion rate of 80%. These expected results indicates a higher DETA grafting density
on surfaces with more residual epoxy groups. 

5. CONCLUSIONS 
A novel fabrication method of three dimensional microfluidic network is demonstrated.

This technology allows excellent layer-by-layer alignment. Furthermore it permits the
fabrication of totally polymer microchannels, uses simple tools and is compatible with
integrated circuit framework. A surface treatment is proposed which change the wettability 
and the surface charges density. Future works will focus on electrokinetics characterization 
of the surface modification in microchannels.

ACKNOWLEDGEMENTS
The authors would like to thank Mrs Monika Ostalowska for her assistance.

REFERENCES
[1] S. Tuomikoski and S. Franssila, Free-standing SU-8 microfluidic chips by 
adhesive bonding and release etching, Sensors Actuators A, 120, 408-415, (2005) 
[2] F.J. Blanco, M. Agirregabiria, J. Garcia, J. Berganzo, M. Tijero, M.T. Arroyo, 
J.M. Ruano, I. Aramburu and K. Mayora, Novel three-dimensional embedded SU-8 
microchannels fabricated using a low temperature full wafer adhesive bonding, J.
Micromech. Microeng., 14, 1047-1056, (2004) 
[3] Y. Song, C.S.S.R. Kumar and J. Hormes, Fabrication of an SU-8 based
microfluidic reactor on a PEEK substrate sealed by a ‘flexible semi-solid transfer’ (FST)
process, J. Micromech. Microeng., 14, 932-940, (2004) 

Patrick Abgrall, LAAS CNRS., 7 avenue du Colonel Roche, 31500 Toulouse, France, 
pabgrall@laas.fr



CONSTRUCTION OF INTEGRATED MICRO- AND 
NANOFLUIDIC SYSTEMS: APPLICATION OF 

PHOTOPOLYMERIZATIONS AND BLOCK 
COPOLYMER SELF-ASSEMBLY 

J. Brian Hutchison, Ksenia P. Brazhnik, and Laurie E. Locascio 
Analytical Chemistry Division, National Institute of Standards and Technology, USA 

ABSTRACT 
Facile construction of submicron channels or pores integrated with the macroscopic 

world via microfluidic circuitry is a critical challenge for the advancement of practical 
nanofluidics applications. This contribution provides strategies for creating integrated 
nanofluidic channels through photopolymerization and block copolymer self-assembly
technologies.  In particular, self-assembled amphiphilic block copolymer vesicles are 
manipulated into nanotubes within a microfluidic channel and crosslinked by
photopolymerization.  Additionally, nanochannels, integrated with microfluidic circuitry, 
are formed by simultaneous UV nanoembossing and masked photopolymerization. 

Keywords: Nanofluidics, Photopolymerization, Self-Assembly 

1. INTRODUCTION
Nanofluidic components promise specific advantages over microchannels, such as 

enhanced separations resolution and specificity, as well as the capability for single 
molecule manipulation and measurements.  However, the absence of strategies for 
fabricating sub-micron channels that are registered and integrated within a microfluidic 
network has been a factor in limiting the advancement of nanofluidics.  This contribution 
highlights strategies employing photopolymerization technologies that offer a particularly
facile and robust approach to forming micro- or nanofluidic polymer devices and 
components.  The primary advantages of fabricating microfluidic components via 
photopolymerizations include the ability to (1) transform liquid monomers into micro- and 
nanopatterned, insoluble solid films in a single step, and (2) tune the chemical and physical
properties of the bulk materials and the channel surfaces by rational formulation of 
monomer mixtures.  Ultimately, the photopolymer nanofluidic systems described in this 
contribution will facilitate novel focusing and separations strategies as well as single 
molecule measurements. 

2. THEORY
The promise of nanofluidics arises from scaling behavior that can be exploited for flow 

control and separations.  In particular, the reduction of channel volume, and corresponding 
increase in surface-to-volume ratio, leads to overlapping electric double layers and/or the 
capability to control flow properties or analyte separations by dictating surface charge and 
chemistry.  Therefore, fabrication techniques that enable control of channel surface 
properties are critical for nanofluidics. 

Molecules that self-assemble into micro- or nanoscale phase domains provide well-
defined surface properties with precision defined by phase boundaries.  Some block 
copolymers will self-assemble into domains that range from less than 10 nm cylinders to 10 
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Pm vesicles.  The self-assembly process is driven by free energy minimization as like 
segments in covalently attached polymer blocks phase separate from unlike segments.  The 
phase morphology and domain size are defined by the chemistry and block lengths. 

3. EXPERIMENTAL 
General methods for direct photopolymerization of microfluidic channels, such as 

Contact Liquid Photolithographic Polymerization (CLiPP) [1], UV nanoembossing [2], and 
assembly of block copolymers into nano- or microstructures [3] have been reported 
previously.  In this contribution, polymer vesicles  (polymersomes) were prepared from
poly(butadiene-b-ethylene oxide) (Polymer Source [4]) by an electroformation procedure 
[3].  The polymersomes were manipulated in a glass microchannel with syringe pumps 
controlling the main and side channel flows.  Photopolymerization (for crosslinking the 
polymersomes or curing films) was initiated with a UV spot curing system (Exfo [4]), 
which provided approximately 50 mW/cm2 of 365 nm light.  A few minutes prior to
exposure, a water-soluble photoinitiator (I-2959, Ciba [4]) was mixed in the vesicle-
containing buffer.  

Photopolymer films with nanofluidic features from UV embossing and/or microfluidic
channels from direct masking were formed from various (meth)acrylic monomers.  One 
particular monomer formulation included 50 % (wt/wt) of perfluorinated polyether 
diacrylate (CN4000, Sartomer [4]) and 50 % hexafluorodecyl acrylate (ExFluor [4]) with
approximately 0.5 % photoinitiator (I-651, Ciba [4]).  Upon curing, this fluorinated 
network was flexible and solvent resistant. 

4. RESULTS AND DISCUSSION 
One strategy for creating nanofluidic channels integrated with microfluidics is formation

and crosslinking of polymer nanotubes from self-assembled block copolymer vesicles 
manipulated within microfluidic channels.  Figure 1 shows an image of fluorescently
labeled polymer nanotubes formed by flow constriction at a microfluidic junction.  The 
tubes were drawn from spherical vesicles (i.e., polymersomes, which are also evident in the 
buffer) that self-assembled from amphiphilic diblock copolymers.  The nanotubes are 
approximately 100 nm to 1 Pm in diameter and their location is dictated by the 
microchannel network. The tubes can be stabilized locally by masked photopolymerization 
or addition of a crosslinking agent into the microfluidic channel.

This work emphasizes microfluidic manipulation and stabilization of the nanotube or 
vesicle membrane by photopolymerization of double bonds in the hydrophobic region. 
Upon stabilization, the nanotubes were used to monitor the transport of individual, 
fluorescently labeled DNA macromolecules. 

30 Pm

vesicle 

nanotube(s)

Figure 1. Block copolymer nanotubes within a microfluidic channel junction. 

Another strategy employs simultaneous UV nanoembossing [2] and photolithographic 
polymerization [1].  In particular, mask alignment and layer thickness adjustment via 
CLiPP [1] can be used to fabricate microchannels providing access to nanochannels created 
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ABSTRACT
We present fast and simple methods for the fabrication of polymeric microfluidic 

systems using electron beam lithography. We have used the spatial variation of electron 
beam energy and dose to directly write multi-level polymeric structures thus eliminating the 
need for any bonding or sacrificial layer patterning and etching steps. Here we demonstrate 
the use of this technique to fabricate various useful microfluidic unit structures. 

Keywords: Direct-write fabrication, downstream bioMEMS fabrication, electron 
beam lithography, polymeric microfluidic systems 

1. INTRODUCTION
 Most microfluidic systems need unit structures for transport, actuation and sensing that 
have embedded or suspended structures difficult to fabricate using standard planar 
microfabrication techniques. Replication-based approaches [1] such as soft lithography 
have been used to make these. Direct fabrication of embedded channels and other self-
supporting structures has been tried with ion and electron beams [2], and gray-scale UV 
[3]. In this work we demonstrate the versatility of the electron beam energy and dose 
variation approach in the facile fabrication of complex multi-level structures that lend 
themselves to immediate use in biological and chemical applications. 

2. THEORY
 Our method comprises of two schemes. The first (Figure 1a) employs a spatial variation 
of electron beam energy to expose a thick layer of negative resist to different depths as 
predicted by the Bethe-Bloch energy loss model. This relates the characteristic electron 
penetration depth R (in µm) to the incident electron energy (in keV) and the material 
density  (in g/cm3) as [4]: 

5.1
01.0 ER  (1) 

The second scheme (Figure 1b), useful for smaller structures, employs a spatially varying 
electron-beam dose to differentially expose a bilayer of negative and positive resists having 
different dose thresholds. 

3. EXPERIMENTAL 
For the first scheme, we chose SU-8 as material and calibrated the electron beam 

penetration in it (Figure 2a). Capped microchannels of various dimensions were made and 
representative micrographs are shown in Figure 2b. Here the channel banks and capping 
membrane were written with beam energies of 35keV (R~15µm) and 10keV (R~2µm) 
respectively on a pre-baked SU-8 2015 film on an oxidized silicon substrate. The structures 
were then developed to open the channels. We have fabricated 50µm wide channels with 
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by UV embossing (i.e., photocuring of a liquid monomer resin cast onto a nanopatterned 
substrate). Figure 2 contains a schematic that describes the combination of UV 
nanoembossing with direct photopolymerization of microfluidic channels. Furthermore, 
the figure reveals a set of sub-micron channels (depth: 650 nm) formed by curing a 
fluorinated network on top of a patterned template and then re-laminating the fluorinated 
film on top of a glass coverslip.  The inset image is the photomask that will align with the 
channel wells on a single nanochannel for simultaneous fabrication of microfluidic access 
ports. 

Figure 2. Simultaneous UV nanoembossing and masked photopolymerization. 

5. CONCLUSIONS 
Fabricating nanofluidic channels in photopolymers has two primary advantages.  A very

wide array of materials and surface modification options are compatible with 
photopolymerization technologies, and microfluidic circuitry can be fabricated 
simultaneously by masking the monomer film during UV embossing.  Ongoing work on 
this project includes demonstration of surface grafting methods to tailor nanochannel wall 
chemistry and/or channel size with the goal of directing the self-assembly of a single block 
copolymer nanotube within a channel.
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need for any bonding or sacrificial layer patterning and etching steps. Here we demonstrate 
the use of this technique to fabricate various useful microfluidic unit structures. 
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1. INTRODUCTION
 Most microfluidic systems need unit structures for transport, actuation and sensing that 
have embedded or suspended structures difficult to fabricate using standard planar 
microfabrication techniques. Replication-based approaches [1] such as soft lithography 
have been used to make these. Direct fabrication of embedded channels and other self-
supporting structures has been tried with ion and electron beams [2], and gray-scale UV 
[3]. In this work we demonstrate the versatility of the electron beam energy and dose 
variation approach in the facile fabrication of complex multi-level structures that lend 
themselves to immediate use in biological and chemical applications. 

2. THEORY
 Our method comprises of two schemes. The first (Figure 1a) employs a spatial variation 
of electron beam energy to expose a thick layer of negative resist to different depths as 
predicted by the Bethe-Bloch energy loss model. This relates the characteristic electron 
penetration depth R (in µm) to the incident electron energy (in keV) and the material 
density  (in g/cm3) as [4]: 

5.1
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The second scheme (Figure 1b), useful for smaller structures, employs a spatially varying 
electron-beam dose to differentially expose a bilayer of negative and positive resists having 
different dose thresholds. 

3. EXPERIMENTAL 
For the first scheme, we chose SU-8 as material and calibrated the electron beam 

penetration in it (Figure 2a). Capped microchannels of various dimensions were made and 
representative micrographs are shown in Figure 2b. Here the channel banks and capping 
membrane were written with beam energies of 35keV (R~15µm) and 10keV (R~2µm) 
respectively on a pre-baked SU-8 2015 film on an oxidized silicon substrate. The structures 
were then developed to open the channels. We have fabricated 50µm wide channels with 
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lengths up to 3mm and have observed that these are filled readily by aqueous solutions. The 
use of these channels for DNA electrophoresis is shown in the preliminary fluorescence 
micrographs in Figure 2c. 
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Figure 2 (a) Measured electron beam penetration depth in SU-8 2015 versus beam energy calibration 
curve fitted to a power law (b) A microchannel made using the varying energy process (c) 
Fluorescence micrographs of a suspension of SYBR Green-I tagged DNA moving due to an electric 
field (~10V/cm) in a microchannel filled with buffer. 

The versatility of this scheme is demonstrated by the structures in Figure 4. Embedded 
electrodes (Figure 3a) can be integrated easily. Complex structures such as a synthetic gel 
(Figure 3b), and a chaotic micromixer with in-channel hanging bas-relief structures (Figure 
3c) can be directly written. Also movable structure such as valves, pumps etc can be easily 
fabricated as shown by the structure with a seismic mass supported by beams (Figure 3d). 

Using our second scheme, we have fabricated microchannels (Figure 4) with banks of 2µm
thick PMMA and a capping membrane of 2µm thick SU-8. Here the membrane was first 
written at 3µC/cm2 and developed and then the channels were written at 300µC/cm2. This 
process is particularly suited for the fabrication of short, high resolution structures. 

4. CONCLUSIONS 
 To conclude, we have proposed and demonstrated simple, direct CAD-to-structure 
processes for the fabrication of unit structures which can be easily integrated into complete 
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microfluidic systems especially for biological and chemical applications. This approach is 
scalable and well suited for inexpensive and rapid concept demonstration. 

(a) SEM (b) Top and side view SEM 

Top View – Optical µgraph 

Side View – Schematic 
(c)

Optical

SEM 
(d)

Figure 3 (a) A capped microchannel made on top of gold electrodes. (b) Synthetic gel: Pillars and 
banks were written at 35kV and the capping membrane at 10kV. (c) A chaotic micromixer showing 
the three levels (channel banks, capping membrane and corrugations on the channel roof) in the 
structure (with an aligned cartoon cross-sectional view to better visualize the 3 levels). (d) A structure 
with a seismic mass supported by four beams attached to an anchoring region.
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ABSTRACT 
We have developed a new method of patterning of microscale matel features in 

polydimethylsiloxane (PDMS) substrate.  Micron sized metal patterns are fabricated on 
Au layered substrate, and embedded into PDMS surface. With this technique, we can make 
metal micropatterns reliability with less than 2 µm width, embedded in the PDMS substrate 

Keyword: metal micropatterning, polydimethylsiloxane 

1. INTRODUCTION 
PDMS is a very attractive material for BioMEMS, as it is optically transparent, elastic, 

and easy-to-use.  Coupled with organic thin film transistor and/or organic electro 
luminescence devices, PDMS can be also used as a substrate for flexible circuit or displays.  
For this reason, metal patterning on PDMS could be a very important technology for 
PDMS-based microsystems.  Park et al. developed a technique of metal pattern transfer 
onto PDMS for metal patterning on PDMS [1].  Lee et al. reported a technique of metal 
pattern embedded in PDMS [2].  The metal pattern generated by this technique is 
embedded in the PDMS substrate, and hence it is easy to cover and seal the substrate 
without mechanical hindrance. 

Because metal patterns are fabricated on a substrate like glass or silicon before being 
transferred to PDMS, there are incompatible conditions in these techniques.  Weak 
adhesion between substrate and metal pattern is required for pattern transfer, but strong 
adhesion is also required during the photolithography and etching of micron sized metal 
before the pattern transfer process.  Because of poor adhesion between Au and substrate, 
Au patterns are easily damaged, degraded, or lifted off from the substrate during their 
fabrication.  Metals like Cr and Ti, that are typically used as seed layers, are not 
transferred easily from the substrate because of the strong adhesion of these metals to the 
substrate.  Here report on the development of a new method of metal micropatterning in 
PDMS substrate that is reliable and can be used to transfer features as small as 2 µm in the 
PDMS layers.  

2. FABRICATION PROCESS 
Figure 1 shows the process of metal micropatterning in the PDMS.  Metal patterns 

are fabricated on the multi-laminated metal layers - 1st Au layer, Ti layer, and 2nd Au layer - 
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on Si wafer (Fig 1 (b) ~ (g)).  To get a strong bond between metal pattern and PDMS, the 
metal surface is treated with 20 mM of 3-mercaptopropyltrimethoxysilane in isopropyl 
alcohol for about 2 hours (Fig 1 (h)).  PDMS is cured at room temperature, and peeled off 
from the Si substrate by wedging water between the 1st Au layer and Si wafer (Fig 1 (j)).  
To prevent cracks caused by PDMS bending during PDMS peeling off, another Si wafer is 
used as a hard support [2]. 

3. RESULTS AND DISCUSSION 
To get controllable and reliable adhesion of the metal stack for reliable pattern transfer, 

we used a metal stack layer consisting of a 1st Au and Ti layer, and 2nd Au layer on a Si 
wafer, which is used as a substrate (Fig. 1 (b)).  The 1st Au layer provides week adhesion 
for easy pattern transfer.  The Ti layer deposited on the 1st Au layer provides good 
adhesion between micropattern and substrate for preventing metal pattern from damage 
during fabrication process.  The 2nd Au layer on Ti layer prevents oxidation of Ti layer, 
which reduces adhesion between Ti layer and metal micropatterns. 

Because of strong adhesion between substrate (2nd Au layer) and metal pattern, metal 
micropatterns less than 2 m are not damaged or lifted off from the substrate during the 
fabrication and patterning of this metal.  The fabricated micro-patterns can be easily 
transferred onto the PDMS because of its weak adhesion between 1st Au layer and Si wafer.  
Figure 2 shows metal micropatterns embedded into PDMS with this technique.  We think 
that the minimum feature size generated by this technique is not limited by this technique 
but due to the photolithography and patterning of the metal lift-off pattern itself. 

Figure 1. Process flow of metal micropatterning: (a) substrate cleaning, (b) serial 
metal deposition (1500  of 1st Au, 500  of Ti, and 50  of 2nd Au) on Si wafer, 
(c) PR coating, (d) photolithography, (e) developing, (f) Au deposition (3000  of 
3rd Au), (g) PR removing with acetone (lift-off), (h) mercaptosilane treatment, (i) 
prepolymer pouring and curing PDMS, (j) peeling off PDMS from Si wafer, and 
(k) removing 1st Au, Ti, and 2nd Au layers serially 
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ABSTRACT
This paper reports on an innovative method for the affordable manufacturing of

polymer-based arrays of interdigitated electrodes with µm-dimensions. An array of
96 interdigitated electrode structures with 1 µm electrode width and spacing was
manufactured in an affordable fashion based on polymer molding and a single metal
evaporation step. The presented innovative process advantageously integrates highly
miniaturized electronic sensor elements into polymer microfluidics technology. As
an example of application, the effective label-free and post-amplification detection
of DNA-targets is briefly discussed.

1. INTRODUCTION
Interdigitated electrode arrays for detecting nucleic acid hybridization have been

described by several groups [1, 2].  The search for a technology that allows the
manufacturing of thin-film interdigitated electrode arrays on polymers in an easy
and affordable fashion, compatible with state-of-the-art microfluidics integration
technology, has received little attention to date.  However, the lack of such a
technology forces researchers to either choose for a hybrid approach or to try and
adapt micro-electronics lithography techniques in combination with metal-
deposition and lift-off processes for their purposes.  The first inevitably leads to
complex fluidic interconnection and packaging issues.  The latter leads to material
compatibility challenges.

The method that we propose is based on a combination of an appropriate three-
dimensional design and a single directional metal-deposition step. The three-
dimensional structure is realized in a polymer material using a molding step. The
moulds are manufactured by electroplating as a reverse copy of a silicon master
structure.  Figure 1 shows the basic design of an interdigitated area and the
simulated result after directional metal deposition.

Evaporation
directionHills

Channels Electrode
A

Electrode
B

Figure 1. The basic principle. Drawing of an appropriate three-dimensional structure including
“channels” and “hills” (left) in order to create two electrically separated interdigitated

electrodes after directional metal deposition (right).
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Figure 3 (a) shows the SEM images of metal patterns embedded in the PDMS.  
Because the bond between gold and PDMS gets stronger at the typical PDMS curing 
temperatures, and because the thermal expansion of gold and PDMS are different, in our 
process, the PDMS was cured below 40 °C, typically at room temperature.  If PDMS is 
cured at a higher temperature, microscale cracks and wrinkles, as shown in Figure 3 (b), can 
be generated when the PDMS is detached from the Silicon wafer.  The bonding between 
the gold micro-pattern and PDMS surface is very strong and passes the scotch tape test.  
Even though we show the result with only gold, our process can also be used with different 
metals like silver and copper [1]. 
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ABSTRACT
This paper reports on an innovative method for the affordable manufacturing of

polymer-based arrays of interdigitated electrodes with µm-dimensions. An array of
96 interdigitated electrode structures with 1 µm electrode width and spacing was
manufactured in an affordable fashion based on polymer molding and a single metal
evaporation step. The presented innovative process advantageously integrates highly
miniaturized electronic sensor elements into polymer microfluidics technology. As
an example of application, the effective label-free and post-amplification detection
of DNA-targets is briefly discussed.

1. INTRODUCTION
Interdigitated electrode arrays for detecting nucleic acid hybridization have been

described by several groups [1, 2].  The search for a technology that allows the
manufacturing of thin-film interdigitated electrode arrays on polymers in an easy
and affordable fashion, compatible with state-of-the-art microfluidics integration
technology, has received little attention to date.  However, the lack of such a
technology forces researchers to either choose for a hybrid approach or to try and
adapt micro-electronics lithography techniques in combination with metal-
deposition and lift-off processes for their purposes.  The first inevitably leads to
complex fluidic interconnection and packaging issues.  The latter leads to material
compatibility challenges.

The method that we propose is based on a combination of an appropriate three-
dimensional design and a single directional metal-deposition step. The three-
dimensional structure is realized in a polymer material using a molding step. The
moulds are manufactured by electroplating as a reverse copy of a silicon master
structure.  Figure 1 shows the basic design of an interdigitated area and the
simulated result after directional metal deposition.
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Figure 1. The basic principle. Drawing of an appropriate three-dimensional structure including
“channels” and “hills” (left) in order to create two electrically separated interdigitated

electrodes after directional metal deposition (right).
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2. MATERIALS AND METHODS
Production of an array of 96 interdigitated electrode structures
A master structure of the actual array is made in silicon using micromachining

technology [3]. Using these master structures, mold inserts are fabricated by
galvanoforming that allow polymer replicas to be produced in a standard injection
molding machine (Figure 2). The molded replicas are then placed in a holder, in an
evaporation tool, which allows accurate positioning with respect to a shadow mask
for electrical separation of the different columns during directional evaporation.

For the construction of an integrated fluidic device, a series of plastic cover lids
has been produced by precision milling. These lids define the fluidic channels and
allow electronic connection with contact pins. The interdigitated sensing structures
are arranged in 8 colums of 12 sensors.

Figure 2. Left: Polymer arrays of 96 three-dimensional structures are molded in pairs. Middle:
Three types of cover lids produced by precision milling (IMM GmbH). Right: A computer
design of a completed device showing fluidic in- and outlet and one row of contact-pins.

3. RESULTS AND DISCUSSION
Figure 3 shows the quality of the replication that has been achieved and the result

of the metal deposition on a 1-µm silicon master structure.

Channel

Hill

Shadow region
Open, not-metallized

Electrode A

Electrode B

Channel

Hill

Figure 3. Left: SEM image of the interdigitated region of a polymer replicated three-
dimensional structure derived from a silicon master structure with 1-µm features. Right: result

of a directional metal deposition step on the same master.

A plot of the impedance characteristics after metal deposition on the master
structures, on which 100 nm Ta2O5 was sputtered before metal deposition (for
isolation purposes), is given in Figure 4.  The impedance characteristics of the
resulting three-dimensional interdigitated structures shows a similar profile as
compared to silicon based planar structures, starting with a capacitive double-layer
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characteristic at low frequencies and a clear resistive region reflecting the bulk
electrolyte resistance above 50 kHz (Figure 4, Left).

As a demonstrator application we investigated the label-free detection of post-
amplification nucleic acid targets.  Using planar 1-µm interdigitated electrodes on
silicon, we were able to discriminate hybridization of 1-nM, 261-nt long, PCR-
fragment (HLA-DQB) down to the single-base mismatch level (Figure 4, Right). In
our methodology, a “signal” is defined as the decrease of resistance at minimum
phase angle (i.e. the resistive region) after hybridization. Signal-to-background ratios
(defined as the ratio between the “signal” for the perfect-match probe divided by the
“signal” for the single-mismatch probe) of 4 and higher have been achieved.
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Figure 4: Left: Comparison of the impedance characteristics of 1-µm interdigitated devices in
reagents of varying ionic strength. Right: Relative decrease in resistance (at minimum phase)
after 90 minutes of hybridization. Each set represents a sensor with a different probe. Probes

“DQB” form perfect matches with both the synthetic target DQB80 and the ssPCR DQB.
Probe DQB1MM shows one mismatch with these targets, located in the middle of the probe.

Probe DQB3MM has 3 mismatches, but is complementary with target DQB87 3MM.

4. CONCLUSION
This innovative technology opens the way to an affordable integration of

electronic elements such as interdigitated electrodes for sensing in polymer
microfluidics devices. The small features that can be achieved are competitive with
state-of-the-art micro-electronics processes. We showed the functional equivalence
of 1-µm interdigitated devices based on the three-dimensional technique with planar
thin-film structures made using lithography and lift-off.
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ABSTRACT
 We report a new fabrication technique of polymeric microcapsules containing the 
biological materials such as enzymes and diverse cells using the microfluidic platform 
contrary to the conventional methods. This encapsulation process is carried out using 
hydrodynamic phenomena in micro scale and “on the fly”  photopolymerization. 

Keywords: Microcapsule, photo-polymerization, cell encapsulaton, pH-responsive 

1. INTRODUCTION
 Delivery of therapeutic materials such as chemical drugs, cells and recombinant 
proteins to the specific area without being affected by the harsh conditions maintaining the 
functional integrity or the prevention of the severe side effects of the toxic drugs during 
delivery has become hot topics [1]. We report a new technique for fabricating polymeric 
microcapsules containing the materials (potentially it will be therapeutic material) in a 
liquid state using the microfluidic platform  

2. HIDRODYNAMIC ENCAPSULATION
To produce microcapsules, two hydrodynamic phenomena (e.g. laminar flow and 

phase separation at the immiscible liquid-liquid interface) are employed, and the schematic 
of microcapsules fabrication apparatus is demonstrated in Figure1(a), and its fabrication 
method is described in our previous report [2]. Into the 3 inlets, the core fluid (colored 
buffer with food dye), the photo-polymerizable sample fluid and the sheath fluid are 
introduced respectively using syringe pumps. At the ‘X’ position of the apparatus, the core 
and the sample fluid meet and a 3-D coaxial sample stream around the core flow is formed, 
and moves to the intermediate pipette without mixing. Owing to Rayleigh-Plateau 
hydrodynamic instability, the break-up of a liquid jet formed by coaxial thread of core fluid 
and sample fluid at the tip of intermediate pipette, and finally the spherical microcapsules 
are formed due to the surface tension and they flow into the downstream channel. Figure 
1(b) demonstrates the jet and break-up flows around the tip of intermediate pipette. The 
outlet pipette is exposed to ultra violet (UV) (365 nm) radiation with the intensity of 
300mW/cm2 to create “on the fly” photo-polymerization of the sample stream. 

3. EXPERIMENTAL 
 To verify the ability which can encapsulate the sensitive material, we have loaded 
yeast cells during the fabrication process. Figure 2 shows the yeast cells and their 
corresponding fluorescent images, and we detected the viability of cells by using a test kit 
(LIVE/DEAD® Yeast Viability Kit, Molecular Probes). The culture media containing 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

702 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

703

stained yeast cells was employed as a core fluid. The microcapsules containing the yeast 
cells and their culture medium were fabricated and were stored for 2 days in non-aseptic 
water.

4. RESULTS AND DISCUSSION 
Figure 3(a) illustrates the produced microcapsule whose shell was solidified: the 

dyed core fluid appears at the center, and these microcapsules mimic the eggs of frogs in 
nature. Figure 3(b) demonstrates the comparison of size according to the sheath flow-rates, 
and we estimated the volume of loaded liquid at the smallest capsule by measuring the 
diameter. The minimum volume was approximately 130 pico-liters. By regulation the 
relative flow rates of core, sample and sheath fluid, we can generate the transient flow 
(outer: thread flow, inner: break-up (droplet) flow). The mechanism of this transient flow is 
as follows; (1) the break-up of core fluid has been formed inside the sample stream, and (2) 
the jet thread of sample fluid maintains inside the sheath fluid. Figure 3(c) demonstrated the 
micrograph of the bundle of microcapsules by polymerizing the transient flow. The mean 
volume per each capsule in the bundle was measured, its value being about 524 + 20 
picoliters. The inner and outer diameters of microcapsules according to the sheath flow rate 
and the core flow rate were measured under the optical microscope, and the result is plotted 
in Figure4. Figure 4(a) illustrates the capsule diameter to the sheath flow rate (6, 8, 10 
ml/hr, sample and core flow rate are fixed), and this graph indicates that outer diameter of 
the capsule is dominantly determined by the sheath flow rate. Figure 4(b) shows the 
capsule diameter to the core flow (1.1, 1.5, 1.9 µl/min) and this involves that the volume of 
loaded liquid is dominantly determined by regulating core flow rate while the outer capsule 
size is almost constant.We have fabricated microcapsules using pH responsive materials, 
and the microcapsule was swollen rapidly as illustrated in Figure 5. This test was carried 
out for the controllable break of microcapsules. Yeast cells (Candida Albicans) were 
encapsulated and cultured for 2 days, and they were still alive and demonstrates the 
fluorescence as shown in Figure 6. 

5. CONCLUSIONS 
 The methods demonstrated here provide new approach to fabricate the microcapsules 
using hydrodynamic phenomena without damaging materials inside the capsule, and bunch 
of microcapsules can be fabricated by changing the sheath fluid. 
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ABSTRACT 
This study demonstrates the scalability of insulator based dielectrophoresis (iDEP) 

technology, and its application to both on-chip and bench-scale biological sample
concentration systems. iDEP employs fluidic channels that contain insulating structures 
between opposing electrodes to create non-uniformities in an applied electric field. We
present two different high-throughput iDEP particle concentrator design strategies. The 
first design contains 250 Pm deep microchannels molded into a polymer substrate and the 
second adapts a commercially available microporous membrane. The results demonstrate 
the ability of iDEP to accommodate a broad range of flow rates, amenable to the specific 
needs of an application. 
Keywords: concentration, insulator based dielectrophoresis, polymer microfluidics, 
sample preparation 

1. INTRODUCTION
Many applications in microbiological analysis require the capability to selectively 

concentrate particles from large sample volumes.  For example, in order to ensure drinking 
water is free of microbes, it is essential to develop techniques to collect low concentrations
of living microorganisms.  Conventional analysis methods such as mechanical filtration 
involve a lengthy culture step to obtain concentrated samples for identification and analysis
[1]. Dielectrophoresis, the motion of particles due to a gradient of an applied electric field, 
provides an attractive alternative because it can concentrate and collect microorganisms in a 
selective, rapid, and reversible manner [2-4]. 

In insulator-based dielectrophoresis (iDEP), remote electrodes apply an electric field 
along a channel. Insulating obstacles in the channel distort the electric field, producing the 
spatial field nonuniformities needed to drive DEP. Devices for iDEP can be made purely 
from insulating materials (e.g., plastics), which can be replicated inexpensively, facilitating
high-throughput, large-volume applications. We employ two different design strategies for 
our high-throughput iDEP particle concentrators: microchannels molded into a polymer 
substrate and a microporous membrane. The microfabricated device contains a microfluidic
channel with an array of polymer insulating posts molded directly into the channel. These 
posts create perturbations in an electric field applied along the microchannel. Our previous 
work has shown that the dielectrophoretic response for different bioparticles varies 
significantly, allowing the separation of microorganisms by phenotype [5] with
concentration factors of 400 or more in plastic [6]. This study is the first to show a post-
array iDEP device with a large cross-sectional area and its operation under pressure-driven 
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Figure 1. (a) Schematic view of microcapsule-
fabrication device, (b) Breask-up formation of 
coaxial jet thread at the downstream channel. 

Figure 2. Enzyme cells and their corresponding 
fluorescent image. 

Figure 3. (a) Solidified microcapsule via ‘on the 
fly’ polymerization, (b) Size variation to the 
sheath flow rate (scale bar is 100 µm), (c) The
bundle of microcapsules. 

Figure 4. (a) The capsule size to the sheath flow 
change, (b) The capsule size to the core flow 
change.

Figure 5. (a) Microcapsule in the microfluidic 
channel with neutral solution (pH7), and the dam 
is used to prevent the capsule to move out the 
channel by the pressurized flow (b) The swollen 
capsule by the base solution (pH13).

Figure 6. Microcapsules containing yeast cells 
and their corresponding fluorescent image. 
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[1]. Dielectrophoresis, the motion of particles due to a gradient of an applied electric field, 
provides an attractive alternative because it can concentrate and collect microorganisms in a 
selective, rapid, and reversible manner [2-4]. 

In insulator-based dielectrophoresis (iDEP), remote electrodes apply an electric field 
along a channel. Insulating obstacles in the channel distort the electric field, producing the 
spatial field nonuniformities needed to drive DEP. Devices for iDEP can be made purely 
from insulating materials (e.g., plastics), which can be replicated inexpensively, facilitating
high-throughput, large-volume applications. We employ two different design strategies for 
our high-throughput iDEP particle concentrators: microchannels molded into a polymer 
substrate and a microporous membrane. The microfabricated device contains a microfluidic
channel with an array of polymer insulating posts molded directly into the channel. These 
posts create perturbations in an electric field applied along the microchannel. Our previous 
work has shown that the dielectrophoretic response for different bioparticles varies 
significantly, allowing the separation of microorganisms by phenotype [5] with
concentration factors of 400 or more in plastic [6]. This study is the first to show a post-
array iDEP device with a large cross-sectional area and its operation under pressure-driven 
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flow, which are both necessary for high throughput.  Alternatively, for applications where 
very large sample volumes must be processed, particles may be dielectrophoreitcally
trapped using a microporous membrane. By applying an electric field across a membrane 
filter in a macroscopic housing, a three dimensional pattern of field perturbations can be 
produced. This method allows organic particles to be concentrated for analysis using an 
inexpensive and highly scalable system.  

2. THEORY
The dielectrophoretic force acting on a spherical particle can be written as [2-4]: 
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Where r  is the radius of the particle, H is the suspension medium permittivity, defines 
the local field, and  and  are the complex conductivities of the particle and the 
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3. EXPERIMENTAL 
Particles and background solution: Carboxylate-modified 2 micron diameter (Ø2 µm) 

polystyrene microspheres, FluoSpheresTM (Molecular Probes, Eugene, OR) having a 
density of 1.05 mg/mm3 were used. Deionized water was titrated to approximately pH 8
and a conductivity of 1-2 µS/cm. 

Electrical and optical setup: A programmable high voltage sequencer, Labsmith HVS 
448 (Livermore, CA) was used to apply voltages up to 3000V.  The apparatus was 
visualized with an inverted epifluorescence Olympus IX-70 microscope (Napa, CA) 
employing an Olympus 41012 fluorescence filter set. 
 Polymer microfabrication: Microfluidic channels were arranged on 3.75 in. discs of 
Zeonor 1060 resin (Zeon Corp., Tokyo, Japan).  The lower discs were injection molded 
using a custom stamp with a negative image of the microchannel troughs and posts on its
surface. See Fig. 1a and 1b. A master was first fabricated in silicon using photolithography 
followed by a Bosch etch. This master was then utilized as an electroplating base to
produce a nickel stamp for replication. The microchannel has a nominal cross-section of 1 
cm x 250 µm. The Ø200 µm insulating posts are located in a region towards the diluent end
of the microchannel and are distributed as shown in Fig. 1c.    

Microfluidic setup: 1.6mm thick discs of Zeonor 1060R were used as lids to seal the 
channel.  Ø1mm vias with a 3mm flared radius were drilled through the lids, to provide a 
fluidic interface to the microchannel on the lower disc.  A 1.15mm pocket from the inlet to 
the post array was conventionally machined out of the lower disc with the microchannels to
increase the voltage drop across the post array. The discs were then thermally bonded using 
a press (Carver Inc., Wabash, IN).   

The chip was reversibly sealed to a custom PDMS manifold using a vacuum chuck. The 
manifold is ported with openings that coincide with the vias of the device and accept slip 
tip plastic junctions (Qosina, Edgewood, NY). The junctions were threaded with Ø.508 mm
platinum electrodes (Omega Engineering Inc., Stanford, CT) and joined to polyethylene 
tubing. Flow was driven by an Orion Sage™ M361 syringe pump and a 20 ml syringe.  

Bench-scale setup:  Monofilament nylon microporous Ø1 cm membranes of various 
pore sizes (Small Parts Inc., Logansport, IN) were placed, either individually or in stacks, 
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into a custom filter holder similar to the one depicted in Fig. 3a.  The filter was sandwiched
between two 1-cm-OD plastic tubes, with 1-cm-OD PDMS o-rings, forming a seal between 
the filter and tubes.  Each tube was capped with a platinum mesh electrode. A sleeve and
flange assembly held the tubes and filter in contact. The filter assembly was connected to a 
syringe pump and the fluorescence of the filter output was visualized with a flow through 
spectrophotometer cell (Starna,  Atascadero, CA). 

Concentrate
Outlet

Diluent
Outlet

Collection
Posts

Inlet

1cm

Concentrate
Outlet

Diluent
Outlet

Collection
Posts

Inlet

1cm

(a)         (b)       (c)
Figure 1. High-throughput microfluidic device, 250µm etch depth, with separate outlets for 
concentrated ple a backgr nd liqui l stamp. icrograph.  

sfully removed and retained microscopic particles 

sam nd ou d (a) Nicke (b) Replicate. (c) Optical m

4. RESULTS AND DISCUSSION 
The microfluidic device succes

suspended in the low conductivity solution.  It concentrated the sample at a flow rate of 10 
ml/h with very high removal efficiency. See Fig. 2a.  The device performs effectively as a 
sample concentrator up to 20ml/h; however, removal efficiency qualitatively decreased. 
Generally, ~1500VDC is applied as the trapping voltage, with the positive electrode 
corresponding to the fluidic inlet and the ground corresponding to the bulk fluid outlet.
Typical current loads range from 100-200 PA.  Electrodes are placed close to the inlet and 
oulet to ensure that most of the voltage drop occurs across the channel.    The device can be 
fluidically isolated once the sample is collected, and a concentrated sample can be
efficiently removed from the third port on the device. See Fig. 1c and 2b. 

(a) (b)

polymer-based concentrator, 

The bench-scal DEP concentrator demonst on efficiencies at 20

Figure 2. High-throughput 

1500VDC, positive electrode 
at inlet and ground at diluent 
outlet. (a)  2-Pm polystyrene 
microspheres (~0.7ppm) in
water are reversibly trapped 
at 10ml/h between the posts 
closest to the outlet. (b)
Sample plug release. 

e i rated excellent collecti
ml/h and concentration factors of up to 16 with real-time sample release for flow rates of up 
to 300 ml/h.  Experiments were repeated with either the filter removed or the voltage 
disabled to confirm that neither electrode effects, nor mechanical filtration, sufficiently 
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ABSTRACT 

As an alternative material to glass, silicon, and plastics, Low Temperature Cofired 
Ceramics (LTCC) substrate technology is becoming increasingly important for enabling 
microsystems.   LTCC’s simple fabrication method and unique properties to withstand high 
temperatures and high pressures make it well suited for applications not possible with 
traditional materials.  This paper reports on the development of LTCC ceramic 
microdevices and its application for a high-temperature, flow-through thermal lyser for 
solubilizing proteins from bacterial spores. 

INTRODUCTION
LTCC is well known in the microelectronics circuit packaging industry and its 

properties make it ideal for extreme heat and other harsh environments.  As a result, it is 
commonly used in the automotive and electronics industry.  Its excellent RF and dielectric 
properties also make it ideal for wireless and microwave applications [1].  The use of LTCC 
in microfluidic systems is very limited and is slowly becoming more prevalent.  Its inherent 
properties such as high dielectric strength, low thermal coefficient of expansion, chemical 
inertness, simple fabrication techniques, and high strength make it a unique substrate 
material for fabricating microdevices with integrated microchannels and patterned 
electrodes. 

FABRICATION   
LTCC can be commercially purchased 

as thin, flexible tapes consisting of glass/alumina 
nanoparticles held together with an organic 
binder as shown in Figure 1.  Figure 2 shows the 
four simple fabrication steps needed to create a 
LTCC microdevices.  The LTCC tape in its 
prefired state is soft and flexible allowing it to 
be punched, stamped, or laser cut to form 
microchannels, microstructures, and via holes.  
Depending on the application, metal traces for 
electrical connections can be simply screen 
printed on the surface.  Multiple layers are then 
laminated and pressed together under an 
isostatic load to form an enclosed structure.  The final step is to cofire or sinter the layer 
assembly at 850°C in a programmable high-temperature oven.  Upon firing, the organic 
binder is removed and the ceramic particles are fuse together to form a nonporous solid 
monolith. To create a defined channel geometry with smooth, straight walls as shown in 
Figure 2, a sacrificial material (carbon paste) is used to support the tape from buckling 
during the initial firing process.   
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accounted for particle collection.  A baseline signal with no filter or voltage was used to 
normalize different sets of runs for comparison 

5. CONCLUSIONS 

The scalability of iDEP has been demonstrated for the concentration of microorganisms 
in water. Our iDEP devices can be fabricated from inexpensive insulating materials without
the need for thin metal film deposition, which supports the economical fabrication of 
concentrators that are scaled to process liters of water. For the polymer microfluidic 
platform, concentration with high removal efficiencies was attainable at 10 ml/h and at 20 
ml/h with a drop-off in removal efficiency. For the bench-scale microporous membrane 
configuration, concentration factors of up to 16 and real time sample release have been 
demonstrated for flow rates of up to 300 ml/h. Similar systems can be staged in series to
maximize the characteristics of each system and attain multiplicative effects. These
preliminary results illustrate the potential of  iDEP as a high-throughput front-end 
concentrator with significant applications for microbiological analysis. 
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Figure 3. (a) Diagram of microporous membrane iDEP system. (b) Fluorescence signal curve 
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following sample release. 2 ppm microsphere suspension was fed into the system at 300 ml/h, while 
1500V was applied from the downstream to the upstream electrode for 9 min. The voltage was 
stopped at t = 0. The fluorescence curve generated by a 30 µm pore size nylon filter (triangles) shows 
a substantial peak.  A control case, voltage application without a filter (solid circles), is included. 
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RESULTS AND DISCUSSION  
Thermal lysing of bacterial spores in a flow-though capillary device at high 

temperatures (~185°C) with ethylene glycol as the carrier fluid was previously reported [2]. 
This device established a new method for solubilizing spore proteins for identification and 
analysis, eliminating the reliance on chemical reducing agents for lysing.  Our goal was to 
develop a LTCC microfluidic thermal lyser that used a combination of high temperature 
(~185°C) and high pressure (~1,000 psi) to lyse robust spores.   

Figure 3 depicts a flow-through LTCC lyser with an integrated heater and an 
external capillary flow restrictor assembly with a mini-pressure sensor.  The device is 
fabricated from five laminated layers with the technique described above.  The performance 
curves for four different heater configurations are shown in Figure 4.  Design “A” provides 
the fastest response and the highest heating efficiency.  This heater pattern can achieve an 
internal channel temperature over 200°C in less than 30 seconds.  At these temperatures 
near atmospheric pressure, the carrier fluid (mainly water) would instantly boil and 
evaporate.  However by increasing the pressure, it will increase the boiling point of the 
solvent.  For example, raising the pressure to 350 psi inside the microfluidic device 
increases the boiling point of water to ~180°C.  Figure 5 demonstrates the improved 
efficiency achieved when Bacillus subtilis spores are thermally lysed at 150°C while under 
pressure at 350 psi.  Using the LTCC flow-through lyser, an increase in both the magnitude 
and number of proteins is observed in a capillary gel electrophoresis separation.  

CONCLUSION
We have demonstrated the performance and implementation of a novel substrate 

technology to expand microfluidic devices toward applications not possible with traditional 
materials.  A flow-through LTCC lyser with an integrated heater has been used successfully 
to lyse robust spores using high temperature in conjunction with high pressure.  As a flow-

3. Laminate layers together.

1.  Cut channels and features in 
     the green tape. 

2. Print metal traces for 
electrodes.

250 µm

Layer 1

Layer 2

Layer 3

Figure 2.  Fabrication steps for a LTCC microdevices. The inset picture shows a 
cross-section view of a square channel from a fired microchannel in LTCC.

4. Sinter/fuse layers together 
at 850°C to make a solid 
monolith.
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though device, it can be used as a stand-alone or part of an integrated sample preparation 
system for protein analysis. 
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ABSTRACT
In this abstract we present detection of single DNA molecules in a thermoplastic

microfluidic system. This is possible due to a localized enzymatic amplification
mechanism termed rolling circle amplification (RCA) and a microchannel made of the
optical polymer Zeonor.

Keywords: Digital detection, bacteria, injection molding, single molecule detection

1. INTRODUCTION
Single molecule detection (SMD) has the potential of becoming the ultimate

bioanalytical tool, since the technique in principle provides the ultimate level of
quantification and sensitivity. The inherent high background levels and slow sampling rate 
of standard single molecule detection has however precluded the technique from routine
analytic use and the advanced instrumental setup has kept the technique inaccessible to
most biologists. We have developed an alternative approach for homogenous SMD that
reduces the demands on the detection system but increases the signal to noise ratio and
sampling rate.

2. THEORY
In RCA [1] a DNA polymerase continuously copies a circular template, resulting in a 

long concatemeric linear DNA molecule containing the complementary sequence of the
circular DNA template (figure 2). Phi 29 DNA polymerase replicates DNA with a speed of 
about 1500 nucleotides/minute with a linear reaction kinetic. If the input DNA circle is
100 nucleotides long the circle will be replicated up to 1000 times in 60 minutes. A
fundamental characteristic of RCA is that the amplification results in a local accumulation
of DNA in a contiguos macromolecule, in contrast to Polymerase Chain Reaction which 
creates numerous short physically unlinked copies of the amplified region. RCA can be
used to report the presence of circularized probe molecules.

3. EXPERIMENTAL
A polymer microfluidic channel (200x40µm cross section) for observation of RCA

products was fabricated in the cyclic olefine copolymer Zeonor. The favorable optical
properties of the thermoplastic polymer make it an attractive choice for fluorescence
applications, since autofluorescence levels are similar to those of glass [2]. The fabrication 
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scheme involves injection molding of thermoplastics, followed by deposition of 300 nm
silica by electron beam evaporation, and covalent attachment of a thin PDMS lid. Figure 1 
illustrates a bonded multilayered chip. The PDMS lid was created by spin coating the
uncured polymer on an 85 µm thick Zeonor support film resulting in a total lid thickness 
of approximately 160 µm. This approach allows for observation of the channel using a
high magnification objective (Zeiss Fluar 63x) with short working distance (~200 µm).

Figure 1. Thermoplastic analysis chip and cross-section of individual material layers.

Figure 2. Rolling circle replication amplification of a template circle. The RCA product 
spontaneously coils into an amorphous blob of DNA with high density of fluorescent labeling 

oligonucleotides.

Figure 3. RCR products observed by 
fluorescence microscopy in a 200 µm wide 

microchannel.

Figure 4. Object size versus polymerization 
time.

0

0.2
0.4
0.6
0.8

1
1.2

0 15 30 45 60 75



COMPLETE EXTENSION OF CHROMOSOMAL DNA  
AND ITS MANIPULATION USING OPTICALLY-DRIVEN 

MICRO-FABRICATED HOOKS

Kyohei Terao1, Hiroyuki Kabata2, Hidehiro Oana1 and Masao Washizu1

1Dept. of Mechanical Engineering, The University of Tokyo, JAPAN 
2Horizontal Medical Research Organization, Kyoto University, JAPAN 

ABSTRACT 
This paper presents a novel method for extension and manipulation of chromosomal 

DNA in solution using optically-driven micro-fabricated hooks. Chromosomal DNA 
strands are first hydrodynamically extended on a substrate to the full length by
electroosmotic flow. Then, a micro-hook, which is fabricated with SU-8 photo resist, is
grasped by a focused laser beam, and a targeted position of an extended DNA strand is 
picked up with the hook to be separated from other strands. This manipulation technique
realizes the observation of single chromosomal DNA molecules with high spatial resolution,
which leads to high-efficiency gene location. 

Keywords: DNA, Electroosmotic Flow, Molecular Manipulation, Optical Tweezers 

1. INTRODUCTION
Extension of chromosomal DNA is the first step in optical mapping, in such a method as 

extended-fiber FISH (fluorescence in situ hybridization). The accuracy of the mapping 
depends on how well DNA molecules are extended. In our previous study, we demonstrated
the placement of individual yeast cells (S. pombe, having three chromosomal DNA with 1.2, 
1.6 and 1.9 mm in contour length) into micro-pockets, drawing out DNA fibers therefrom
by the use of electroosmotic flow (EOF), and anchoring onto microfabricated pillars [1]. 
The method enabled DNA extension several times longer than the conventional molecular 
combing [2]. However, still remaining problems were, 1) due to residual proteins that 
caused partial aggregation, the full extension was not achieved, and 2) the extended DNA
fibers overlapped each other, which prevented the observation of the each single DNA 
molecules. In this paper, we demonstrate 1) the full extension of chromosomal DNA and 2) 
the manipulation of the DNA fibers using micro-hooks for separating a targeted DNA fiber. 

2. EXTENTION OF CHROMOSOMAL DNA
In this study, chromosomal DNA of S. pombe immobilized in an agarose gel, where 

protein impurities are extracted in situ, is used as the sample, and DNA fibers are drawn out
of the gel using EOF. The method enables us to extend DNA to its full length. The chip
used is shown in Fig.1, where a number of micro-pillars made of SU-8 photo resist are 
located at the center. The pillar-pattern is surrounded by four electrodes A-D to create EOF 
of variable directions. The agarose gel block is placed at an upstream side of the pillar 
pattern towards the electrode C, and the chamber is filled with water. First, a voltage is
applied to the electrode A and C, to let DNA swim out of the gel and migrate towards the 
pillars. Then, the voltage is turned off, and applied between B and D instead. The DNA 
strands are pushed towards the pillars to be suspended, bridging over the pillars. Fig. 2 
shows a typical image of the suspended DNA, whose measured length is 1.7 mm, 
approximately equal to the full length of S. pombe chromosomal DNA. 
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4. RESULTS AND DISCUSSION
When free in solution each of the RCA amplification products spontaneously coils into 

an amorphous blob of DNA (figure 2). These blobs of DNA can be visualized in a standard 
fluorescence microscope (figure 3), if labeled with a specific fluorescent detection
oligonucleotide. Since each blob contains numerous single-stranded repeats of the same
sequence it constitutes an ideal target for labeling. Hybridization of detection
oligonucleotides to the repeated sequence results in a highly confined cluster of up to 1000 
fluorophores visible in a fluorescence microscope as a bright object with a diameter of
approximately 0,5-1 µm depending on polymerization time (figure 4). The fluorophore
concentration within the blob is roughly 100 times higher than in the surrounding solution 
and therefore no removal of unhybridized detection oligonucleotides has to be employed.

5. CONCLUSIONS
RCA with consecutive fluorescence labeling constitutes a scheme to convey a signal

from the nano world of molecular biology to the micro scale. This approach overcomes
much of the limitations of unamplified single molecule detection which relies on detection 
of nano or subnanosized elements, such as single fluorophores. This method can also be
used for highly sensitive detection of DNA and protein macromolecules with a high
dynamic range, statistically limited precision with multiplexing possibilities.
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ABSTRACT 
This paper presents a novel method for extension and manipulation of chromosomal 

DNA in solution using optically-driven micro-fabricated hooks. Chromosomal DNA 
strands are first hydrodynamically extended on a substrate to the full length by
electroosmotic flow. Then, a micro-hook, which is fabricated with SU-8 photo resist, is
grasped by a focused laser beam, and a targeted position of an extended DNA strand is 
picked up with the hook to be separated from other strands. This manipulation technique
realizes the observation of single chromosomal DNA molecules with high spatial resolution,
which leads to high-efficiency gene location. 

Keywords: DNA, Electroosmotic Flow, Molecular Manipulation, Optical Tweezers 

1. INTRODUCTION
Extension of chromosomal DNA is the first step in optical mapping, in such a method as 

extended-fiber FISH (fluorescence in situ hybridization). The accuracy of the mapping 
depends on how well DNA molecules are extended. In our previous study, we demonstrated
the placement of individual yeast cells (S. pombe, having three chromosomal DNA with 1.2, 
1.6 and 1.9 mm in contour length) into micro-pockets, drawing out DNA fibers therefrom
by the use of electroosmotic flow (EOF), and anchoring onto microfabricated pillars [1]. 
The method enabled DNA extension several times longer than the conventional molecular 
combing [2]. However, still remaining problems were, 1) due to residual proteins that 
caused partial aggregation, the full extension was not achieved, and 2) the extended DNA
fibers overlapped each other, which prevented the observation of the each single DNA 
molecules. In this paper, we demonstrate 1) the full extension of chromosomal DNA and 2) 
the manipulation of the DNA fibers using micro-hooks for separating a targeted DNA fiber. 

2. EXTENTION OF CHROMOSOMAL DNA
In this study, chromosomal DNA of S. pombe immobilized in an agarose gel, where 

protein impurities are extracted in situ, is used as the sample, and DNA fibers are drawn out
of the gel using EOF. The method enables us to extend DNA to its full length. The chip
used is shown in Fig.1, where a number of micro-pillars made of SU-8 photo resist are 
located at the center. The pillar-pattern is surrounded by four electrodes A-D to create EOF 
of variable directions. The agarose gel block is placed at an upstream side of the pillar 
pattern towards the electrode C, and the chamber is filled with water. First, a voltage is
applied to the electrode A and C, to let DNA swim out of the gel and migrate towards the 
pillars. Then, the voltage is turned off, and applied between B and D instead. The DNA 
strands are pushed towards the pillars to be suspended, bridging over the pillars. Fig. 2 
shows a typical image of the suspended DNA, whose measured length is 1.7 mm, 
approximately equal to the full length of S. pombe chromosomal DNA. 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 715



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

716

3. MANIPULATION OF SINGLE DNA MOLECULE 
To separate and pick up a desired strand among many DNA fibers suspended, a micro-

hook, having the shape and the dimensions shown in Fig.3, is developed. Its function is to
pick up a DNA strand in one of the four hook-shaped structures. The hook pattern is first
fabricated on a substrate with a standard photo-lithography of SU-8 and then scraped off to 
obtain isolated micro-hooks. After the extension of chromosomal DNA is completed, a
batch of the micro-hooks is dispensed in the solution. Then, one of them is picked up by 
optical tweezers (Nd:YAG laser focused by a microscope objective lens, 1064 nm, 1 W), 
and is moved along the chip surface until a targeted DNA fiber goes into the hook, as
shown in Fig. 4. Finally the micro-hook is moved to separate it from other overlapping 
fibers, to make it observable as a single fiber, as shown in the photo of Fig. 5.  

Figure 1.
Flow chamber for EOF of 
variable directions.  The 
applied voltages are 20 V 
across 5 cm spacing between 
electrodes A and C, and 16 V 
across 4 cm spacing between 
electrodes B and D.  Insert 
shows a region of micro-
pillars on the glass substrate 
(6 mm x 12 mm).  

Figure 2. 
Fluorescence image of an 
extended chromosomal DNA 
molecule of S. pombe,
visualized by fluorescent dye:
YO-PRO-1. 
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4. CONCLUSIONS 
We have demonstrated 1) the full extension of chromosomal DNA between micro-

pillars on a chip using electroosmotic flow, and 2) the manipulation of the extended DNA 
molecule by the use of laser-manipulated micro-hook for the separation of a targeted DNA 
fiber. The extension and the separation techniques realize the space-resolved observation of 
single chromosomal DNA molecules for high-efficiency gene location. 
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Figure 3.  The shape and the 
dimensions of SU-8 micro-hook. Figure 4.  Usage of the optically-driven micro-hook 

Figure 5.
Transportation of single 
extended DNA fiber 
(fluorescence images). 
White arrows indicate the 
micro-hook. a) Initial
positions of extended
DNA and laser-trapped
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DNA fiber. 
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ABSTRACT 
Fluorescent nanobarcodes have been developed by nucleic acid engineers to specifically 
and uniquely label biomolecules.  Submicrometer fluidic channels were used to detect and 
identify individual nanobarcodes by their fluorescence emission and mobility.  Two optical 
configurations were used.  Focused 488 nm and 568 nm lasers were either overlapped or 
separated along the channel length to measure the spectral profile and speed of single 
nanobarcodes.  Nanobarcodes were individually identifiable with varying degrees of 
accuracy. Keywords:  Fluorescence, Nanobarcode, Nanofluidic, Single Molecule 

NANOBARCODES 
Fluorescent nanobarcodes were synthesized from Y-shaped DNA fragments [1].  The 
identity of each nanobarcode was determined by the number of Alexa Fluor 488 and 
BODIPY 630/650 molecules covalently linked to the structure.  

SUBMICROMETER FLUIDIC CHANNELS 
Fluidic channels with a 500 nm square cross section and 10 m length were fabricated 
using conventional photolithography techniques and a direct bonding procedure [2].  The 
channels were patterned and etched into a fused silica substrate and then sealed with a fused 
silica cover wafer.  The fluidic channel physically isolated each nanobarcode in a 
subfemtoliter focal volume with approximately constant excitation intensity.  This enabled 
the rapid and uniform detection of each nanobarcode entering the channel. 

SPECTRAL MEASUREMENTS 
For the detection and quantification of fluorescence emission from nanobarcodes, two laser 
beams were focused and overlapped, as shown in figure 1. 

Figure 1.   Schematic of overlapped 488 nm and 568 nm lasers for the detection and 
identification of fluorescent nanobarcodes. 
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As individual nanobarcodes passed through the focal volume, bursts of fluorescence were 
detected in each color channel.  This process is shown in figure 2. 

Figure 2.  As nanobarcodes traversed a focal volume defined by overlapped lasers, bursts 
of fluorescence were detected simultaneously in the two color channels. 

Photon counting histograms were used to analyze photon burst area and height.  The ratio 
of green to red fluorescence was the primary method of identifying an analyte.  
Nanobarcodes with one red and three green fluorophores were found to be distinguishable 
from nanobarcodes with one green and three red fluorophores with 80% accuracy. 

MOBILITY MEASUREMENTS 
In order to measure the mobility of individual nanobarcodes, the two focal volumes were 
separated along the length of the fluidic channel, as shown in figure 3. 

Figure 3.  Schematic of separated 488 nm and 568 nm lasers for the measurement of 
nanobarcode mobility. 
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ABSTRACT 
We describe a novel DNA sample preparation technique for scanning tunneling

microscopy and spectroscopy (STM/STS). We fabricated an ordered array of nanowells on 
a conductive substrate by electron beam lithography in order to prepare stretched DNA
molecules at close spacing. The dimension of nanowells is 50-200 nm in diameter and 300 
nm in depth. The spacing between nanowells is 1µm for ease of sample approach by 
STM/STS. We obtained AFM images of stretched DNA molecules prepared by using the 
nanowell array.

Keywords: Scanning probe microscopy, DNA, sample preparation, electron beam 
lithography 

INTRODUCTION 
Scanning tunneling microscopy and spectroscopy (STM/STS) is one of the potential 

analytical methods that enable us to clarify physicochemical properties of individual
macromolecule from biological samples. Our interest is the implementation of DNA 
sequencing by STM/STS. There are some bottlenecks to be solved to implement this novel
DNA sequencing method. One of the bottlenecks lies in sample preparation procedure. A 
sample mixture of DNA is normally in a liquid phase while STM/STS requires ultrahigh
vacuum environment to achieve ultrahigh spatial resolution. A gyrated molecule of DNA 
must be stretched into a straight chain to analyze each base on DNA by STM/STS. To 
provide a solid-state sample of stretched DNA molecules, several techniques including
molecular combing [1] and pulse injection in vacuum [2] have been developed so far. The 
arrangement of DNA molecules provided by those techniques is random and the sample 
population at region of interest depends on the concentration of DNA sample. Therefore it
is essential to work on a large number of single molecules in order to reduce time required 
to find a single molecule on the substrate. Here we describe an improved technique for the 
sample preparation from a reduced sample, which enables us to reduce the time-consuming 
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Figure 1 Schematic images of (A) an ordered nanowell array on a conductive substrate,
(B) DNA collection onto the nanowell array, and (C) electron beam resist removal.
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As each nanobarcode flowed through the two focal volumes, sequential bursts of 
fluorescence were detected in the two color channels, as shown in figure 4. 

Figure 4.  Bursts of fluorescence were detected with a time lag between the two color 
channels.

The speed of the nanobarcodes was determined by dividing the focal volume separation 
distance by the time between detected bursts in the two color channels.  Histograms of 
nanobarcode speed were developed for the various species considered.  It was determined 
that nanobarcodes with one green and one red fluorophore were identifiable with 81% 
accuracy, while nanobarcodes with four green and four red fluorophore were identifiable 
with 77% accuracy.  The methods of nanobarcode identification – spectral profile and 
mobility – could be used either separately or concurrently to rapidly detect and identify 
biomolecules with single fluorophore resolution. 
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ABSTRACT 
We describe a novel DNA sample preparation technique for scanning tunneling

microscopy and spectroscopy (STM/STS). We fabricated an ordered array of nanowells on 
a conductive substrate by electron beam lithography in order to prepare stretched DNA
molecules at close spacing. The dimension of nanowells is 50-200 nm in diameter and 300 
nm in depth. The spacing between nanowells is 1µm for ease of sample approach by 
STM/STS. We obtained AFM images of stretched DNA molecules prepared by using the 
nanowell array.
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INTRODUCTION 
Scanning tunneling microscopy and spectroscopy (STM/STS) is one of the potential 

analytical methods that enable us to clarify physicochemical properties of individual
macromolecule from biological samples. Our interest is the implementation of DNA 
sequencing by STM/STS. There are some bottlenecks to be solved to implement this novel
DNA sequencing method. One of the bottlenecks lies in sample preparation procedure. A 
sample mixture of DNA is normally in a liquid phase while STM/STS requires ultrahigh
vacuum environment to achieve ultrahigh spatial resolution. A gyrated molecule of DNA 
must be stretched into a straight chain to analyze each base on DNA by STM/STS. To 
provide a solid-state sample of stretched DNA molecules, several techniques including
molecular combing [1] and pulse injection in vacuum [2] have been developed so far. The 
arrangement of DNA molecules provided by those techniques is random and the sample 
population at region of interest depends on the concentration of DNA sample. Therefore it
is essential to work on a large number of single molecules in order to reduce time required 
to find a single molecule on the substrate. Here we describe an improved technique for the 
sample preparation from a reduced sample, which enables us to reduce the time-consuming 
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Figure 1 Schematic images of (A) an ordered nanowell array on a conductive substrate,
(B) DNA collection onto the nanowell array, and (C) electron beam resist removal.
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job of finding a “needle in a haystack.” As shown in Figure 1, our sample preparation 
technique enables us to place DNA molecules on spots clearly defined by nanolithography. 

FABRICATION 
A mirror finished sapphire wafer was used as a substrate to support DNA molecules. Au

was thermally evaporated onto the sapphire wafer to the thickness of 150 nm to create a 
conductive substrate for STM/STS, and the evaporated Au was planarized to the atomic
level smoothness by wafer heating at 350 ˚C. Surface roughness, Ra, of the Au layer is 0.15
nm. Electron beam resist (ZEP520A, Zeon Corporation, Japan) was spun on the conductive 
substrate to the thickness of 300 nm. An ordered array of nanowells with diameter ranging
from 50 nm through 200 nm was formed by electron beam lithography. The SEM image of 
Figure 2 shows 100-nm nanowells on the Au layer. Since the bottom of the nanowell is the
surface of the conductive substrate, we can assume the nanowell array as a nanoelectrode
array.

EXPERIMENT 
  48.5-kbp DNA (Lambda DNA, Wako Pure Chemical Industries, Japan) was used as a 

DNA sample. The 3’ terminus of DNA was derivatized with thiol group using 3’End
Tag™ Kit (Vector Laboratories, Burlingame, CA). We mixed 1 part thiol-derivatized DNA
solution with 1 part 100 mM NaOH to make a mixture including thiol-derivatized single 
stranded DNA molecules of which concentration is 0.32 µg/mL. 

A 20-µL droplet of the mixture was put on the nanowell array. As illustrated in Figure 1,
we put a gold wire on the droplet and collected DNA molecules into the nanowell array,
which is anode, by electrophoretic migration at applied voltage of 5 V for 2 min. The DNA
molecules were immobilized on the bottom of the nanowells by thiol-gold bonding. Then
the electron beam resist and excess DNA molecules were removed off from the conductive 
substrate using N,N-dimethylamid, and the conductive substrate was rinsed with IPA. A
20-µL droplet of buffer solution was put on the conductive substrate and immobilized DNA
molecules were stretched by electric field and shear flow. Finally the conductive substrate
was rinsed with DI water and gently dried with a nitrogen gun to settle down stretched
DNA molecules by surface tension. 

Figure 2 SEM image of the
ordered array of 100 nm electron
beam resist nanowells on the
conductive substrate. 

2 µm 

Figure 3 AFM image of the DNA
molecules immobilized on the site
of nanowell array.

5 µm
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RESULT
The AFM image of Figure 3 shows the conductive substrate surface just after the DNA

sample preparation procedure described in Figure 1. The spacing between convex structures, 
which can be seen as bright spots, is 1µm and identical to that of the nanowell array we
removed. It is consistent that we assume the convex structures as DNA molecules bound on
the Au bottom of the nanowells. Figure 4 shows stretched DNA molecules on the 
conductive substrate. The height of the stretched DNA molecule is 0.9 nm, which is almost
equivalent to that of single stranded DNA molecule. 

SUMMARY 
We successfully patterned a conductive substrate with DNA molecules by combining 

biomolecule handling techniques and electron beam nanolithography. And we proved that
our sample preparation technique is applicable to DNA molecule imaging by SPM. One can 
access DNA molecules on the substrate without difficulties since each DNA molecule is at
close spacing enough to conduct scanning by STM/STS instrument. 
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Figure 4 (A) AFM image of stretched DNA molecules on the conductive substrate, and
(B) Height profile of A-B.
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ABSTRACT 

In this communication, we describe bioactivated nanopores, customized nanopore 
devices with a biological macromolecule attached in the pore as the probe.  These devices 
are capable of detection and analysis of interactions between the attached biomolecule and 
the molecules in the analyte at a single molecule level. 

Keywords: Molecular Sensors, Nanopore, Nanoporous films, Self-Assembly 

1. INTRODUCTION

 Although nanopore-based sensors were traditionally explored for single nucleic acid 
molecule sequencing [1], they still cannot claim success.  But as will be described in this 
communication, they offer one of the most promising approaches for structural analysis of 
single molecules of few nanometers diameter. 

2. THEORY

Bioactivated nanopores have great potential applications for bio-analysis in a label-free 
platform on a single molecule level.  Any chemical binding or minor structural changes in 
the biomolecule can be detected by monitoring the ionic current passing through the 
nanopore.  As a result, these devices can be used to detect the interactions between the 
biomolecule attached in the pore and the molecules in the analyte at a single molecule level.  

Figure 1. View of a typical Bioactivated Nanopore in which a biological  
macromolecule is attached to the nanopore. 

3. EXPERIMENTAL 

Practical implementation of a nanopore-based instrument will likely involve synthetic 
nanofabricated pores for increased robustness.  Synthetic pores can be fabricated in silicon 
nitride or silicon oxide membranes using ion-milling as reported in previous works [2]. 
Silicon nitride membranes possess adequate mechanical strength and are inert to aggressive 
chemicals.  Reproducible 100nm pores have been milled in silicon nitride nanomembranes 
of 30nm thick.  Gold sputtering has been employed as an additional step to decrease the pre-
known drilled pore size to the desired value.  Gold overheads formed during sputtering help 
form low-aspect ratio pores suitable for single-molecular bioactivated nanopore sensors. 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

724 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

725

Figure 2. Cross section schematic of the customized Nanopore. Biological  
macromolecules can be attached on the gold. 

    Channel clogging is one of the major issues in nanopore-based devices caused by non-
specific adsorption of molecules to the pore.  Nanoporous polymers can be used in the inlet 
to avoid passage of molecules similar or larger in size relative to the nanopores.  Here, we 
have made a nanoporous silicon oxide film to be employed as filters.  Self-assembling 
nanoporous thin films of amorphous silicon oxide have been formed by mixing organic 
amphiphilic template with silicon oxide precursor in ethanol.  The template and the silicon 
oxide precursor co-assemble upon ethanol evaporation and after the thermal removal of the 
template ordered silicon oxide porous network creates.  The pore diameter can be tuned in 
the 5-100nm range.   

4. RESULTS AND DISCUSSION 

   Circular low-stress silicon nitride membranes have been fabricated.  The thickness of the 
film is 30nm and its diameter is 50um.  A  dual-FIB system  with a 30-kV  gallium  beam  is  

Figure 3. (Left) Scanning secondary electron microscopy (SEM)  
(Right) Scanning tunnelling electron microscopy (STEM) 

used to drill the pores in the nanomembrane and a circular hole inside the membrane is 
formed.  The size of the FIB-drilled nanopore in the membrane was further reduced to 20nm 
by gold film sputtering.  

Figure 4. (Left) SEM image of a pore milled in silicon nitride membrane before gold sputtering. 
(Middle) SEM image of 20nm nanopore in the silicon nitride membrane (60o tilted sample),  

after sputtering. (Right) SEM image of 20nm nanopore (top view) 

~20n

100nm 
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 Silicon nitride is practically inert for biomolecule attachment; while on gold, further 
surface chemistry modifications can be performed through forming self-assembled 
monolayers (SAMs) of alkanethiols. Nanopores can be bioactivated through covalent 
immobilization of biological macromolecules, like antibodies, proteins or DNA single 
strands in the pore through covalent binding to the SAM.  In addition, the nanopore wetting 
issue is minimized in the customized nanopore device since the nanochannels are in ultra-
hydrophilic gold thin films.  As has been verified in electrical experiments, there were no 
problems observed in the wetting of the nanopores. 

We have made nanoporous silicon oxide films to be employed as filters. The filter pore 
size has been tuned to be less than the nanopore diameter. 

  

Figure 5. Porous SiO2 film with pore sizes between 10-15nm. 

5. CONCLUSION 

 Bioactivated nanopores have been introduced as one of the most promising approaches 
for an electronic way of probing the structure of single biomolecules and chemical binding 
at the single-molecule level. The fabrication of customized nanopores and nanoporous 
filters has been discussed in this communication. 
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ABSTRACT
 We developed a novel method of manipulating coiled DNA molecules in liquid by laser. 
We proposed in-situ formation of gel micro-bead made of the thermoreversible hydrogel. 
Irradiation, using a 1064 nm laser, of an aqueous solution mixed with poly-(N-
isopropylacrylamide) (PNIPAAm) through a high magnification lens resulted in the 
formation of a gel micro-bead at the laser focus due to heating. The gel micro-bead is 
dissolved by cutting off laser. This process is reversible. We propose to manipulate DNA 
molecules by the gel micro-bead, which is trapped and manipulated by the laser scanning. 
The technique allows DNA molecules to be manipulated at any point without the need of 
prior chemical modification of the micro-bead. This is truly a new dexterous manipulation 
method of DNA in liquid. 

Keywords: DNA, manipulation, optical tweezers, thermoreversible hydrogel 

1. INTRODUCTION
 The laser trapping of coiled DNA has been performed by anchoring the end of DNA 
molecules to micro-beads. However, this process requires the chemical modification of 
DNA molecules prior to analysis. The direct laser trapping of a single DNA molecule in the 
globular state has been reported. However, native DNA molecules, random coiled DNA in 
solution, cannot be trapped directly because the laser trapping force is insufficient. Hirano 
et al. proposed a manipulation technique for native DNA molecules based on laser 
clustering [1]. This technique involves the use of laser trapping to assemble latex beads at a 
laser focal point, then manipulating the assembled beads so as to capture a single DNA 
molecule. However, we have to use a diluted bead solution (ex; around 108 particles/ml of 
200 nm bead) with DNA molecules and high power laser to aggregate the micro-beads. 
High speed transportation has not been successful.  
 To solve these problems, we propose a novel method of manipulating DNA molecules in 
liquid by using gel micro-beads made of thermoreversible hydrogel. We succeeded in the in 
situ formation of gel micro-beads by laser irradiation at low power (40 mW) through a high 
magnification lens to an aqueous solution mixed with PNIPAAm (0.25w%). The gel micro-
bead is trapped by the laser, and is used for DNA manipulation. 

2. GEL MICRO-BEAD FORMATION BY LASER IRRADIATION
 We proposed in-situ formation of gel micro-bead made of the thermoreversible hydrogel. 
Irradiation, using a 1064 nm laser, of an aqueous solution mixed with poly-(N-
isopropylacrylamide) (PNIPAAm) through a high magnification lens resulted in the 
formation of a gel microbead at the laser focus due to heating. Figure 1 shows concept of 
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gel micro-bead formation by focused laser irradiation [2]. The gel micro-bead is dissolved 
by cutting off laser. This process is reversible. By using synchronized laser manipulation 
[3], we can form 4 hydrogels in parallel by the scanning laser as shown in Figure 2. Figure 
3 shows diameter of the gel formed by the different laser power. The size is around a few 
micrometer. 

3. MANIPULATION OF DNA USING GEL MICRO-BEAD AND LASER
 The laser power used to form the bead is too strong for stable manipulation. We 
proposed a method to reduce the laser power to form a gel micro-bead by adding additives 
[2]. Here, gelation temperature and laser absorption rate of solution in the presence of 
several different additives are investigated.  Density control of the PNIPAAm is the other 
critical issue. We used YOYO-1 as fluorescent dye, however, high density of PNIPAAm 
disturbs observation of DNA due to autofluorescence. So, we examined relation between 
fluorescence intensity and concentration of PNIPAAm carefully. Then, finally we succeed 
in manipulation of DNA using gel micro-bead.  
 Figures 4 and 5 show transportation of DNA. Figures 6 and 7 show tension of DNA. 
Transportation speed of the single DNA was measured in Fig. 8. We realized high speed 
transportation (200 m/s) at low laser power (only 40 mW). By using synchronized laser 
manipulation [3], we succeeded in dexterous manipulation of DNAs.

4. CONCLUSIONS 
 We proposed nobel manipulation method of DNA molecules by the gel micro-bead, 
which is trapped and manipulated by the laser scanning. The technique allows DNA 
molecules to be manipulated without the need of prior chemical modification of the bead. 
Transportation speed was quite high (200 m/s) at relatively low laser power (40 mW).

PNIPAAm10% solution
+YPD-BROTH 5%

A hydrogel microstructure is 
made on the spot of the laser

PNIPAAm10% solution
+YPD-BROTH 5%

A hydrogel microstructure is 
made on the spot of the laser

Figure 1. Concept of gel mico-bead [2] 
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irradiation (PNIPAAM 0.25w%) at room 
temperature (25°C).
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Figure 2. Formation of 4 hydrogels by 
synchronized laser scanning (Nd:YVO4,
1064 nm, continuous wave, 40 mW) at room 
temperature (25°C). Oil-immersion objective 
lens (magnification 100x, numerical aperture 
1.35) was used.
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Figure 4. Concept of manipulation of DNA 
molecules by the laser trapped gel micro-bead

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(b)

(d)

(e)

Laser Trajectory
(c) (a)

Laser on

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(b)

(d)

(e)

Laser Trajectory
(c) (a)

Laser on

5 m

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(b)

(d)

(e)

Laser Trajectory
(c) (a)

Laser on

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(a)  t=0s

(c)  t=0.5s

(e)  t=1.0s

(b)  t=0.3s

(d)  t=0.8s

(b)

(d)

(e)

Laser Trajectory
(c) (a)

Laser on

5 m

Figure 5. Manipulation of DNA (T4GT7, 166 
kbps) by the laser trapped gel micro-bead at 
room temperature (25°C).  (PNIPAAm 0.25 
w%, YPD Broth 0.125 w%, YOYO 1 
(Moleculer Probes) 7.5×10-2 mmol/l)

Figure 6. Concept of DNA tension by laser 
trapped the gel micro-bead 
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Figure 7. Tension of DNA (T4GT7, 166 kbps) 
by the laser trapped gel micro-bead at room 
temperature (25°C). (PNIPAAm 0.25 w%, 
YPD Broth 0.125 w%, YOYO 1 (Moleculer 
Probes) 7.5×10-2 mmol/l) 
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Abstract
The paper reports a simple and quick detection of target DNA by hybridization with a 

number of DNA trapped in nano gap channel array. A length of these T4 DNA fixed with 
stretching exceeds 20 m in the channel. Subsequently, probe DNA was introduced into 
nano gap channel array to hybridize the trapped T4 DNA. When probe DNA is introduced 
after T4 DNA is trapped, intensive luminescence was observed in the channels. These 
results provide a simple and fast detection method of the target DNA originating from the 
infection disease.  
Keywords; DNA trap, hybridization, nano gap channel, probe DNA

1. Introduction
We are studying a chip which enables us diagnose quickly the infection diseases by 

analysis of DNA obtained from lysis of cells. DNA extraction is one of the most important 
elements in this study. Especially, trapping technique of DNA with stretching in the micro 
channel is strongly required for the DNA detection. Washizu et al. succeeded in DNA 
stretching by using electroosmotic flow [1]. This paper reports a new DNA stretching 
method by using simple micro channel structure equipped with nano-gaps and then 
detection of  target DNA by hybridization of probe DNA. 
2. Experiments

Figure 1. (a) An illustration of the nano gap channel array. SEM images of (b) whole 
channel (c) array and (d) nano-gap. 

Figure 1 (a) shows an illustration of a DNA trapping chip, which is an analysis stage for 
our final goal. The 816 triangle shaped channels in an area of 85 x 240 m 2, in which depth, 
maximum and minimum widths were 140 nm, 5 m and 50 nm, respectively, were 
fabricated on a quartz plate by an EB lithography and reactive ion etching processes. T4 
DNA (166 kbps, length; about 50 m) stained by YOYO-1, which was diluted by a TBE 
buffer solution, was introduced into the channel by electrophoresis using applied voltages 
of 50-100 V. All processes and measurements were carried out at a room temperature. 
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Figure 2. Trapped DNA in the nano-gap channel array. 

Figure 3. Mechanisms of DNA trap (a) stretched straight (b) caught at two nano-gaps 

Figure 2 shows a fluorescence image of a number of DNA trapped at nano-gaps. When 
DNA rounded in a reservoir entered into the nano-gaps channel array, two type mechanisms 
were observed for the trappings. One was that DNA was stretched straight after caught at 
one nano-gap as shown in Fig. 3 (a). The other was that DNA strode over a triangle channel 
and then was stretched according to the manner in which both edges of DNA were caught at 
two nano-gaps as shown in Fig. 3 (b). A length of these DNA fixed with stretching exceeds 
20 m in the channel.  

Figure 4.  Sequences of probe DNA and negative control probe DNA 

Subsequently, probe DNA was introduced from the reservoir into the nano-gaps channel 
array to hybridize the trapped DNA. The sequences of the probe DNA and the negative 
control DNA are shown in Table 1. A sequence of probe DNA is designed from parts of a 
sequence of Bacteriophage T4 gene. Negative control probe DNA is designed by the 
partially changed sequence to demonstrate an evidence of the hybridization of probe DNA.  

2. Results and discussions 



SIMULATION OF ELECTROKINETIC TRANSPORT IN 
SILICA NANOCHANNELS 

Sony Joseph, Aveek N. Chatterjee and N. R. Aluru,
University of Illinois at Urbana Champaign,  USA. 

ABSTRACT
 Using a hierarchical multiscale methodology to compute  ion transport in nanoscale 
silica channels, we show that the partial charges from quantum calculations significantly 
alter transport properties and I-V characteristics of electrolytes in confined geometries. 
Molecular dynamics simulations performed with the partial charges computed from 
quantum calculations show a good  agreement with recent experimental results   for an -
quartz-water interface. Though net surface charge density is zero, electroosmotic flow is 
observed  because of  oscillations in ionic density that creates a local net charge density.

Keywords: electro-osmosis, molecular dynamics, multiscale, quantum charges

1. INTRODUCTION
 Recent advances in the fabrication of “lab on a chip” ultra-confined fluidic systems and 
synthetic nanopores raise fundamental questions about the influence of surfaces on ion 
transport. The surface charges induce electrostatic ion (Debye) screening and electrokinetic 
effects such as electro-osmosis and can have large effects on conductance in nanochannels. 
The silica-electrolyte interfacial dynamics and the effects of nanoscale confinement on the 
transport properties of ions and water need to be resolved for characterization and design of 
silica nanochannel based devices and sensors. In this paper we investigate electrolytic 
transport in hydroxylated -quartz channels of four different widths (4, 3,  2.2 nm and 1 
nm) with 1 M KCl at the point of zero charge. 

2. THEORY 
 Traditional continuum  models for the calculation of electrostatic interactions assume a 
smooth smeared out surface charge.  At the point of zero charge, though the net surface 
charge of the wall may be zero, discrete wall partial charges  may arise from effects of 
bond polarisation and differences in electronegativity of wall atoms.  Atomic scale 
simulations can be used to explicitly treat the finite atomic sizes and the discrete nature of 
the charges. We employ  a hierarchical multiscale approach in which we  first calculate the 
atomic partial charges due to quantum effects by using the Density Functional Theory 
(DFT).  These charges are then used  as inputs for  Molecular Dynamics (MD) simulations 
to obtain the diffusion coefficient and mobility of the ions. The computed transport 
coefficients are finally  used in the  Poisson-Nernst-Planck equations to calculate the 
current-voltage characteristics. 

3. RESULTS AND DISCUSSIONS 

 We used a  density functional approach for quantum calculations with exchange 
correlation using the B3LYP formulation and a 6-31G* split valence polarization basis set.  
A silanol OH group terminated supercell of 3x3x2 unit cells, with  6 Si and 3 O atoms  in 
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Figure 5. (a) Introduction of probe DNA, (b) Introduction of negative control DNA  

Figure 5 (a) shows a fluorescent image, when probe DNA is introduced after trapping of 
T4 DNA. Intensive luminescence was seen in the channels. When negative control probe 
DNA was introduced, the luminescence was not observed as shown in Fig. 5 (b). These 
results provide a simple and quick detection method of the target DNA originating from the 
infection disease. 

Figure 6. Schematic view of the dual micro-well array. 

In order to achieve a diagnosis from cells, a dual micro-well array was developed for the 
cell lyses. The large wells with15 m in diameter and 12 m in depth were fabricated to 
trap cells such as lymphocytes. A cell lytic solution flows through the small well with 6 m
in diameter and 140 m in depth. A filter to eliminate impurities before introduction of the 
solution into the nano-gaps channel array is now being developed. After that process, DNA 
is detected as mentioned above.

 Simple and quick detection of target DNA by hybridization in nano gap channel array 
was demonstrated. It was observed that DNA trapped with stretching in nano gap channel 
array was hybridized with probe DNA. Additionally, dual micro-well array structure to trap 
cells and make lysis from them in the wells was fabricated. The chip system will allow us to 
analyze DNA from the cells lysis quickly, easily and safety in the near future. 
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 Using a hierarchical multiscale methodology to compute  ion transport in nanoscale 
silica channels, we show that the partial charges from quantum calculations significantly 
alter transport properties and I-V characteristics of electrolytes in confined geometries. 
Molecular dynamics simulations performed with the partial charges computed from 
quantum calculations show a good  agreement with recent experimental results   for an -
quartz-water interface. Though net surface charge density is zero, electroosmotic flow is 
observed  because of  oscillations in ionic density that creates a local net charge density.
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1. INTRODUCTION
 Recent advances in the fabrication of “lab on a chip” ultra-confined fluidic systems and 
synthetic nanopores raise fundamental questions about the influence of surfaces on ion 
transport. The surface charges induce electrostatic ion (Debye) screening and electrokinetic 
effects such as electro-osmosis and can have large effects on conductance in nanochannels. 
The silica-electrolyte interfacial dynamics and the effects of nanoscale confinement on the 
transport properties of ions and water need to be resolved for characterization and design of 
silica nanochannel based devices and sensors. In this paper we investigate electrolytic 
transport in hydroxylated -quartz channels of four different widths (4, 3,  2.2 nm and 1 
nm) with 1 M KCl at the point of zero charge. 

2. THEORY 
 Traditional continuum  models for the calculation of electrostatic interactions assume a 
smooth smeared out surface charge.  At the point of zero charge, though the net surface 
charge of the wall may be zero, discrete wall partial charges  may arise from effects of 
bond polarisation and differences in electronegativity of wall atoms.  Atomic scale 
simulations can be used to explicitly treat the finite atomic sizes and the discrete nature of 
the charges. We employ  a hierarchical multiscale approach in which we  first calculate the 
atomic partial charges due to quantum effects by using the Density Functional Theory 
(DFT).  These charges are then used  as inputs for  Molecular Dynamics (MD) simulations 
to obtain the diffusion coefficient and mobility of the ions. The computed transport 
coefficients are finally  used in the  Poisson-Nernst-Planck equations to calculate the 
current-voltage characteristics. 

3. RESULTS AND DISCUSSIONS 

 We used a  density functional approach for quantum calculations with exchange 
correlation using the B3LYP formulation and a 6-31G* split valence polarization basis set.  
A silanol OH group terminated supercell of 3x3x2 unit cells, with  6 Si and 3 O atoms  in 
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each cell, was used for calculating the molecular electrostatic potential. Partial charges 
were obtained by the Chelpg electrostatic potential fit method. Table 1 shows a comparison 
of  our results with experiments and some commonly used force fields in literature.  

Table 1. Comparison  of partial charges with that in literature. 

 Bulk Si 
charge(e)

Method Reference 

1.36 DFT/B3LYP/6-31G*/Chelpg This work 
1.2±0.1 Experimental (indirect) [1] 
1.17 Experimental [2] 
1.4 MP2/Chelpg [3] 
2.1 DFT/GGA/Mulliken+potential fitting [4] 

Silanol 
O (e) 

Silanol 
H (e) 

Method Reference 

-0.77 0.44 DFT/B3LYP/6-31G*/Chelpg This work 
-0.74 0.60 Experimental (indirect) [2] 
-0.91 0.40 MP2/Chelpg [3] 
-0.95 0.425 DFT/GGA/Mulliken+potential fitting [4] 

Molecular dynamics simulations were performed using  previously computed  
quantum partial charges on the wall. The system consisted of 1 M KCl with water 
molecules and ions sandwiched between the two channel walls. Water and ions were 
modelled as point charges with nonbonded Lennard Jones interactions. Bulk  silicon and 
oxygen atoms were fixed in space but the surface silanol groups were modelled using 
flexible  bonded interactions. Four  different channel widths of 1, 2.2, 3 and 4  nm were 
considered. The SPC/E model was used for water with constraints using the SHAKE 
algorithm.   

Figure 1 shows the comparison of the 
interfacial electron density calculated from  
atomic density distribution from molecular 
dynamics with that obtained from 
experimental X-ray diffraction methods on 
a water -quartz interface [5]. Results from 
simulations of 4 nm wide channels with 
both uncharged and partially charged wall 
atoms are presented. For the partially 
charged case, the positions of the peak of 
interfacial water layer and the silanol OH 
groups match reasonably well with that of 
experiments. Clearly, when there are no 
partial charges, interfacial atomic densities 
do not match well with experimental 
observations.  

Interfacial water  
layer 

Wall silanol groups

Figure 1: Interfacial electron density
distribution. The wall is  at 1.67 nm. 
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 Figure 2 shows ion 
concentrations and 
water velocity profiles 
in channels with 4, 2.2 
and 1 nm widths. 
Partial charges on the 
silanol OH groups 
give rise to an  
electrostatic potential  
near the surface such 
that   K+ ions move 
more closer to the wall 
than Cl- ions creating 
a  local net charge 
density. Under an 
applied external field 
of 0.35 V/nm, this 
generates an 
electroosmotic flow as 
shown in Figure 2.   

 Current voltage characteristics computed 
with continuum Poisson-Nernst-Planck 
theory using  mobilities obtained from 
molecular dynamics simulations are shown 
in Figure 3. The effect of the partial charges 
on the conductivity is significant for 1 nm 
channel. At 4 nm, the effect is negligible.  
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Figure 2: Ionic concentration profiles (left) and electroosmotic 
flow (right) in 4, 2.2 and 1 nm channels .

Figure 3: IV characteristics of 1, 2.2, 3 
and 4 nm channels. 
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ABSTRACT 
Here we report an anomalous behavior of water, especially viscosity and hydrodynamic 

flow, in nanopillar chips. These physicochemical properties of water were investigated by 
single-particle tracking (SPT) technique. The results of diffusion constants of nanospheres 
indicated that a higher viscosity and a less hydrodynamic flow in nanopillar chips compared 
with a bulk solution. 

Keywords: Nanopillar, Single-Particle Tracking, Water Viscosity, Hydrodynamic Flow 

1. INTRODUCTION
   We have demonstrated that nanopillar structures fabricated inside microchannels can 
work as a novel DNA sieving matrix [1]. In the process of developing DNA separation 
method using nanopillar chips, we found that several investigations for physicochemical 
properties in nanospace are necessary towards higher resolution and throughput. Since the 
surface areas of nanopillar chips are larger than simple channel structures, it is readily 
understood that such large charged surface areas raise complex electroosmotic flow and 
adsorption probability, and may affect the analysis [2]. Moreover, a water viscosity and a 
hydrodynamic flow in nanopillar chips might be potential factors affecting the performance. 
To develop these nanopillar chips as a novel nano-biodevice, it is indispensable to 
understand these fundamental phenomena in nanospace. 

2. THEORY 
Considering our experimental setup, Brownian motions of nanospheres were regard as 

quasi-two dimensional motion. Square displacements and mean square displacements 
should be calculated as a function of time: 

222 tytxtRiii
                         (1) 

N

i
i tR

N
R

1

22 1                              (2) 

where N is the total number of frames that have been traced. When the nanospheres undergo 
normal diffusion, the slope in tR2  plot is linear and 2R  can be expressed as 

following equation: 
DttDtDR xx 4222                           (3) 

where D is the two-dimensional diffusion coefficient. While the diffusion coefficient could 
be obtained experimentally, the Stokes-Einstein equation also provides the diffusion 
coefficient based on the thermodynamic and hydrodynamic views on diffusion by the 
following equation. 
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Comparing these values, we can find the differences in diffusion coefficient between the 
bulk space and the nanospace. 

3. EXPERIMENTAL 
   To investigate a diffusion coefficient 
and a hydrodynamic flow in nanopillar 
chips, we applied single-particle tracking 
(SPT) technique as shown in Fig. 1. 
Fluorescence polystyrene nanospheres 
that have 50 nm in diameter and have 
carboxylate groups on their surfaces were 
used as objective particles for measuring 
trajectory. Brownian motion of 
nanospheres was captured and their center 
of mass was analyzed and traced over 20 
sec (Fig. 2). 

4. RESULTS AND DISCUSSION 
The diffusion coefficient at 132 ms 

time intervals were measured for 17 
different particles over 20 sec, and the 
diffusion coefficients was Dch = 3.15 

m2/s in the 400 nm-depth nanochannels 
and Dpl = 1.84 m2/s in the nanopillars 
which have 500 nm diameter, 500 nm spacing and 400 nm height. These values could not 
be simply compared because geometrical differences, especially the occupied area of 
500-nm wide nanopillar itself, were not factors into calculation. On the other hand, the 
diffusion coefficient estimated from the Einstein-Stokes equation was Dth = 9.81 m2/s at 

500 nm 500 nm

400 nm 50 nm

Single-Particle Tracking (SPT) 

500 nm 500 nm

400 nm 50 nm

500 nm 500 nm

400 nm 50 nm

Single-Particle Tracking (SPT) 
Figure 1. Schematic representation of the 
nanopillar chip used for a single-particle 
tracking (SPT) measurement. 

Figure 2. Typical trajectories of nanospheres (A, B, and C) and the corresponding plots 
(D, E, and F). Based on the result of least-square fitting, plots were classified into three 
motion modes: (D) a simple diffusion, (E) a directed diffusion, (F) others including a 
confined motion. 
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25 C. Even if we could not simply compare the Dch with Dpl, both of them are obviously 
smaller than the Dth. The smaller diffusion coefficient suggested higher viscosity in the 
nanometer-height channels and the nanopillars. 

From the long-time tracking of the trajectory, we classified the motion of nanospheres 
into three modes: simple diffusion, directed diffusion which implies a presence of 
hydrodynamic flow and others. Consequently more directed diffusion was observed in the 
nanochannel than that in the nanopillars (Table 1). This result indicates that the nanopillars 
prevent a hydrodynamic flow to some extent when adjacent nanochannel has a 
hydrodynamic flow. 

9 (53%)7 (41%)Simple Diffusion

4 (24%)3 (18%)Confined Motion
4 (24%)7 (41%)Flow + Diffusion

NanopillarsNanochannel

9 (53%)7 (41%)Simple Diffusion

4 (24%)3 (18%)Confined Motion
4 (24%)7 (41%)Flow + Diffusion

NanopillarsNanochannel

Table 1. The number of classified motion modes of nanospheres and the 
percentage of total in parentheses. Most of the modes of nanospheres motion 
were classified into two modes, simple diffusion and directed diffusion, but 
their ratio was different between in the channel and the pillars. 

5. CONCLUSIONS 
The diffusion constants of nanospheres in nanometer-confined space suggested that the 

water in nanospace has higher viscosity as compared with bulk water. The classification of 
the modes indicated the presence of a hydrodynamic flow even in the nanospace. But it also 
indicated that the degree of a hydrodynamic flow in the nanopillars is less than that in the 
channel. These physicochemical properties in nanospace might contribute to realize 
high-throughput DNA separation system using nanopillars. 
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ABSTRACT
We present a simple device with a controllable nano-gap for electromechanical
characterization of nano scale objects. By using this device, metallic tips with an initial
separation gap of approximately 30 nm can be approached and contacted using an on-chip
electrostatic actuator. Self-assembled monolayer of 1-4 Benzenedithiol is coated on gold
tips and electrical measurements are done while approaching and retracting tips in
tunneling regime. Comparison is made between non-coated tips.

1. INTRODUCTION 
Recently there has been a growing interest in exploring electrical properties of nano-scale 
objects at various conditions. Nano-scale electrical characterization is mainly performed by
metallic electrodes, which are separated with a gap in which nano-scale object is self-
assembled or trapped. One of the techniques to obtain such electrodes is based on electro
migration [1] or mechanically controlled break junctions [2]. In this work we present
feasibility study of a micro electro mechanical system based on-chip actuation mechanism
to obtain controllable nano scale separation gap between metallic electrodes. This approach
can bring extreme simplicity when experiment has to be done in transmission electron
microscope or cryostat.

2. WORKING PRINCIPLE 
In this proceedings we propose a method which is based on in-plane bending motion driven
by electrostatic actuation to control separation gap between electrodes. Figure 1 shows two
cantilevers which are located between actuation electrodes.

Figure 1. Working principle for device based on in-plane bending.

When voltage is applied to actuation electrodes on left side, bending towards actuation
electrode results in approach of the tips. Retraction can be obtained when voltage is applied

, Yasuo Wada, Hiroyuki FujitaPMurat Gel, Tomohiko EduraP
JEC
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to right side electrodes. Figure 2 is showing fabricated device after oxide release etching.
(Fabrication details can be found in the poster). At the tip of the each cantilever there is a
metal electrode, which is separated by an initial gap of approximately 30 nm from the other
tip. When voltage is applied to actuation electrodes which are located on the left and right
side of each cantilever, the separation gap can be increased or decreased until contact is 
established. In the shown sample, right side electrodes are used for approach, while left
side electrodes are used for retraction. In order to prevent contact between cantilevers and 
actuation electrodes four stopper structures are put to the sides of cantilever tip which can 
be seen in the middle picture of figure 2.

Figure 2. Fabricated test sample after oxide release etching. 

4. CHARACTERIZATION AND RESULTS 
Electrical measurements done by initially connected tips can be seen in figure 3. 

Figure 3. Current measurement data with constant bias while retracting an initially
connected tip and then approaching until contact is formed again(left side). Conductance 
quantization observed just before disconnection of the gold tips (right side).
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Figure 4. Current measurement data while approaching/retracting self-assembled
monolayer coated tips (left) and comparison data with non-coated tips (right).

Constant bias voltage of 1 mV is applied to one cantilever while keeping the other one at 
ground. Figure 4 is showing the case when initially separated tips are coated with 1-4
Benzene Ditihol during approach until tunneling regime is obtained and retracting back. 
The data is compared with non coated tips (right side). Hysterisis behavior suggests a 
possible elongation of non-metallic neck between tips. 

5. CONCLUSIONS 
We demonstrated a simple method to adjust controllable nano-gap by using cantilever 
beam bending driven with electrostatic actuation. This method can be used as an on-chip
actuation mechanism to obtain controllable separation gap between two closely spaced
electrodes. Initially connected tips are separated by using actuators and conductance 
quantization is observed while separating the tips. Electrodes with an initial gap of 30nm
was approached and contacted at tunneling regime (resistance greater than 13 kohm) while
making electrical measurements. Furthermore, measurements with tips coated with self- 
assembled monolayer was performed and comparison with noncoated tips are made.
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MAPPING THE LIGHT EMERGING FROM
NANOSCALE APERTURES 
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ABSTRACT 
 We present a method to physically map the light intensity transmitted through 
nanometer scale apertures. A metal film containing nanoapertures and supported on a glass 
substrate was coated with a negative tone photoresist, and the resist was exposed to UV
radiation coming through the apertures from the opposite side. The resulting three-
dimensional features varied with aperture diameter and exposure time. This method
provides direct visualization of the intensity distribution in close proximity to 
nanostructures and overcomes limitations imposed by physical probes where the 
contribution of the probe to the map requires deconvolution. 

Keywords: probeless imaging, nanolithography, nanoscale apertures, negative tone 
photoresist 

1. INTRODUCTION 
The behavior of surface-bound electromagnetic fields allows a number of 

technologically important applications including subdiffraction resolution in optical
imaging [1-4]. The continued development of these areas requires a detailed understanding 
and experimental control of the spatial field distribution in the vicinity of nanostructures. 
However, the ability to map the light intensity in a way that allows a direct comparison with 
theoretical predictions is difficult. The main reason for this is that the majority of 
experiments have used proximity probes 
whose physical properties have to be taken 
into account by theoretical models in order 
to produce an accurate representation of the 
intensity distribution [5]. Here, we describe 
a method able to provide a three-
dimensional spatial map of the light 
intensity in close proximity to 
nanostructures without the need for physical
probes.  

2. EXPERIMENTAL SECTION 
 Using nanosphere lithography [6], 
randomly dispersed nanoapertures were 
fabricated in a metal film supported on a 
glass substrate. Polystyrene nanospheres 
ranging in diameter from 110 to 770 nm 
were first dispersed on a glass substrate. A 
thin chromium adhesion layer and an 
aluminum overlayer were then thermally 

Figure 1. Schematic of the experimental 
setup for lithographic mapping of the 
transmitted intensity through 
nanoapertures.  
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evaporated on top of the dispersed nanospheres. To achieve well defined apertures, the total 
thickness of the Cr and Al films was slightly less than the radius of the nanosphere used for 
the given sample. The thickness of the metal film ranged from 50 nm for the 110 nm 
nanospheres to 380 nm for the 770 nm nanospheres. The nanospheres were removed by 
sonication leaving behind transparent apertures 
in the evaporated metal film. A negative tone 
photoresist (SU-8) was then spin coated on top 
of the metal film, and the photoresist was 
exposed to UV light through the apertures from 
the opposite side (see Figure 1). The light source
was a high pressure Hg lamp with 365 nm as the 
primary wavelength. Light that emerged through 
the apertures was sufficient to generate a 
photochemical image that was amplified and 
developed during postexposure processing steps 
(postexposure baking and developing). To 
provide accurate mapping of the feature height, 
the photoresist film thickness (15 m) was
always greater than the height of the tallest 
features. The resulting pillars were then sputter 
coated with ~10 nm of gold and analyzed in a 
scanning electron microscope. 

3. RESULTS AND DISCUSSION 
 Nanosphere lithography provided randomly dispersed, high quality apertures with 
reproducible optical properties and aperture diameters equal to the nanosphere diameters 
[7]. Figure 2 shows a scanning electron micrograph of 480 nm diameter apertures in an 
aluminum film, and similar 
apertures were used to evaluate 
the mapping technique. We 
studied aperture diameters of
110, 200, 360, 480 and 770 nm 
and exposures of 30, 90, 300, 
and 900 mJ/cm2. Figure 3 
shows pillar-shaped features 
obtained for aperture diameters 
of 200 and 770 nm and an 
exposure of 90 mJ/cm2. The 
polymeric structures obtained 
ranged in height from ~100 nm 
for the smallest apertures (110 
nm) and exposures (30 
mJ/cm2) to ~10 µm for the 
largest apertures (770 nm) and 
exposures (900 mJ/cm2). As 
expected, the pillar heights 
grew with increasing aperture 
diameter and increasing 

Figure 3. Scanning electron micrographs of polymer 
pillars emanating from apertures with diameters of 
200 and 770 nm and an exposure of 90 mJ/cm2. Side 
(81°) and top views of pillars are shown. 

Figure 2. Scanning electron 
micrograph of 480 nm diameter 
apertures in an aluminum film 
created using nanosphere 
lithography. The image is taken at a 
45° angle. 
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exposure time. The pillars in Figure 2 are 380 nm tall for the 200 nm apertures and 4.6 m
tall for the 770 nm apertures measured for at least 20 pillars. For the smallest exposure of 
30 mJ/cm2, free-standing pillars were only generated for the 770 nm diameter aperture due 
to limited transmission through the smaller diameter apertures. Also, for exposures greater 
than 90 mJ/cm2, discernable pillar formation was not observed for the 110 nm aperture. In 
this case, the 50 nm metal film was partially transparent allowing cross-linking of the entire 
SU-8 film on the substrate. This limitation is from the nanosphere lithography which 
requires the film thickness to be less than the radius of the nanosphere. For example, 
focused ion beam milling or electron beam lithography could be used to create apertures 
with diameters less than 100 nm in metal films of arbitrary thickness to evaluate the 
mapping technique. 
 This mapping method relies on the hypothesis that the changes at any point in the 
photoresist during exposure to light are proportional to the local exposure. After exposure 
and postexposure processing, regions of small exposure (soluble resist) are separated from 
regions of large exposure (insoluble resist) by a surface determined by an exposure 
threshold. The value of the exposure threshold depends on both the resist material and the 
processing steps. Since the preexposure bake, postexposure bake, and developing 
conditions were kept constant in the experiments, we can assume that the exposure 
threshold was the same for all samples. Thus, with different exposure times, the pillar shape 
should represent different isointensity surfaces of the transmitted light. We have compared 
our experiments with theoretical simulations using finite difference time-domain 
calculations, and the results are presented elsewhere [8]. Encouraging agreement was found 
in direct comparisons between the numerical simulations of isointensity surfaces and
polymeric features indicating that the method may not need a subsequent modeling step to 
extract the true intensity spatial distribution. 
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A SIMPLE HYDROPHILIC TREATMENT OF SU-8 
SURFACES FOR CELL CULTURING AND CELL 

PATTERNING
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Abstract: SU-8, an epoxy-based photoresist, widely used in constitution different TAS
systems, is incompatible with mammalian cell adhesion and culture in its native form. Here, 
we demonstrate a simple, cheap and robust two-step method to render a SU-8 surface 
hydrophilic and compatible with cell culture. The contact angle of SU-8 surface was 
significantly reduced from 90  to 25  after the surface modification. The treated SU-8
surfaces provided a cell culture environment that was comparable with cell culture flask 
surface in terms of generation time and morphology.

Keywords: SU-8, Surface modification, Contact angle, Cell culture 

SU-8, an epoxy-based negative photoresist, is widely used for fabricating microstructures in 
various TAS devices because of its excellent chemical stability and optical properties. 
However, since the SU-8 surface is hydrophobic, cell adhesion and culturing is hampered in 
SU-8 based microsystems.  

Human epithelial cells, such as HeLa cells [1], preferably adhere and grow on hydrophilic 
surfaces [2]. Hydrophilic surfaces can be generated e.g. by coating SU-8 surfaces with 
fibronectin [3] or hydrophilic polymer materials [2] to allow culturing of cells. However, 
such dynamic coatings may not be stable over time. Chemical treatments, on the other 
hand, have the potential to modify the SU-8 surface properties for extended periods [4]. 
Here, we report a simple, cheap and robust chemical treatment to render a SU-8 surface 
hydrophilic. 

Normally, the epoxy moieties on the SU-8 surface do not react with standard corrodents 
(e.g., THF, HCl or HNO3), resulting in the pronounced chemical stability of SU-8 [5]. 
However, with the catalyst ceric ammonium nitrate (CAN, (NH4)2Ce(NO3)6), the epoxy 
rings can be opened and reacted with HNO3 [6] (Fig 1).  

Fig 1. Reaction scheme of the two-step SU-8 surface modification: 1: The epoxy ring on 
the SU-8 surface is believed to be opened by treatment with 1 M HNO3, catalyzed by 0.1 M 
CAN at 50 C for 1 hour; 2: The nitrate radical on the modified SU-8 surface was then
reacted with the amino group of ethanolamine (0.1 M) in 0.1 M sodium phosphate buffer 
(pH = 9.0) for 20 minutes at 50 C.
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After this first CAN-HNO3 treatment, the nitrate radical on the opened epoxy ring can react 
further with the amino group of ethanolamine. The contact angle of water on the differently 
treated SU-8 surfaces was used to represent the changes in hydrophobicity (Fig 2A). The 
contact angle on the SU-8 surface was reduced from 95° to 45° by the CAN-HNO3
treatment. This indicates that hydroxyl groups were formed on the SU-8 surface. After the 
second (ethanolamine) treatment, the contact angle on the SU-8 surface was further reduced
to 25°. However, the second treatment is an ionic reaction, and hence reversible: after 2 
months of storage, a contact angle of 50° was observed.   
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Fig 2. Contact angle (A) and biocompatibility (B) of differently treated SU-8 surfaces. The
letters on the x-axis refer to the following SU-8 surfaces: (a). Untreated; (b). Treated with 
CAN-HNO3; (c). Treated with CAN-HNO3 and ethanolamine; (d). Treated with CAN-
HNO3 and ethanolamine and then stored for 2 months; (e). Control culture flask surface A:
The hydrophobicity of differently treated SU-8 surfaces was determined by measuring the 
contact angle of water. B: For the biocompatibility test, differently treated SU-8 surfaces 
were immersed in standard cell culture media (RPMI 1640 media supplemented with 10%
Fetal Bovine Serum (FBS), 1000 U/mL penicillin and 1 mg/mL streptomycin) in cell 
culture flasks and seeded with HeLa cells. The samples were incubated for 4 days at 37°C
in an atmosphere containing 5% CO2.

For testing the biocompatibility, HeLa cells were grown on differently treated SU-8 
surfaces for 4 days. The differently modified SU-8 surfaces resulted in different attached 
cell densities and cell growth rate (Fig 2B). Untreated SU-8 had a very low cell density 
throughout the experiments, as the cells only attached the surface, and did not proliferate 
(generation time: 147±56 hours). CAN-HNO3 treated SU-8 had a significantly higher cell 
density and lower generation time (36±0.7 hours). After the second treatment 
(ethanolamine), the cell density were further increased and generation time reduced (32±0.1 
hours), and comparable with that on the control culture flask (32±0.9 hours). The results 
indicate that the cell generation time decreases with the hydrophobicity of the culturing 
surface. Finally, HeLa cells were cultured on untreated SU-8 surfaces with hydrophilic 
patterns (Fig 3). The images show that HeLa cells changed their morphologies to fit onto 
the hydrophilic SU-8 patterns, suggesting that HeLa cells actively avoided the hydrophobic 
surface of untreated SU-8.

A B 
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Fig 3. HeLa cells cultured over night on SU-8 surfaces with hydrophilic patterns. The 
hydrophilic patterns were created by standard photolithography of AZ5214e photoresist on 
top of a 5 µm SU-8 layer. Then, the whole glass wafer was dipped into HNO3 with CAN for 
the treatment. Finally, the photoresist was lifted off in acetone (4 minutes ultrasonic 
agitation.) A: HeLa cells growing on an array of 50 m  50 m squares; B: HeLa cells 
growing on concentric circles. A change in the cell morphology was observed during 
culturing. It appeared as though the cells would change their morphologies to fit on to the 
hydrophilic SU-8 patterns rather than display their normal morphologies and hence be in 
contact with the untreated SU-8. 

In conclusion, a two-step chemical treatment for modification of SU-8 surfaces was 
developed. The treated SU-8 surface shows good biocompatibility for cell culturing, and 
indicates a possible route to integrate cell culture functionalities in SU-8 based TAS 
devices. The treatment can be used to create hydrophilic patterns on the SU-8 surface for 
defining localized cell growth.  
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EFFECT OF SURFACTANTS ON ELECTROOSMOTIC 
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ABSTRACT
We have previously reported on the use of insulator-based dielectrophoresis (iDEP) for 

the separation and concentration of biological particles in water.  We have found that the 
applied DC field required to trap these particles depends on particle size, shape, and the zeta 
potential of the material utilized to form the device.  In order to improve device performance, 
and decrease the power required for optimal performance, it is necessary to adjust one (or 
several) of these parameters.  Surfactants are known to adsorb onto polymeric surfaces in a 
dynamic fashion, and have been utilized extensively to modify device performance in such 
related fields as capillary electrophoresis and micellar electrokinetic chromatography.  We 
present here the effect of the anionic surfactant, sodium dodecyl sulfate, on the applied field 
strengths required to achieve effective isolation and trapping of polystyrene beads.

Keywords: insulative dielectrophoresis, dynamic surfactant coating, anionic surfactant, 
surface modification

1. INTRODUCTION
This paper examines the effect of the presence of sodium dodecyl sulfate (SDS) solutions 

on the performance of insulator-based dielectrophoretic (iDEP) devices fabricated from a 
polymer substrate.  Dielectrophoresis, the particle motion induced by electric field gradients, 
is a promising development for separating and concentrating bioparticles because it can 
rapidly, selectively, and reversibly trap particles in a flowing sample stream [1-4].
     Irreversible adsorption of particles onto surfaces remains a critical problem for iDEP 
devices and many other microfluidic systems.  One solution to these problems is to 
introduce dynamic coatings in the form of surfactants into the sample stream:  these 
compounds can interact with both the particles and the polymeric channel walls and may 
decrease fouling and particle aggregation.
     Since anionic surfactants are hypothesized to change the surface properties of a
microchannel after they adsorb onto the surface, they can also attenuate the associated 
electroosmotic flow (EOF) of the fluid in response to an applied voltage by modifying the 
depth and surface charge density in the Debye layer. Reducing EOF may result in more
efficient dielectrophoretic trapping by decreasing the DC voltage required for
dielectrophoretic separation.  The reliable and inexpensive suppression of EOF may have 
broader application in polymer microfluidic systems, since there are other circumstances in 
which the presence of significant EOF is undesirable.  The effect of various concentrations 
of SDS on the minimum voltage required to operate an iDEP microchannel fabricated from 
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Zeonor 1060R is presented.  This data is compared with a parallel study of interaction 
between SDS and Zeonor 1060R polymer using a quartz crystal microbalance (QCM).

2. THEORY
The theory of the dielectrophoretic force 

acting on a spherical particle in a constant 
(DC) electric field has been extensively 
detailed and presented in earlier
publications.[1-3] In summary, the particles 
used in this study have a net negative
electrokinetic (EK) mobility.  This is the 
result of both the electrophoretic motion of 
the negatively charged particles, and the 
electroosmotic flow of water in the
microchannel from positive to negative.
Since the strength of the EK flow varies 
linearly with the electric field, and the DEP 
force varies as the square of the electric 
field, there exists a voltage at which the 
DEP and EK forces balance, and the particle 
becomes trapped in the post array.  This 
applied field value is defined as the
trapping threshold.

3. EXPERIMENTAL PROTOCOLS
     Details on the fabrication methodologies, particles, and solution conditions are detailed in 
previous publications[1-4], and only a summary is presented here.

Device Fabrication: Microfluidic channels were fabricated in discs of Zeonor 1060R 
polymer (Zeon Chemicals, Tokyo, Japan).  The upper and lower discs were thermally bonded 
using a Carver (Carver, Inc., Wabash, IN) press.  All bonded assemblies were checked for 
flow and channel blockage before use.  A schematic depiction of the device assembly is 
shown in Figure 1.

Determination of Trapping Thresholds: The trapping threshold is defined as the 
minimum voltage for which trapping of particles is observed near multiple posts within 3 
seconds of the initial application of voltage and for which trapping is sustained for at least 
10 seconds.  This was determined by a binary survey of discrete voltages. The water levels 
of the syringes were first adjusted until flow was observed to stop.  Next, voltage was 
applied.  Following voltage application, approximately 100 µl of liquid is removed from the 
downstream syringe and fresh suspension is allowed to flow through the channel under the 
resulting pressure head. The procedure was then repeated.  A trapping voltage was 
determined in this manner for each of the test solutions. Solutions of increasing surfactant 
concentration were tested successively in microchannels.

QCM Studies:  Interactions of SDS solutions with Zeonor 1060R solutions were studied 
using a modified commercially available QCM apparatus (RQCM; Maxtek Corporation.)
Zeonor films were prepared by dissolving injection-molded Zeonor 1060R stock in either 
decalin or cineole.  Thin films were cast on gold-electrode coated AT-cut quartz crystals 
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Manifold
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2.4mm
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Inlet Outlet
Channel depth 0.050 mm

Fig. 1 Experimental setup used to study 
dielectrophoretic motion of particles in 
microchannels.  The lower schematic
shows the configuration of individual 
microchannels employed in this study.
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with a nominal fundamental resonant frequency of 5 MHz.  Following coating, the Zeonor 
films (ca. 0.3 µm thickness) were baked in air at 180 oC for 10 minutes.  Coated wafers were 
mounted in immersion holders and placed in 0.45 µm-filtered, deaerated and deionized water; 
containers were placed in a thermostatted bath at 25+/- 0.1 oC and allowed to equilibrate 
overnight prior to serial surfactant additions. 
4. RESULTS AND DISCUSSION

SDS interacts with the Zeonor surface in a strongly concentration-dependent manner. 
The complexity of the interaction is consistent with current understanding of the
mechanisms of surfactant behaviour in microfluidic systems: solution association and 
interfacial adsorption characterized by a multiplicity of aggregate structures [6]  result in 
highly dynamic systems.  Figure 2 compiles the results of several serial addition QCM 
experiments.   Three
distinct concentration
regimes can be
distinguished: in the
low-concentration limit
(<~0.2 CMC),
pronounced negative
frequency shifts occur,
consistent with SDS
adsorption to the Zeonor 
surface.  This is the
regime in which trapping 
threshold measurements
illustrated in Figure 3 are 
carried out.  At higher
concentrations, (0.2-1
CMC), the frequency
shifts become positive,
indicating that previously 
adsorbed SDS appears to 
be desorbing from the surface.  Above CMC, the frequency shifts remain positive, but are 
much less pronounced.  Observed frequency shifts are comparable to those reported for 
similar studies of surfactant adsorption to hydrophobically modified surfaces [7].

     The addition of small amounts of SDS to a bead suspension was found to noticeably 
reduce the threshold voltage at which microspheres were observed to trap in an iDEP 
device.  Since the dielectrophoretic force is dependent on electric field strength, a decrease 
in trapping threshold suggests a decrease in the amount of force required to trap flowing 
particles.  This, in turn, suggests the presence of SDS reduced the EOF generated at the 
water-Zeonor interface.  Furthermore, the degree of trapping threshold suppression is 
dependent on the SDS concentration in solution.  This compares well with the QCM study 
indicating that SDS adsorption onto Zeonor 1060R is monotonic in nature at low
concentrations of added surfactant.
     Since SDS is observed to reduce the voltage required to trap particles in an iDEP device, 
it may be useful as an additive to reduce the voltage required to perform an iDEP separation,

Figure 2 .  Adsorption profile of SDS to Zeonor 1060R as 
determined by QCM.  Overlaid curve is  intended solely to 
guide the eye.
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especially for portable or high-throughput applications.  SDS dynamic coatings may also 
have broader applications in polymer microfluidics where combinations of performance and 

sample preparation are required.
Its apparent ability to suppress
EOF at a Zeonor/water interface at 
low concentrations suggests that 
SDS may be a useful additive for 
reducing unwanted pumping when 
a voltage is applied to a
microchannel fabricated from
engineering plastic.  This
capability could be useful both for 
implementing individual unit
operations on a chip, and also for 
simplifying the integration of multi-
component analytical systems.
Finally, fouling remains a
significant issue in polymer
microfluidics, and SDS may be a 
cost effective method for

increasing the lifespan and/or facilitating the cleaning of microfluidic devices.  Since SDS 
and other surfactants appear to be capable of coating the polymer channel surface, they may 
also be useful as anti-fouling agents.  This aspect, as well as the utility of other types of
surfactants, is currently being investigated.
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ELECTROPHORETIC PROTEIN SEPARATION USING 
ELECTROOSMOTIC FLOW INDUCED BY DYNAMIC 

SDS-COATING OF PLASTIC CHIPS 
Hideya Nagata1, Mari Tabuchi2, Ken Hirano1, Yoshinobu Baba 1, 2, 3 and 

Mitsuru Ishikawa1
1National Institute of Advanced Industrial Science and Technology (AIST), JAPAN, 

2The University of Tokushima,The 21ST Century COE Program, JAPAN and 
3Nagoya University, JAPAN 

ABSTRACT 
We present the results of experimental studies that provide an explanation for the 

difficulties in sample loading and protein separation encountered with polymethyl 
methacrylate (PMMA) microchips. We have developed a method for utilizing the cathodic 
electroosmotic flow (EOF; reversed flow) induced by dynamic sodium dodecyl sulfate 
(SDS)-coating of uncoated PMMA microchips as a driving force on SDS-proteins in order 
to accelerate protein separation. 

Keywords: dynamic SDS-coating, electroosmotic flow, plastic microchip, protein 

1. INTRODUCTION 
Separation of SDS-protein complexes is difficult on plastic microchips due to 

protein adsorption onto the wall. We elucidated the reasons for the difficulties in separating 
SDS-protein complexes on plastic microchips, and we then demonstrated an effective 
method for separating proteins using PMMA chips. Separation difficulties were found to be 
dependent on adsorption of SDS onto the hydrophobic surface of the channel, by which 
cathodic EOF (reversed flow) was generated. Our developed method effectively utilized the 
reversed flow from this cathodic EOF as a driving force for sample proteins using dynamic 
SDS-coated PMMA microchips. High-speed (6 s) separation of proteins and peptides up to 
116 kDa was successfully achieved using this system. 

2. EXPERIMENTAL 
 A microfabricated PMMA chip (i-chip 3 DNA) was purchased from Hitachi 
Chemical Co., Ltd. (Tokyo, Japan).The microchip has three simple cross-channels of 100 m
in width and 30 m in depth (Fig. 1A). The power supply for microchip electrophoresis 
(MCE) was the Model HVS488 1500V (LabSmith, CA, USA), which is computer-controlled. 
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EOF measurements and protein separations were carried out on a PMMA microchip. A 350 V 
potential was applied to SW for the 60-s sample loading period while SR, BR and BW were 
grounded. The voltage program for protein separation was 450 V, 450 V, and 1500 V for SR, 
SW, and BW, respectively, while BR was grounded. This two-step program was called 
program “+” (normal polarity (– to +)). The reversed voltage program was called program 
“–” (reversed polarity (+ to –)).  

Trypsin inhibitor, bovine serum albumin, and -galactosidase were used for 
protein separations on the PMMA chip. Proteins were labeled with a fluorescence dye, Alexa 
Fluor 488, for observation under a fluorescence microscope. Protein separation was 
performed in a standard separation buffer solution (5% LPA, 0.1% w/v SDS, 50 mM 

Figure 2. Schematic image of electrophoretic 
migration of SDS-protein complexes in a 
dynamic SDS-coated plastic microchip 
channel.

Figure 1. (A) Schematic diagram of a 
PMMA microchip channel used in 
protein separation experiments; (B) The 
video images of sample procedure 
loading on an uncoated chip using 0% 
SDS separation buffer; (C) Adsorption of 
SDS-protein complexes on and around 
the intersection of the channel 
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surfactants (Tween and Brij) on an uncoated 
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Tris-HCl, 35 mM aspartic acid, pH 8) on the PMMA chip. 

3. RESULTS AND DISCUSSION 
 We investigated the effects of SDS on sample loading using SDS-free buffer. 
Although some sample loading occurred for the first 21 seconds under the normal polarity (– 
to +), an adverse flow of samples was recognized after 21 seconds. It was observed that the 
SDS-protein complex was adsorbed onto the channel surface in the thin layer (Fig 1C). SDS 
molecules were adsorbed onto the hydrophobic surface of the uncoated PMMA channel by 
hydrophobic interaction (Fig. 2), and the negative charge of the fixed SDS molecules on the 
channel surface induced a cathodic EOF. In order to provide evidence of SDS adsorption onto 
the channel surface, we investigated the pH dependence of EOF mobility EOF using both 
ionic and non-ionic surfactants (Fig. 3). We optimized the separation conditions for PMMA 
chips permanently uncoated but dynamically coated with SDS. Through optimization, we 
were able to successfully perform sample loading and complete electrophoretic separation of 
proteins with molecular weights up to 116 kDa within 6 seconds at the 5-mm separation 
length by effectively utilizing cathodic EOFs induced by dynamic SDS-coating of 
permanently uncoated PMMA microchips (Fig. 4). 

Hideya Nagata, Health Technology Research Center, Nano-bioanalysis Team, National 
Institute for Advanced Industrial Science and Technology (AIST), 2217-14 Hayashi-cho, 
Takamatsu, Kagawa 761-0395, Japan, hideya.nagata@aist.go.jp, fax +81-87-869-4113 

Figure 4.  Electropherograms of protein separation on a dynamic SDS-coated chip using a 
buffer solution containing 5% LPA, 0.1% w/v SDS, 50 mM Tris-HCl, and 35 mM aspartic 
acid at pH 8.0, SDS-protein complexes were labeled with Alexa Fluor 488 in the separation 
buffer. Detection points were 1, 3, 5, 10, and 15 mm from the center of the intersection. 
The symbols I, II, and III represent Trypsin inhibitor (21.5 kDa), bovine serum albumin 
(66.5 kDa), and -galactosidase (116.0 kDa). 



INTEGRATED CIRCUIT AND MICRO-FABRICATION 
COMPATIBLE MATERIALS FOR PROTEIN 

PATTERNING
M. Anwar1,2 , T. Aytur3, J. Foley4, P.R. Beatty4, B. Boser3

1Whitehead Institute, 2Departement of Electrical Engineering and Computer Science, MIT, 
Cambridge MA 02139, USA,  3Departement of Electrical Engineering and Computer 

Sciences, 4Departement of Molecular and Cell Biology, UC Berkeley, Berkeley CA 94720, 
USA

ABSTRACT
 Micro-fabricated devices are increasingly being used to interface with biological 
samples.  Protein patterning is an essential component to this interface, allowing the device 
to specifically interact with target proteins, small molecules, and cells. We present a simple 
method in which materials indigenous to micro-fabrication (including CMOS) processes 
are used to pattern proteins onto the surface of the device, obviating the need for chemical 
surface modification. Gold is found to be an excellent protein binding substrate. Protein 
patterning can be achieved by microfabricating protein binding and excluding materials.   

Keywords: BioMEMS, Immunosensor, Protein Binding, Protein Pattering 

1. INTRODUCTION
 With the increasing use of MEMS in biological applications, the need to adhere protein 
to these devices is essential.  Chemical functionalization of the surface, such as with 
SAMS[1] and Silane, have proved useful, but involve several non-trivial post-processing 
steps.  To leverage the batch fabrication inherent in micro-fabrication processes, we seek to 
find a substrate that can be micro-fabricated onto a device and can bind protein with no 
need for chemical modification.  In this study, we analyze existing MEMS compatible 
materials and determine their protein binding capacities.  In order to function as a suitable 
biological interface, the surface must bind proteins with high density and affinity, retain 
proteins biologically important conformation after binding, adhere a wide variety of 
proteins, and the binding procedure must be facile and robust.  This paper presents a 
method for experimentally evaluating a variety of materials compatible with micro-
fabrication, and demonstrates that gold is an excellent substrate for protein binding. 

2. THEORY
   We seek to develop a methodology to assess the relative protein binding capacities of 
various materials, as well as their use in immunological assays.  We employ enzyme 
(alkaline phosphatase) conjugated proteins in the binding assays.  The catalysis of a 
colorless substrate (NPP) by the enzyme conjugate can be quantitatively determined.  The 
rate at which an enzyme catalyzes a substrate is given by the Michealis-Menton equation:  

kcat Ez S

KM S
v0

where EZ and S are the enzyme and substrate concentration, respectively, kcat is the catalytic 
efficiency, v0 is the reaction rate,  and KM is the  Michealis-Menton constant.  If S >> KM,
the rate of product formation is only (linearly) dependent on the enzyme concentration.  We 
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will measure this reaction rate, and determine the relative protein binding concentrations of 
the various materials.   

    Protein function is highly dependent on tertiary structure.  In order to determine 
if proteins retain their structure upon binding, antibodies will be used to bind to the adhered 
proteins.  Antibodies recognize proteins based on their structure, and the highly specific 
binding event indicates that a proteins structure has been retained.

3. EXPERIMENTAL 

We fabricated polished silicon wafers coated with the following materials:  Gold, 
Silicon Dioxide, Silicon (p-type), Titanium, Teflon, Nitride, Aluminium, Chrome, 
Titanium/Nitride, Glass, Platinum and Copper.  The wafers were submerged in solutions of 
(primary) protein (Human IgG – Biotin, OVA, HEL, Mouse Sera, Dengue Viral particles), 
incubated overnight at 4ºC, washed with PBS and blocked with a 3 % w/v BSA solution.  
Subsequent protein incubations (secondary protein) occurred at room temperature for one 
hour.  A protein linked to alkaline phosphatase, binding to either the primary or secondary 
protein, is introduced.  A final series of washes are done with PBS/Tween.  The alkaline 
phosphatase catalyzes the formation of colorless NPP to a yellow product, which is 
measured by optical density. 

4. RESULTS AND DISCUSSION 
    The first criteria in evaluating a material as a protein binding substrate is its 

protein binding capacity.  To determine protein binding capacities, the various materials 
were incubated in Human IgG Biotin, washed and blocked, and streptavidin alkaline 
phosphatase (which specifically binds to biotin) was introduced.  The rate of NPP catalysis 
was then measured (Figure 1).  The reaction rate is linear, and therefore the relative enzyme 
concentrations can be determined from the reaction rates.  The slopes, indicating relative 
protein binding capacity, are illustrated in Figure 2.   

We find that gold is 
the best material for 
protein binding.  In 
addition to having a 
high protein binding 
capacity, the 
adhesive forces are 
strong enough to 
retain protein after 
several vigorous 
washes.  To further 
probe the utility of 
using gold for 
protein binding, we 
tested gold in a 

variety of immunoassays.  Polystyrene, typically used in biological assays, was used as the 
reference assay substrate.  Figure 3 shows that gold is equivalent to polystyrene in a 
standard immunological assay using the HEL antigen.  A clinical assay for diagnosing 
Dengue viral infection was also done on gold, and yielded accurate results (Figure 4).  
These assays illustrate that proteins retain their tertiary structure upon binding to gold. 
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Figure 1:  The amount of NPP 
catalyzed versus time.  
Figure 2:  The slopes of the NPP 
versus time plot for various materials.  
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    To illustrate the principle of selective protein patterning, protein adsorption to gold and 
Teflon was imaged.  Gold and Teflon were incubated in either human IgG antibody 
(positive) or BSA (negative), and subsequently incubated with biotinylated anti-human 
IgG. Streptavidin-FITC was then added, and the fluorescence was quantified  (Figure 5).  
Thirty-five times more protein bound to gold compared to Teflon.  

   The 
utility of using gold 
as a protein 
adhesion layer in 
micro-fabricated 
biosensors was 
verified in the 
fabrication of a 
BioMEMS 
Immunological 
Sensor (Aytur et 
al[2], Figure 6), 
whereby the sensor 
interface was coated 
with gold to allow 
protein adhesion and 

specific interaction with the biological sample 
5. CONCLUSIONS 
 We have demonstrated that gold, a 
material that can be easily integrated into 
micro-fabriction processes, can be used 
as a protein binding substrate. It binds 
proteins with high affinity (proteins are 
not removed after several rigorous 
detergent washes), high density, and 
adheres a wide variety of proteins 

without the need for chemical modification of the surface.  In addition, protein structure is 
retained after binding, allowing the protein to retain its function.  The utility of gold as an 
assay was demonstrated in several immunoassays, including a clinical diagnostic assay for 
Dengue infection.  Selective patterning of protein can be accomplished by patterning 
Teflon on gold in areas that are to exclude protein absorption.   
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Figure 4: Dengue viral antigen was 
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ABSTRACT 

A new method has been developed for introducing functional groups onto a local surface 
of microchannel using polymer particles.  By introducing a particle suspension, particles are 
accumulated specifically into wells formed in a microchannel.  Then by melting the 
accumulated particles, functional groups were transferred and immobilized stably onto the 
local surface.  In this study, monodispersed polymer particles having epoxy groups were 
synthesized, and modification of PDMS microchannel was performed with a resolution of 
30 m.  Also, the modified area was stained with FITC, demonstrating the presence of the 
reactive epoxy group.  This method would not be affected by the material of microchannel, 
which shows the validity and applicability. 
 
Key words: surface modification, particle, microchannel, functional group 
 
1. INTRODUCTION 

Surface property of microfluidic devices is one of the crucial factors in performing 
microscale analysis, reaction, flow control, and cell cultivation.  Previously, several 
methods for local surface modification in fabricated microdevices have been reported using 
laminar flow control1 and photo polymerization2, 3.  However, implantable functional 
groups, applicable materials, and modified shapes were limited in these methods.  So in this 
study, a new method for local surface modification of microchannel has been proposed.  
This method utilizes functional polymer particles and their accumulation and melting in a 
microchannel.  Thus it is expected that the applicable materials and shapes are not limited.  
In this study, PDMS microchannel was modified using polymer particles having epoxy 
groups. 
 
2. PRINCIPLE 

The principle is shown in Fig. 1.  When a particle suspension is introduced into a 
microchannel having wells, particles are precipitated and aggregated in the wells.  After 
removal of the liquid, a precise volume of particles is left in the wells due to the interaction 
between particles surrounded by a medium.  Then particle melting is followed, to stabilize 
the functional material onto the surface. 
 
3. EXPERIMENTAL 

Monodispersed polymer particles, which have epoxy group as a functional group, were 
synthesized by dispersion polymerization using styrene and glycidyl methacrylate as 
monomers, and AIBN as an initiator.  The size of the particles was ~ 5  m, and they could 
be melted at ~150 °C.  PDMS microdevices were fabricated using usual soft lithographic 
techniques.  The width, depth, and length of the channel were 150 ~ 300  m, 200  m, and 
26 mm, respectively.  Several types of microwells were fabricated, and their sizes were 

µ

µ µ

µ
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30~200 m.  Two PDMS plates were bonded after O2 plasma treatment, and the positions
of the microwells and the microchannel were precisely aligned using an optical microscope.

The modification procedures are as follows; first, a particle suspension in methanol was
introduced into the microchannel using a syringe pump. Next, air was introduced into the
microchannel, leaving particles into the wells formed in the channel.  Then by heating the
microdevice at 140 °C for 2 hours at 50 mmHg, particles are completely melted, and the
local surface of the microchannel was modified.

(a) (b) (c) (d)
Figure 1. Schematic diagrams of local surface modification.  (a)~(c) Particles are
precipitated and aggregated onto the wells. (d) After accumulation, particles are melted by
heating, to immobilize functional polymers onto the local surface.

4. RESULTS AND DISCUSSION
The actual procedures of particle

accumulation are shown in Fig. 2.  As can
be seen, particles were accumulated
gradually and specifically into the wells
(Fig. 2(a)).  By introducing the air into the
microchannel, the remaining particles on
the bottom of the microchannel was
completely removed, while non-specific
adhesion on the PDMS surface was not
observed (Fig. 2 (c)).  SEM photographs of
the wells before introducing particles, after 
accumulation, and after melting, are shown 
in Fig. 3. It was demonstrated that the
polymer particles were almost perfectly
melted, while keeping the channel surface
stable.  The surface of the melted polymer
area was almost flat, but a little concaved.
This was due to the void volume of the
accumulated particles.  On the other hand,
accumulations into various types of wells
are shown in Fig. 4.  Particles were
accumulated into the wells regardless of
the shapes.

Figure 2. Photographs of particle
accumulation.  Particles were specifically
accumulated in the wells. 

100 m

Next, chemical reaction was performed between the epoxy group on the melted particle
areas and FITC, as shown in Fig. 5.  As a result, the melted polymer area was specifically
stained with FITC, demonstrating the presence of the reactive group.  Therefore, it was
confirmed that this method can utilize the immobilized functional group for local chemical
reactions or further surface modification.  As an application, local immobilization of
enzymes was successfully performed, using ethylene diamine and glutaraldehyde as linkers.
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Figure 3. SEM photographs of a microwell formed in the microchannel: (a) microwell
before modification, (b) particles accumulation, and (c) melted particles.

(a) (b) (c)

100 m

5. CONCLUSIONS
A new method for local surface modification of microchannel was successfully

demonstrated using functional polymer particles.  This method can be applied for local
chemical reaction, biomolecule patterning, and cell cultivation in a limited space.
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PERMANENTLY HYDROPHILIC PDMS SUBSTRATES 
BY ELECTROSTATIC SELF ASSEMBLY AND 

CHEMICAL CROSSLINKING 

H. Makamba, Y-Y.  Hsieh, W-C. Sung, and S-H. Chen* 
Chemistry Department, #1 Ta Hsueh Road, National Cheng Kung University, Tainan City 

701, Taiwan 

ABSTRACT 
Polydimethylsiloxane (PDMS) is a material that suffers from hydrophobicity recovery.  
Permanently hydrophilic PDMS surfaces were created using electrostatic self assembly of 
polyethyleneimine (PEI) and polyacrylic acid (PAA) on top of a hydrolyzed poly(styrene-
alt-maleic anhydride) (h-PSMA) amphiphilic layer adsorbed on PDMS.  The 
polyelectrolyte multilayers were crosslinked by carbodiimide coupling with subsequent 
covalent attachment of polyethylene glycol (PEG) chains to the crosslinked polyelectrolyte 
multilayers (CPEMS) to produce stable, hydrophilic, protein resistant coatings which 
resisted hydrophobicity recovery in air. 

Keywords: electrostatic, hydrophilic, poly(dimethylsiloxane), self-assembly 

INTRODUCTION
PDMS is a material that has widespread use in medicine and more recently in microfluidics.  
Its applications in various fields are problematic due to the surface instability which is 
characterized by hydrophobicity recovery.  To our knowledge, no reliably stable 
hydrophilic PDMS surface has been created to date.  Previous methods such as exposure to 
oxygen plasma, radiation induced graft polymerization [1] and atom transfer radical 
polymerization [2] have not fully addressed the problem of hydrophobicity recovery.  In 
these methods, hydrophilic polymers are directly attached to the PDMS bulk, exposing 
them to the nimble hydrophobic groups that migrate to the surface.   Here we present a 
method in which the CPEM thin films run parallel to the PDMS surface, thus protecting the 
attached PEG molecules from direct hydrophobic attack.  The CPEMS are bridged with the 
PDMS bulk material via a polyamphiphile which binds to the PDMS bulk by hydrophobic 
interactions and binds to the CPEMS via amide bonds, creating a stable coating. 

EXPERIMENTAL 
Plasma oxidized PDMS flat substrates or microchannels were left for 9 hours to regain a 
little hydrophobicity which would allow the strong binding of the polyamphiphile to the 
PDMS surface.  The polyamphiphile, h-PSMA (0.25% w/v) was then adsorbed onto the 
PDMS surface from aqueous solution.  Electrostatic self assembly of polyethyleneimine 
(PEI) (1 % w/v) and polyacrylic acid (PAA) (0.25% w/v) was performed on top of the h-
PSMA).  PEG chains were then attached to the multilayers with simultaneous crosslinking 
of the multilayers.  PEG diamine was attached to PAA topped multilayers by carbodiimide 
coupling and PEG dicarboxylate was attached to PEI topped multilayers also by 
carbodiimide coupling.  PEG dialdehyde was attached to the PEI topped multilayers by 
reductive amination and aldol condensation.  We performed a battery of experiments which 
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includes FTIR, XPS, contact angle measurements and electrokinetic measurements to 
characterize the surface and monitor the stability of the multilayer thin films.

RESULTS AND DISCUSSION
IR spectroscopy of the thin films showed amide peaks at 1650 cm-1 (carbonyl amide stretch) 
and 1550 cm-1 (N-H amide bend). A plot of the N-H amide peak intensity at 1550 cm-1

against number of layers is almost linear (Figure 1), showing the consistency of the thin
film formation.  Figure 2 shows XPS spectra for the effect of immobilizing PEG dialdehyde
on the film h-PSMA/(PEI/PAA)4/PEI. The figure shows that there is a dramatic increase of
the C-O peak at 287 eV, which can be attributed to the dense PEG chains covering the
multilayer thin films (Figure 2B).  The PEG dialdehyde was attached to the amine groups
on the PEI top layer by reductive amination and also underwent crosslinking by the aldol
condensation to create a dense layer of PEG chains.  The stability of the thin films was
studied by monitoring the contact angle and electroosmotic (EOF) trends over a period of
time.  During this period, PDMS substrates and microchannels were kept dry. Figure 3A
shows that the contact angle for the thin films is stable, especially for PEG dialdehyde.

Amide NH absorption with number of layers
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Figure 1. Plot of the N-H amide absorbance peak at 1550 cm-1 against the number of single polyelectrolyte layers.

The electrokinetic stability was tested over a period of five months by EOF measurements.
EOF tests were performed at pH 4 on microchannels with the following crosslinked thin
film coatings: (1) h-PSMA/(PEI/PAA)2/PEI/PEG dicarboxylate, (2) h-
PSMA/(PEI/PAA)2/PEI/PEG dialdehyde (3) h-PSMA/(PEI/PAA)2/PEI.  As shown in
Figure 3B, the EOF of the PEG dicarboxylate coating showed a constant value of -1.2 x 10-

4cm2v-1s-1 for five months.  The PEG dialdehyde coating also showed similar trends, with an
EOF of around -2.5 x 10-4cm2v-1s-1.  The EOF value of the chip without PEG also had a 
constant value of around -3.23 x 10-4 cm2 v-1s- I.  The higher EOF values for channels
without PEG can be easily interpreted in terms of the available surface charge. The
electrokinetic data shows that the thin film coatings produced in this work are permanently
hydrophilic. We attribute this stability to the hydrophilic crosslinked thin films on the
PDMS surface.  As far as we know, this is the first time that PDMS microchannels show
such stability in air. Also the films showed robustness because they neither sank into the
PDMS bulk nor delaminated from the surface with continuous exposure to liquid flow. The
PEG dialdehyde coated films showed 90 % reduction in protein absorption when compared
to oxidized PDMS after exposure to undiluted rat serum (48 mg/ml protein concentration).
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Figure 2.  High resolution XPS carbon spectra showing the effect of immobilizing PEG dialdehyde on the film h-
PSMA/(PEI/PAA)4/PEI.  (A), C1s spectrum for h-PSMA/(PEI/PAA)4/PEI.  (B), C1s spectrum for h-
PSMA/(PEI/PAA)4/PEI/PEG dialdehyde.
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Figure 3.  (A) Variation of contact angle with time for the thin film coatings h-PSMA/(PEI/PAA)4/PEG diamine,
h-PSMA/(PEI/PAA)4/PEI and h-PSMA/(PEI/PAA)4/PEI/PEG dialdehyde.  (B) Study of the EOF trends for the
thin film coatings h-PSMA/(PEI/PAA)2/PEI, h-PSMA/(PEI/PAA)2/PEI/PEG dicarboxylate and h-
PSMA/(PEI/PAA)2/PEI/PEG dialdehyde.  The EOF values are negative but the absolute values are given in this
graph for clarity.

CONCLUSION
The results show that it is possible to produce permanently hydrophilic PDMS surfaces by
creating hydrophilic CPEMS on the surface.  The groups on the CPEMS allow attachment
of other polymers such as PEG for protein resistance.  Also, the PEG topped films can be
used for studying biomolecular interactions. If necessary, this modification can be applied
to biocompatible polyelectrolytes for medical applications. We expect the modification to
be useful for producing commercial hydrophilic stable PDMS microchips.
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ABSTRACT 
This paper presents a novel technology, based on low-melting-point (L.M.P.) 

agarose as a protection layer and oxygen plasma etching, for photolithographic patterning 
of two different proteins on a single chip. Following the patterning of the first protein layer, 
the second protein layer is immobilized on the un-protected regions. Both protein layers are 
shown to be active at the end of the fabrication process. 

KEYWORDS 
Low-melting-point agarose, protein patterning, photolithography 

INTRODUCTION
In the last decade, the field of Bio-MEMS has emerged as an application utilizing 

both microsystem technology and biotechnology. Novel surface nanotechnologies, such as 
protein patterning techniques, have been developed to selectively modify artificial surfaces 
with active bio-layers to be used for biosensors, cell studies and tissue engineering [1]. 
Sucrose, previously used to pattern proteins [2], is not suitable for patterning a second 
protein since it is highly soluble in aqueous solution. Micro contact printing is not a 
convenient technology when alignment between multi layers is required. Moreover, 
functional discrepancy of the polymers is reported in the stamping process [3]. Recently, 
parylene has been utilized for fine patterning of proteins [4]. However, this approach 
requires a rather complicated PDMS microfluidic system. Photolithography, on the other 
hand, is a well-established technique in batch fabrication of microdevices with high 
resolution and precise alignment. Patterns are transferred from a mask to a photoresist 
layer; and from the photoresist to a thin film of bio molecules immobilized on a surface. 
However, the solutions used to develop and strip the photoresist layer may cause stability 
problems for functional proteins [5]. In this work, a first protein layer, protected by a film 
of L.M.P agarose, is patterned utilizing standard photolithography, and a second protein 
layer is then self-aligned on the non-protected regions. 

PROTEIN PATTERNING
The present technology features L.M.P. agarose as a robust protection layer, which 

can be used repeatedly to protect previously immobilized proteins as illustrated in Figure 1. 
The starting substrate is a 2” silicon wafer with a 3000Å-thick thermal oxide. The hydroxyl 
groups of the oxide surface are silanated in 1% (vol./vol.) 3-aminopropyltriethoxysilane 
(APTES)-acetone solution (Figure 2a). Next, the APTES surfaces are activated by 2% 
(vol./vol.) glutaraldehyde in 1  phosphate buffer saline (PBS), in which Shiff-base reaction 
takes place between the amine and aldehyde groups. Recombinant Protein A from 
Staphylococcus aureus is then incubated on the activated surface (Figure 2b). The excess 
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silane sites are blocked by immersing the substrate in bovine serum albumin (BSA) solution
after washing with PBS. Mouse Immunoglobins G (IgG) molecules from Serum, are 
incubated on the protein A layer (Figure 2c); thus, completing the first protein coating.
Diluted anti-mouse IgG-FITC is incubated on the mouse IgG patterned surfaces in dark to
serve as an indicator for the first protein layer (Figure 2d). Next, a thin film of 1% (wt./vol.)
L.M.P. agarose in DI water is spin coated at 1000rpm, for protection of the first protein
layer during the patterning process, followed by photoresist spin-coating as shown in Figure
1a. The intermediate pattern transfer from the mask to the photoresist is accomplished
through standard UV light exposure and development steps (Figure 1b). Low temperature
oxygen plasma etching is used for the final pattern transfer from the photoresist to the first
protein layer (Figure 1c). After stripping the photoresist by acetone (Figure 1d), the 
exposed silicon dioxide area is subjected to the same incubation assay described earlier 
(Figure 1e). In this process, though, Cy3- IgG molecules are incubated on the surface not
protected by agarose as described in Figure 2(e). Finally, the protective agarose layer is 
dissolved in warm 1 PBS at 55°C (Figure 1f). 

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. Cross sections for patterning two
different biologically-functional layers on
the same surface.

(a)

(b)

(c)

(d)

(e)

Figure 2. Schematic illustration of the
immunoassay processes.

PROCESS CHARACTERIZATION
The agarose layer is measured to be about 90nm in thickness, sufficient to protect

the first 5nm-thick biologically-active layer. Under the excitation of fluorescent light, the
FITC- IgG and Cy3- IgG patterns are displayed in Figures 3 and 4 respectively; indicating
that both proteins have indeed been immobilized next to each other and are active at the end
of the fabrication process. The corresponding intensity profiles, shown in Figures 5 and 6, 



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

766

demonstrate that the protein coatings are quite uniform. Moreover, the lateral undercut of
the first bio layer (Fig.5) during the patterning process is estimated to be about 30µm.

Figure 3. FITC- IgG pattern under
fluorescent excitation.

Figure 5. Intensity profile of the FITC- IgG
coated surface.

Figure 4. Cy3- IgG pattern under
fluorescent excitation.

Figure 6. Intensity profile of the Cy3- IgG
coated surface.

CONCLUSIONS
A robust photolithography-based technique, using L.M.P. agarose as a protection

layer and oxygen-plasma etching, is presented for direct patterning of two proteins. The
patterning process can be repeated to immobilize multi proteins on the same surface. 
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Abstract 

  We developed a method for fabricating poly(ethylene glycol) (PEG) nanostructures 

using capillary lithography mediated UV exposure. In comparison to unstructured, planar 

PEG films, the hydrophobicity was enhanced on PEG nanostructures presumably due to 

embedded air in the nanostructures. Proteins and cells were tested to examine the effects of 

the modification of surface properties on protein adsorption and cell adhesion 

Key Words: PEG;Capillary lithograpy; Nanotopography; Protein, cell adhesion 

1. Introduction

Polyethylene glycol (PEG)-based polymers are of great importance in such fields as cell 

and tissue engineering, biosensors, and drug delivery systems [1,2]. Moreover, the control 

over wettability of the PEG-coated surfaces would provide valuable platforms for 

fabricating novel biological and biomedical devices, for which a facile way is to fabricate 

micro- or nanostructures of PEG without resorting to other surface modification methods 

[3,4].  

  Herein, we introduce a simple, convenient method as an alternative route to the 

nanofabrication of PEG hydrogels. It turned out that protein adsorption or cell adhesion was 

slightly increased on PEG nanostructures, presumably due to change of wettability and 

increased surface area. 

2. Fabrication  

The method to fabricate PEG nanopillars is the same as that for microfabrication of 

PEG hydrogels except that a PUA mold is used instead of a PDMS mold. Briefly, a few 

drops of UV curable PEG polymer was put on the substrate and a PUA mold was directly 
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placed onto the surface, forming a conformal contact with the surface. The PEG structures

were subsequently cured by exposure to UV for several minutes.

3. Results and discussion

Fig. 1 shows PEG nanopillars that formed on glass substrate. As shown in Fig. 1(a) the

boxed PEG surface with a high density of nanopillars (~ 150 nm width at base and ~ 500

nm space) and the blank PEG layer covering the rest region. In Fig. 1(b), the nanopillars

were formed on the entire surface with minimal defects. 

Figure 1. SEM images of PEG nanostructures formed on glass substrate. 

To test for the change of wettability for PEG nanostructures, we measured contact angle of

water on a glass slide, a bare PEG surface, and a PEG surface with nanopillars, respectively.

Figure 2. Measurements of contact angle of water on (a) a bare PEG surface (  22.5 )

and (b) a PEG nanostructure (  95 ). Contact angles on the three different surfaces.

The results are summarized in Fig. 2. When a water drop is placed on the nanostructured,

the contact angle was drastically increased to 90 ~ 100  for which embedded air between

nanopillars is likely to be responsible. On the contrary, the contact angle was 20 ~ 25  on

the bare PEG film and less than 10  on the glass. A number of proteins and cells were

tested to examine the effects of the modification of surface properties on protein adsorption

and cell adhesion.

Fig.3(a) The graph summarizes the proteins: BSA, FNIgG on the surfaces of glass, bare
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PEG, and PEG nanostructure. Fig.3 (b) images of the P19 EC cell and graph. 

 Fig. 3(a) shows the adsorption of three selected proteins on glass, bare PEG, and PEG 

nanostructure, respectively. In our experiment, the intensity was increased to 1.2 to 3 times 

stronger than that of the bare PEG surface depending on which protein was used, which 

also agrees with the increase of surface area qualitatively. Fig. 3(b) indicates that cells 

adhered on a nanostructured PEG surface slightly higher than on a bare PEG film, but much 

less than on glass control, which could be attributed to the increased surface area and 

hydrophobicity. 

4. Conclusion 

  As PEG-based polymers are frequently used in a broad range of applications in 

biomaterials science, the control over wettability of the PEG-coated surfaces would provide 

valuable platforms for fabricating novel biological and biomedical devices. 
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ABSTRACT
In this paper the preparation of nanoporous silicon membranes and evaluation of their 

usage for the solid electrolyte in miniature direct formic acid fuel cells compatible with 
silicon micro-fabrication technology is reported. 

Keywords: Fuel cell, nanoporous silicon, microfabrication, formic acid 

1. INTRODUCTION
Silicon-based fuel cells are under active development for electrical power supply to 

micro systems including micro-electro-mechanical systems.  Some research groups 
reported usage of perfluorinated polymer materials, for example Nafion membranes, as 
solid electrolyte for fabricating silicon-based miniaturized fuel cells [1-4].  But polymer 
materials, though widely used in proton exchange membrane fuel cells, are not suitable for 
silicon micro-fabrication technology due to its volumetric variation with changes in 
hydration level and its incompatibility with photolithography process. For solid electrolyte 
in micro-scale fuel cells, the proton conducting material reported in this work is based on a 
nanoporous silicon membrane, which was formed by anodic etching silicon in hydrofluoric 
acid solution.  This nanostructured membrane and its fabrication process are compatible 
with current silicon technology.  Performance of membrane electrode assembly (core 
component in most fuel cell designs) using this material is evaluated. 

2. EXPERIMENTAL 
The fabrication processes for porous silicon membranes is illustrated in Figure 1.  P-type 

boron doped silicon wafers with resistivity between 0.005 and 0.02 -cm were used.  
Silicon nitride was used as mask (Figure 1, A-B).  Silicon membrane with thickness of 80 

m was obtained by plasma dry etching (Figure 1, C-D).  The flat side was then coated 
with chromium by sputtering and a layer of photo-resist (Figure 1, E).  The anodic etching 
electrolyte consisted of w.t. 49% hydrofluoric acid and ethanol with volume ration of 1:1.  
Anodic current density was 40 mA/cm2.  After porous silicon membrane formed, metal and 
photo-resist layers were removed (Figure 1, F-G).  Membrane-electrode-assembly was 
made as follows.  Titania particles with diameter smaller than 10 nm were coated on one 
side of the porous silicon membrane as electrical insulator, designated as sample A.  5 L
of Nafion solution was cast evenly on the surface of another porous silicon membrane 
before coating the layer of titania particles, designated as sample B.  Electrodes were 
formed by coating a catalyst ink of Nafion solution, millipore water, and platinum 
nanoparticles as cathode, and another ink of same solvent but with palladium nanoparticles 
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as anode.  Current collector was formed by coating gold ink on top of catalyst layers.  
Samples were dried by heat lamp in ambient atmosphere.  Figure 2 and Figure 3 are SEM 
images of the porous silicon and catalyst layer on anode side. 

Silicon

Silicon nitride

Photo-resist

Cr-Au layer

Porous silicon

(A)

(G)

(F)

(E)

(D)

(C)

(B)

Figure 1. Fabrication process of porous silicon membranes 

Figure 3.  SEM image of anode side catalyst 
layer (bar length: 100 nm) 

Figure 2. SEM image of porous silicon 
(bar length: 5 m) 

3. RESULTS AND DISCUSSIONS 
Polarization curves (voltage-current density curves) and power density curves of 

membrane-electrode-assemblies made from samples A and B are shown in Figure 4 as 
performance evaluate.  Using a fuel of 5 M formic acid with 0.5 M sulfuric acid, the power 
density of membrane-electrode-assembly A reached 31.5 mW/cm2 at current density level 
of 116.9 mA/cm2, and 39.6 mW/cm2 at current density level of 144.0 mA/cm2 for B.  As 
power requirement for portable devices like cell phones ranges from 1 to about 50 W, these 
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results showed potential of a new class of proton conducting material for micro-fabrication 
of silicon-based miniaturized fuel cells. 
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Figure 4. Performance of membrane-electrode-assembly 

4. CONCLUSIONS 
Porous silicon membranes were shown to be potential material for solid electrolyte of 

micro formic acid fuel cell applications. Fabrication processes are compatible with current 
silicon micro-fabrication technology. 

ACKNOWLEDGEMENT
This work was supported by the Department Of Energy under grant DEGF-02-

99ER14993, and the Defense Advanced Research Projects Agency under U.S. Air Force 
grant F33615-01-C-2172. 

REFERENCES
[1] G. Q. Lu, C. Y. Wang, T. J. Yen, and X. Zhang, "Development and characterization of 

a silicon-based micro direct methanol fuel cell", Electrochimica Acta, 49, pp. 821-828 
(2004).

[2] K. Shah, W. C. Shin, and R. S. Besser, "A PDMS micro proton exchange membrane 
fuel cell by conventional and non-conventional microfabrication techniques”, Sensors 
and Actuators B, 97, pp. 157-167 (2004). 

[3] T. J. Yen, N. Fang, and X. Zhang, "A micro methanol fuel cell operating near room 
temperature", Applied Physics Letters, 83, pp. 4056-4058 (2003). 

[4] J. S. Wainright, R. F. Savinell, C. C. Liu, and M. Litt, "Microfabricated fuel cells “, 
Electrochimica Acta, 48, pp. 2869-2877 (2003). 



THERMALLY INDUCED PHASE TRANSITIONS OF 
BIOMOLECULES OBSERVED VIA NANOMECHANICAL 

MOTION FROM MICROCANTILEVERS 
S.L. Biswal1, D. Raorane1, A. Chaiken2, H. Birecki2, S. Naberhuis2,

and A. Majumdar1

1 Department of Mechanical Engineering UC Berkeley, California USA 
2HP Laboratories, Palo Alto, California USA 

ABSTRACT 
 We report the extension of the microcantilever platform to study the thermal stability of 
macromolecules. The sensitivity of these cantilevers combined with their fast response time 
has allowed us to use these sensors for the thermal dehybridization of surface-bound 
oligonucleotides.  We have been able to distinguish the melting curves for dsDNA at 
various salt concentrations and lengths.  

Keywords: DNA melting, microcantilevers 

1. INTRODUCTION
 Microcantilevers have become important micromachined structures for the detection of 
molecular interactions in many physical, chemical, and biological sensing applications [1]. 
Their extremely high surface-to-volume ratio permits detection of surface stresses which 
are too small to observe on a macroscale.  Microcantilever-based sensors directly translate 
changes in Gibbs free energy due to analyte-adsorbate and adsorbate-adsorbate interactions 
into mechanical responses [2].  Many groups have shown that processes like 
adsorption/desorption of molecules and surface reorganization induce a stress which causes 
the cantilever to bend [3]. The cantilever thereby converts a biochemical signal into a 
mechanical one. One can follow surface processes by measuring the deflection of the 
cantilever tip. We have utilized this phenomenon to study phase transitions in 
macromolecules while scanning the sample temperature. 

2. MICROCANTILEVER ARRAY 
We have developed cantilever array to effectively perform experiments on multiple 
cantilevers simultaneously. The cantilevers we use are bimorph comprising a 200 m silicon 
nitride beam with a gold layer ~20 nm thick as shown in Figure 1.  Since these cantilevers 
are bimorph, changes in temperature will induce bending of the cantilever that can be 
monitored using an optical detection method.  For this method, a laser beam is projected 
onto the cantilever array and the reflected beam emanating from the ends of the cantilever 
surface is captured onto a CCD.  With the deflection of the cantilever, the light is reflected 
to a different angle and strikes the CCD at a different position on its surface.   Because the 
gold layer is thin relative to the silicon nitride, we can use Stoney’s formula to relate the 
surface stress in the gold layer to the cantilever tip rotation and deflection given in Eq. (1):  

2
11

2
1 )1(3

tE
Lh                                                           (1) 
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where  is the change in surface stress, 1 is the Poisson’s ratio of the thick layer, E1 is the 
Young’s modulus of the thick layer, t1 is the thickness of the think layer, and L is the length 
of the cantilever.   

Figure 1: 2-D Cantilever Array Sensor: Chip (left): electron micrograph of cantilevers 
within the array (right) 

3. EXPERIMENTAL 
To demonstrate the use of the microcantilever to detect thermally induced phase 

transitions, we have studied the melting of DNA molecules.  We begin by immobilizing and 
hybridizing 15, 20 and 25mer DNA strands.  The creation of the DNA film on the 
cantilever surface leads to a deflection of the cantilever as shown in Figure 2.   

Figure 2: Change in surface stress (mJ/m2) due to hybridization of ss15 DNA.  When buffer 
alone is added, the cantilever does not deflect. When complementary strands are added, 

there is a large surface stress change. 

After hybridization we ramp up the temperature to induce melting.  Our experiments were 
performed in a 25, 50 or 100 mM PBS buffer.  Figure 3 displays a typical melting response.  
At 50 mM PBS, the otherwise linear deflection response shows an abrupt discontinuity at a 
temperature of T  49ºC, in good agreement with the calculated temperature at which we 
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expect the double helix to separate.  If we lower the salt concentration to 25 mM, we see a 
shift in the discontinuity to a lower temperature, T  44ºC. 

Figure 3: Thermal scans of hybridized DNA.  For a blank cantilever, the change in surface 
stress with respect to temperature is caused by the bimetallic effect.  For the cantilevers 

with hybridized DNA attached, there are abrupt transitions as the DNA melts.   

4. CONCLUSIONS 
We are using this technique to probe more complex systems such as detecting enzyme 

denaturation and protein unfolding.  Microcantilevers offer characterization of a surface by 
detecting the stress changes associated with phase transitions that allow us to probe the 
stability of surface-immobilized molecules more readily than comparable techniques such 
as SPR or AFM.  
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A NEW SELF-SPOTTING ARRAY FOR MULTI-
ANALYTE IMMUNOASSAY PROTEIN LAB-ON-A-CHIP 

ON CYCLIC-OLEFIN COPOLYMER (COC) 
Junhai Kai and Chong H. Ahn 

Microsystems and BioMEMS Laboratory 
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University of Cincinnati, Cincinnati, Ohio 45221  USA 

ABSTRACT 

A new self-spotting array has been proposed and developed for multi-analyte 
immunoassay-based protein lab-on-a-chip on cyclic-olefin copolymer (COC), which can be 
used for the simultaneous analysis of various protein biomarkers toward point-of-care 
testing (POCT) clinical diagnostics.  The self-spotting arrays were characterized for the 
multi-analyte protein chip using fluorescence and chemiluminescence immunoassay. 
Keywords: Self-spotting arrays, protien lab-on-a-chip, point-of-care testing (POCT) 

1. INTRODUCTION

In realizing a smart protein lab-on-a-chip for point-of-care testing, the generation of spot
arrays for immobilizing target multi-analyte on a fully assembled microchannel has been
considered as one of the most challenging tasks.  In this work, a polymer lab-on-a-chip
with self-spotting arrays on COC substrate has been designed, fabricated, and applied for 
simultaneous multi-analyte protein immunoassay.  The new self-spotting cell consists of a 
pair of passive valve arrays which produces a specific molecular binding spot.  The 
addition of the cell in parallel or series will construct a self-spotting array which can be
used for immobilizing various antibodies. 

2. DESIGN AND FABRICATION 

A self-spotting cell as described in Figure 1(a) is proposed and designed in this work. 
When a sample liquid is injected onto the inlet of sample loading chamber, the liquid will 
flow through the microchannel and then into the chamber, confining the liquid in the 
chamber using a pair of passive valve arrays.   In order to realize the multi-analyte protein
lab-on-a-chip, which consists of sample loading chambers and fluid channels, has been 
designed as shown in Figure 1(b).   There are four reaction chambers inside of the fluid 
channel, each consisting of a pair of passive valve arrays and connections with a sample 
loading chamber.  The COC multi-analyte protein lab-on-a-chip was fabricated using
plastic injection molding and thermal bonding technologies [1].

Figure 1. Self-spotting arrays: (a) schematic of the self-spotting cell, (b) schematic of the multi-
analyte self-spotting array and (c) photograph of the fabricated chip. 

(b) (a) (c) 

Fluid channel 

Sample loading chambers

Self-spotting Chambers

Sample liquid 

Sample loading chamber 

Passive valve arrays
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3. SELF-SPOTTING PROCEDURE 
By loading a sample through the sample loading chamber with a low fluid pressure, the 

capture antibody solution will be trapped first in the reaction chamber due to the passive 
valves at the ends of the chamber.  Thus, a self-spotting function can be achieved in this 
reaction chamber, allowing a specific binding spot.  After sealing the sample loading 
chamber, all solutions for the assay will flow through the channel since the passive valves 
will be opened as driving pressure increases.  The sequence is described in Figure 2. 

Figure 3 shows the self-spotting flow test for the chip.  The liquid was well trapped in 
the reaction chamber, achieving a self-spotting array.  So, four different specific spots for 
parallel assay were clearly attained in one channel as shown in Figure 3 (a).  

4. IMMUNOASSAY OVER THE SELF-SPOTTING ARRAY 
 A fluorescence and chemiluminescence immunoassay was performed through the multi-
analyte protein chip.  The basic concepts of this immunoassay on COC substrate were 
reported in our previous work [2-3].  For the fluorescence immunoassay protocol, a 0.02 
mg/mL of mouse IgG was loaded in the four chambers.  After washing and BSA blocking 
the chamber, the FITC labeled anti-mouse IgG was filled through fluid channel and 
incubated for 1 minute.  After washing, the chip was scanned by Typhoon@ 8600 scanner 
as shown in Figure 4.  

Figure 3. Self-spotting flow test: (a) fluid channel with four reaction chambers filled by solution; 
(b) reaction chamber; and (c) passive valves array. 

(a) (b) (c) 

Mouse IgG 

Human IgG 

(a)

(b)
Figure 4. Fluorescence immunoassay image 
of the self-spotting array scanned by 
Typhoon@ 8600.

Figure 5. Image of fluorescence immunoassay 
selectivity by using the multi-target protein chip 
scanned by Typhoon@ 8600 with: (a) only Mouse 
IgG and (b) both Human and Mouse IgGs.

Capture antibody A 

Filling the assay solutions after 
sealing the sample loading chamber

Loading capture antibody A to 
self-spotting cell

Loading capture antibody B to 
self-spotting cell

Capture antibody B 

Assay solution 
Sealed inlet 

Figure 2. Sequence of self-spotting procedure. 
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In order to characterize the specificity of multi-analyte immunoassay in the chip, two 
different proteins were loaded, mouse IgG and human IgG, to the separate reaction 
chambers in the protein chip.  After the completion of the assay, the scanned results for 
both IgGs are shown in Figure 5.  It clearly demonstrated the FITC labeled anti-mouse IgG 
was only shown in the reaction chamber which incubated the mouse IgG (Figure 5 (a)), but 
otherwise was shown the FITC labeled anti-human IgG (Figure 5 (b)). 

Both of the fluorescence and chemiluminescnece immunoassays have been successfully 
achieved on this chip.  Figure 6 (a) shows the fluorescence signal which was measured and 
analyzed by software ImageQuant TL.  For the chemiluminescence immunoassay protocol, 
the horseradish peroxidase (HRP) labeled anti-mouse IgG was filled in fluid channel after 
mouse IgG incubating and BSA blocking.  After washing, the chip was then filled by the 
Supersignal@ chemiluminescence substrate and analyzed, which is shown in Figure 6 (b).   
The chemiluminescence immunoassay will be used in future simultaneous analysis of low 
concentration biomarkers due to its higher sensitivity. 

5. CONCLUSIONS 
 In this work, an innovative concept of self-spotting array has been successfully 
demonstrated and applied to a multi-analyte protein lab-on-a-chip on COC substrate.  
Combining with all advantages of the immunoassay COC protein chip that we reported in 
our previous work, the new self-spotting concept should be one of the most promising 
approaches for most disposable protein lab-on-a-chips for the point-of-care testing (POCT) 
clinical diagnostics. 
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ABSTRACT 
 We have developed methods for flow control, electric field alignment, and readout of 
colloidal Nanobarcodes©. Our flow-based detection scheme leverages microfluidics and 
alternating current (AC) electric fields to align and image particles in a well-defined image 
plane.  Using analytical models of the particle rotation in electric fields we can optimize the 
field strength and frequency necessary to align the particles.  This detection method avoids 
particle agglomeration which leads to loss of information in solution-based particle assays. 

Keywords: Electrophoresis, Electrorotation, Microparticles 

1. INTRODUCTION 
Rod-shaped metallic particles are commercially available with 30 nm to 1 µm diameters 

and lengths of 1 to 10 microns (Nanoplex, Menlo Park, CA).  These metallic rods can be 
electroplated with identifiable stripes that encode on the order of 10 bits of information. Each 
particle therefore carries a “barcode” that identifies a hybridization reaction or immunoassay 
that can be performed and detected in parallel with many other particles in a reaction chamber 
or fluidic channel [1].  The “barcode” pattern of each 
particle can be identified from the contrast in backscatter 
intensity of the metal stripes along its length. 

Current Nanobarcodes©-based multiplexed assays use 
bench top sample preparation to bind relevant target and 
reporter molecules to their surfaces.  The particles and 
sample are then placed in well plate chambers and 
interrogated using a CCD camera after they settle on the 
bottom surface of each well [2,3].  A typical example of 
such images is shown in Figure 1.  Particle striping patterns 
and target binding events are identified in 2D images using 
automated image analysis.  Information from overlapped 
and agglomerated particles must be discarded to avoid 
identification errors.  Particle agglomeration can result in 
significant loss of assay information and makes post-
readout particle separation difficult. 

2. THEORY 
We have developed analytical models for the rotational velocity and stationary distribution 

of rod-like particles with solid metal stripes in DC and low frequency AC electric fields.  The 
model employs conservations of electric flux and current to determine the non-uniform 
“induced” zeta potential at the particle surface as well as bulk particle polarization [4].  The 
“native” zeta potential for striped particles also varies along the length of the particle because 
of the differing zeta potential values for each metal.  We have experimentally measured the 
native zeta potential of homogenous particles and various metal/electrolyte interfaces using a 
ZetaPals zeta potential measurement system (Brookhaven Instrument Corp., Holtsville, NY).   

Figure 1: Reflectance-mode 
image of particles that have 
settled at the surface of a well 
plate.   

10 µm 
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 To approximate barcode particle 
behavior, we linearly superpose native 
and induced zeta potential distributions to 
determine surface charge along the 
particle surface.    

We formulate the rotational 
electrophoretic velocity of the particle by 
solving for both the electric forces at the 
metal/electrolyte interface and the viscous 
and pressure forces for the fluid around 
the particle.  This procedure determines 
the body forces on the charge in the non-
uniform electric double layer (EDL) 
around the particle [5].  The solution for 
the rotational velocity of the particle is a 
function of the angle, θ, between the 
particle and the applied field and has a 
second order dependence on the electric 

field magnitude.  We then formulate a Fokker-Planck-type equation with this velocity as a 
forcing function.  We solve this rotational convective-diffusion equation for the probability 
density function (PDF) of particle angle as a function of field strength and rotational 
diffusivity. 

To validate our particle alignment model, we have measured the orientation of particles in 
a microfluidic device with AC electric fields ranging from 10 to 90 V/cm and ranging in 
frequency between 50 and 1000 Hz.  Our experimental setup uses pattern recognition and 
particle tracking to simultaneously track the translation, diffusion, and alignment of 
cylindrical particles 6 microns long and 0.25 microns in diameter under settling conditions 
and in both DC and AC electric fields.  Figure 2 compares model predictions and 
experimentally observed alignment distributions of particles in 100 Hz AC fields. 

     
3. EXPERIMENTAL 

Our flow-based detection system is shown 
schematically in Figure 3. A vertical flow cell 
is interrogated using a microscope objective 
and images are captured with a CCD camera 
for automated image analysis.  The contrast in 
backscatter intensity of the metal stripes is 
optimized by illumination with 450 nm 
wavelength light.   

Six unique barcode patterns were selected 
for the particles in the detection experiments.  
The particles were suspended in KCl solution 
to replicate the anticipated conductivity of 
assay buffer solutions.  We apply a 100 V/cm 
AC electric field at 100 Hz along the axis of 
the channel to orient particles parallel to the 
flow direction and facilitate fast readout of 
particles.

Figure 2: Orientation distributions of half 
silver/half gold rod-like particles with a 
relatively thin electric double layer.  The 
symbols are experimental data and the solid 
lines are analytical model predictions. 

Figure 3: Schematic of the setup for flow 
based particle control and detection.  The 
flow cell is oriented along the gravitational 
vector to allow particles to settle with 
negligible interaction with sidewalls. 
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4. RESULTS AND DISCUSSION 
Images of particles with alternating gold and silver 

stripes as they flow and settle within a vertically 
oriented microchannel are shown in Figure 4.  The 
striping patterns of particles within the image plane 
were readily identified from the images via automated 
image analysis.  The applied field maintained particle 
orientation along the flow direction although 
Brownian displacements caused the particles to 
occasionally move in and out of the focal plane.  
Increasing the field strength beyond 100 V/cm or the 
frequency above 100 Hz did not improve particle 
detection. 

Initial results demonstrate that the striping pattern 
of particles can be recognized “on the fly”, although 
further improvements to the system are needed to 
concentrate the particles within the focal plane.  The 
flow-based detection allows integration of the readout 
with other microfluidic functions such as mixing, 
buffer exchange, and/or particle separation.   

5. SUMMARY 
We have developed a flow-based detection system for optical detection of rod-shaped 

barcode particles.  The system uses AC electric fields to align particles in a vertical flow cell 
for improved detection.  Flow-based detection can reduce the loss of information due to 
particle agglomeration and enables integration of the readout process with on-chip sample 
preparation and separation.  The throughput of the flow-based system can be improved to 
exceed that of a wellplate based system by increasing flow speed and capture rate of the 
optics.   
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Figure 4. Reflectance-mode image 
of particles flowing in the vertical 
microchannel.  The particles are 
aligned in the flow direction with 
an applied 100 V/cm AC field at 
100 Hz.   
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ABSTRACT

A novel method for proteomics analysis by matrix assisted laser desorption/ionization

mass spectrometry (MALDI-MS) is presented. Proteins are reduced, enzymatically

digested, and analyzed by mass spectrometry in this fully integrated digital microfluidics

platform.

Keywords: Proteomics, electrowetting, droplet-based microfluidics, enzymatic

digestion

INTRODUCTION

Proteomics requires methods and instruments capable of processing and analyzing

thousands of samples simultaneously. Several technologies have been integrated with

MALDI-MS to facilitate high-throughput analysis of proteins, including lithographically

patterned MALDI targets,[1] picoliter sample delivery devices,[2] and microfluidic

channels.[3, 4] We recently developed a new method for MALDI-MS analysis of proteins

that utilizes droplet-based (“digital”) microfluidics.[5, 6] Digital microfluidics is well suited

for MALDI-MS, as both utilize an array-based geometry. This is the first report of protein

reduction and digestion in a digital microfluidics device.

EXPERIMENTAL

The devices were fabricated from two plates using procedures similar to those developed

previously.[7] Droplets were actuated by applying potentials of ~100 Vrms (8 kHz) between

the top electrode and sequential electrodes on the bottom plate. At their final positions,

droplets were dried under vacuum (~1-2 min), and the bottom plate was affixed to a custom

MALDI target and inserted into a Voyager DE STR MALDI mass spectrometer (Applied

Biosystems). Spectra were collected in reflector mode, and were calibrated with spectra of

peptide standards. Peaks were evaluated with the Mascot protein identification package[8]

searching the SwissProt database.

RESULTS AND DISCUSSION

In preliminary work, in-situ enzymatic digestion was demonstrated. Droplets (0.5 µL) of

ubiquitin (5 µM in 1:1 water:acetonitrile) and trypsin (0.5 µM in water) were moved,

merged, and actively mixed by moving the droplet back and forth over several electrodes

(5 min, RT). The combined droplet was dried, a 0.5 µL droplet of the MALDI matrix 2,5-

dihydroxybenzoic acid (DHB, 7.5 mg/mL in 0.1% TFA with 5% acetonitrile) was added,
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and the spot was evaluated by MALDI-MS. The spectrum is shown in Figure 1; a Mascot

analysis [8] demonstrated 100% peptide coverage.
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Figure 1. MALDI-MS spectrum of in-situ digested (5 min, RT) ubiquitin.

Figure 2. (a) Sequence of frames from a movie depicting reduction and

digestion of insulin, and (b) MALDI-MS spectrum of the spot that was

formed.

The method was then expanded to two steps, including disulfide reduction. As shown in

Figure 2a, a 1 µL droplet of insulin (5 µM in 3:1 water:acetonitrile) was merged with a

0.6 µL droplet of the reducing agent, tris(2-carboxyethyl) phosphine hydrochloride (TCEP,

500 µg/mL). The combined droplet was mixed (5 min, RT) and then merged with a 1 µL
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droplet of trypsin. The combined droplet was again mixed (5 min, RT) and then dried. DHB

was added, and a MALDI mass spectrum collected, shown in Figure 2b.

CONCLUSIONS

We have demonstrated that digital microfluidics can be used to effect an integrated

proteomics analysis. We have shown previously that proteomic reagents can be dispensed

from an on-chip reservoir and that multiple droplets can be actuated simultaneously.[9]

Together, these advances enable high-throughput proteomics in which multiple samples can

be analyzed simultaneously by tailored or identical sequences of processing steps.
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ABSTRACT

The polymerase chain reaction (PCR) by which DNA fragments carrying specific DNA

sequence can be amplified million fold is one of the most powerful techniques in gene

manipulation and medical diagnostics. There are many reports about microsystems for rapid

and sensitive detection of PCR. One ultimate goal of these devices would be single-

molecule detection of single-cycled PCR for ultra high sensitive and fast detection. We

report here the imaging of heat denaturation of single DNA molecules as the first step

toward the single-molecule PCR using a femtoliter chamber equipped with an on-chip

micro heater system.

Keywords: Single molecule detection, PCR, On-chip microheater, Femtoliter chamber

1. INTRODUCTION

A PCR cycle consists of three steps; DNA strand separation, hybridization, and DNA

synthesis. In the first step, a double-stranded DNA is separated into two single strands by

heating the solution up to 95 degree which is higher than a melting temperature (Tm) of a

double-stranded DNA. After this heat denaturation, the solution is cooled down to 54

degree to allow a small DNA primer to hybridize to a single-stranded DNA. Then, the DNA

polymerization is initiated from the 3’ end of the hybridized primer at 74 degree. This cycle

is repeated for 20~30 times for million fold amplification. Thus, DNA molecules need to be

free in solution to allow denaturation and hybridization. This is one of critical problems for

the single-molecule detection of PCR, because most of single-molecule works rely on

immobilization of a target DNA or protein. Recently, we developed femtoliter chambers to

confine a few number of biomolecules without immobilization and demonstrated single-

molecule enzymatic assays in the chambers
1,2
. We have also developed an on-chip micro

heating device for real-time controlling of biological reactions
3
. Thus, two experimental

components indispensable for single-molecule PCR remained to be integrated.
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2. EXPERIMENTAL

PDMS sheets with femtoliter chamber array on its surface were prepared as described

previously. It was confirmed from electron microscopic analysis that each chamber has a

diameter of 6.0 um, and depth of 2.2 um to give a volume of 62 fL. The on-chip

microheater was produced as reported previously with two alternations to stabilize Ni layer

under heating conditions; Cr was deposited to make an adhesion layer between glass and Ni

layer. After Ni was deposited and chemically etched to make a pattern of the micro heater,

parylene was coated on it to prevent degradation of the metal layers caused by bubble

formation during heating.

DNA fragments of 5kbp were stained by SYBR Gold, an intercalator, which can bind

only to a double-stranded DNA not to a single-stranded DNA, in order to visualize

individual double-stranded ones. Sample solution containing DNA was infused into a flow

chamber composed of a PDMS sheet carrying femtoliter chambers on its surface, a

coverslip with micro heater, and two spacer sheets (Fig. 1).

Fig.1 Experimental setup composed of femtoliter chamber and on-chip micro heater.

3. RESULTS AND DISCUSSION

DNA molecules were confined into femtoliter chambers by partial compression of the

PDMS sheet onto the coverslip using a glass needle (Fig. 1 and 2).When heating pulse was

applied to the chambers using the on-chip micro heater, DNA molecules transiently

quenched and quickly recovered its fluorescence (Fig.3). It is caused by thermal quenching

of SYBR Gold dyes stacking in double-stranded DNA. The recovered intensity when

heated to lower than the melting temperature of the used DNA (Tm) which was calculated

as between 81 and 91 degrees was about 90% relative to original intensity. On the other

hand, the fluorescence was not entirely recovered (fig.4), when heated over Tm,the

recovered intensity dropped to less than 20 %. The recovered fluorescent intensity from

heated single DNA molecule decreased as the temperature of the heating pulse

increased( Fig.5). It is likely that the double-stranded DNA molecules were partially or

completely denatured and separated into single strands to loose the staining dyes
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Glass needle

fL chamber

0 400 m
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4.CONCLUSIONS

The imaging of denaturation of single DNA molecules was achieved by our system

consisted of femtoliter chambers and on-chip micro heater. Physical properties of DNA

molecule have not yet been investigated at a single-molecule level. This heating system is

therefore particularly relevant not only for single molecule PCR, but also for research on

single molecule dynamics of DNA.
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ABSTRACT 
      We created a high-density nanorainbow sensor, which is Au nanowire array on a glass 
chip for label-free functional genomics.  The physical mechanism of nanorainbow 
phenomena is due to the nanoscale size (i.e. width in this case) dependence of surface 
plasmon resonance.   The integration of nanorainbow and nano- or microfluidic channel 
array allows developing label-free genomic and proteomic chip.  Immobilization and 
hybridizations of less than 6.7 atto-mol 20bp complementary and mismatched 
oligonucleotides in multiplexed microfluidic channels are detected by monitoring the 
localized plasmon resonance shift of multiple detection sites on the Au nanorainbow 
simultaneously. 
KEYWORDS: DNA Hybridization; Microfluidics; Nanowires; Plasmon Resonance 

INTRODUCTION
      Unlike conventional thin film-based surface plasmon resonance (SPR) biomolecule 
detection [1], recently metallic nanoparticle based SPR sensors have been demonstrated 
with sub- attomole sensitivity and high specificity in the detections of DNA hybridization, 
protein immobilization and binding [2].  The nanoparticle based SPR sensing scheme 
converts the characteristic angle measurement in conventional SPR detections to more 
convenient spectral measurement, and the extremely small surface area results higher 
sensitivity to surface immobilizations of small amount of biomolecules.  A large scale array 
of such single nanostructure SPR sensor would be of significant improvement to 
conventional SPR sensors.  Here we report the creation of a high-density Au nanowire array 
that we call “nano rainbow” as a high-throughput SPR sensor array with high sensitivity 
and specificity, and demonstrate an exemplary application --- a multiplexed detection of 
oligonucleotide hybridization in a microfluidic chip. We are the first one, to our best 
knowledge, to create a high-density nanoscale SPR array with high sensitivity and 
specificity, and integrate it with a microfluidic chip. 
EXPERIMENTS AND RESULTS 
      The Au nanowire arrays shown in Fig.1 (a) are fabricated on an ITO-coated quartz 
substrate by electron beam lithography and lift-off process.  Their diameters are from 20 
nm to 150 nm, lengths are 67 µm, and distance is 1 µm, so they can be considered as semi-
infinite nanowires without coupling to each other.  The nanowires in water immersions 
exhibit different colors and intensities in the dark-field scattering image with because their 
plasmonic resonance and Rayleigh scattering intensity are dependent on their diameters 
(Fig. 1b).  Same as the Au nanoparticles, the plasmon resonance wavelengths of the Au 
nanowires are dependent on the refractive index of the surrounding medium.  Fig. 1 (c) 
shows the darkfield scattering image of the Au nanowires when they are immersed in the 
solutions of 1 fM, 1 nM, 100 nM and 10 µM single stranded DNA.  The DNA strands are 
modified with thiol group at one end so that they can be tethered on the Au surface.   The 
“color” of each nanowires change with the increased number of immobilized biomolecules.    
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      Since the plasmon resonance occurs along the short axis of the nanowires, the plasmon 
resonance wavelength on different sections of one Au nanowire could be different and 
depend on the localized surrounding medium; therefore the detection spots could be 
multiplexed if the nanowire can be segmented and different reaction can occur at different 
segments.   The resonant plasmon will not propagate farther than a few microns along the 
longer axis, so the plasmon resonance at each segment is independent of each other and 
does not interfere with each other.  Fig. 1 (d) shows the Au nanowires are “segmented” by 
polymeric microfluidic channels above them.  The four parallel microfluidic channels are 
bonded perpendicularly to the Au nanowires.  The width and spacing of these channels are 
all 10 microns.  Fig. 1 (e) shows the channels are filled with fluids whose refractive indices 
are 1.4, 1.45, 1.5 and 1.55, respectively.   The “color” of different segments of each 
nanowire has clear difference, which indicates the plasmon resonance in different 
frequency can occur at different sections of one Au nanowire.  

10 µM100 nM 10 µM100 nM 10 µM100 nM 10 µM100 nM

Fig. 1. Plasmonic nanorainbow --- Au nanowire array. (a) Scanning electron microscopy image of Au nanowires.  
From the left to the right of the image, the widths of the 11 nanowires are from 20 nm to 150 nm.  The lengths of 
all the nanowires are 70 µm.  (b) Schematic diagram of darkfield microscopy imaging system. (c) Darkfield 
microscopy image with 1600X magnification after the surface immobilization of single-strand DNA molecules in 
different concentrations.  (d) Schematic diagram of integration of the Au nanorainbow with a PDMS microfluidic 
chip.  The Au nanowires are perpendicular to the parallel microfluidic channels and each nanowire intersects with 
all the channels.  (e) 1.Bright field image of the integrated device.  Fluids with different refractive index are 
introduced into respect channels.  2. Darkfield image of the integrated devices.  The segments of Au nanowires in 
different channels show different colors due to different refractive index of the filling fluids.  Note the boundary of 
the second channel from top disappears due to the matching of the refractive index of fluid and that of the polymer 
material. 
      We conducted an initial experiment to confirm the feasibility to detect biomolecular 
reactions, here, DNA immobilization and hybridization, on the site of the Au nanowires.  
1mM thiolalamine in anhydrous ethanol is introduced into all the micro channels, and a 
self-assembly monolayer of thiolalamine is then anchored on the surface of Au nanowires.  
The micro channels are then washed with deionized-denucleus (DD) water to remove the 
residue thioalamine on the ITO-Quartz substrate.  In the following, four different 1µM 20 
base-pair oligonucleotides in the EDC buffer solution are introduced into the micro channel 
1 to 4.  The oligonucleotides in channel 1 and 2 have the sequence as 5’- 
AGTCCAGTAAGTTGCGAAGT-3’, while the oligonucleotides in channel 3 and 4 have 
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the same sequence as 5’-TGCAGTTTTCCAGCAATGAG-3’.  After allowing the cross-
linking reaction between oligos, EDC and the thiolalamine monolayer on Au nanowires, the 
micro channels are washed with 10mM phosphate buffer and DD water to remove excess 
oligos.  Subsequently the target oligo is introduced into all the channels and incubated at 
room temperature for 3 hours.  Target oligo has the sequence as 5’-
CTCATTGCTGGAAAACTGCA-3’, that is, complimentary to those in channel 3 and 4.   
Afterwards the micro channels are subject to stringent wash.  It shall be expected the single 
stranded oligos are tethered on the segments of Au nanowires inside the micro channel 1 
and 2, while the hybridized double stranded oligos are tethered on the segments of Au 
nanowires inside the micro channel 3 and 4.  The results are shown in Fig. 2. Taking the 
segments of 50nm Au nanowire in channel 2 and 3 as an example, the plasmon resonance 
peak wavelengths of the segments in the micro channel 2, 3, red shift to 590 nm and 600 
nm in comparison with that of the “naked” Au nanowire, 561nm.  It is expected that larger 
red shifts of plasmon resonance peak can be found on the Au nanowires in micro channel 3 
and 4 as thicker biomolecular layers, here double-stranded DNA, cover the nanowire 
surface, where “thicker” means not only larger thickness, but larger density and refractive 
index.   

Fig. 2. Plasmon resonance shifts of Au 
nanorainbow after 1nM 20bp oligonucleotide immobilization and hybridization.  (a) Scattering spectra of each Au 
nanowire before the DNA experiment.  Inset plot shows the plasmon resonance wavelengths of Au nanowires and 
the simultaneous spectral imaging of all the nanowires.  (b) Darkfield scattering image of the nanowires before 
and after the DNA experiment.  The “color” of each nanowire has significant changes, but the spectral differences 
between different segments in respective channels are not distinguishable solely by true color images. (c)
Scattering spectra of the Au nanowires in channel 2 (left) where the mismatched ssDNA are introduced, in channel 
3 (middle) where the complementary ssDNA are introduced, and the plasmon resonance wavelengths of Au 
nanowires in each channel (right).   The plasmon resonance wavelengths of the Au nanowires in various widths are 
considerably changed and a slight spectral difference (5~10 nm) exists between the segments in channel 1, 2 where 
only single-strand DNA is and in channel 3, 4 where double-strand DNA is. 
CONCLUSION 
      In summary, we show the integration of Au nanorainbow with polymeric microfluidic 
network, and the plasmon resonance detection sites are multiplexed by using the 
microfluidic network.  The immobilization and hybridization of oligonucleotide on multiple 
target sites are carried out simultaneously.  The localized plasmon resonance peak shifts at 
different segments of the Au nanowires correspond to the specific biomolecule association 
events at respective detection sites. 
REFERENCE 
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A DISPOSABLE MICROFLUIDIC POINT-OF-CARE
DEVICE FOR THE DETECTION OF HIV: 

A NEW UP-CONVERTING PHOSPHOR TECHNOLOGY 
APPLICATION

Z. Chen1, P. L.A.M. Corstjens3, M. Zuiderwijk3, J. Wang1, M. G. Mauk1, H.
H. Bau1,2, W. R. Abrams2 and D. Malamud2

ABSTRACT
A bench-top analysis protocol to detect HIV-1 antibodies in blood plasma with up-

converting phosphor particles (UPT) and lateral flow (LF) was established. A preliminary 
clinical study demonstrated that the UPT-LF detection successfully identified positive and 
negative samples.  A 104 x dilution of a positive clinical sample generated a signal well 
above the negative control. The bench-top UPT-LF protocol was implemented in a
microfluidic chip with functions such as sample introduction, buffer distribution, metering, 
mixing, and thermo -pneumatic pump ing. The flow control was achieved with phase-change
(PC) valves that operated in a self-actuated mode. Preliminary tests of the microfluidic 
device demonstrated compatibility of the microfluidic chip with UPT-LF detection and 
produced comparable sensitivity to that of the bench-top test.

Keywords: HIV detection, immunoassay, lab-on-a-chip, phase-change valve

1. INTRODUCTION
A device for high sensitivity, rapid, inexpensive, early detection (within the

seroconversion window) and for drug-therapy monitoring of HIV is highly desirable .
Microfluidics technology provides the means for developing such a device. Flow control in 
integrated, multifunctional, microfluidic devices remains, however, a challenge. Handique et 
al. [1] reported a self-contained, discrete, nanoliter volume  drop pumping system. Wei et al.
[2] applied a back-and-forth shuttle format to improving microfluidic mixing. Here, we use

control. First, we develop and quantify a bench-top protocol for the detection of HIV-1
antibodies. Subsequently, we implement the bench-top protocol in a disposable microfluidic
cassette that consists of a microfluidic chip interfaced with a lateral flow strip.  The 
detection utilizes UPT reporter particles that emit light at a higher frequency than the 
illuminating signal, thus avoiding background interference from auto-fluorescence effects 
without bleaching. These UPT reporter particles provide higher sensitivity than
conventional fluorescent detection techniques  [5].

2. DEVICE DESCRIPTION AND PROTOCOL
The disposable cassette (Fig. 1) for sample processing and detection was fabricated with 

polycarbonate using computer numeric control mill machining and multi-layer thermal 
bonding. The chip included functions such as sample introduction, buffer distribution, 
metering, mixing, and LF immuno-chromatography. The sequence of operation is
illustrated in Fig. 2. First, the PC valve (I) downstream of the metering chambers was pre-
cooled, and the metering chambers were pneumatically filled with an appropriate buffer. A
fraction of the sample (~2µL) was then pulled into the sample feed line with an on-chip

thermally -actuated PC valves [3,4] and a thermo -pneumatic pump to realize the flow
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University of Pennsylvania, USA; Leiden University Medical Center, the Netherlands
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thermo -pneumatic (TP) pump. To this end, the pump chamber was cooled to reduce its 
pressure. Next, PC valve (II) was closed, PC (I) opened, and the TP chamber was heated to 
propel the sample towards the lowest metering chamber. Then, both sample and buffer were 
propelled into the mixing chambers. The mixing was enhanced by repeated reciprocal 
movement of the fluid between the two mixing chambers (III). The sample-buffer mixture 
then proceeded into the nitrocellulose LF strip where the HIV-1 antibodies bound to the test 
zone’s immobilized HIV antibody-specific, synthetic peptides . Subsequently, wash buffer 
was propelled through the LF strip.  Next, buffer was propelled to mixing chambers (IV) to 
hydrolyze and mix with pre-stored UPT particles functionalized with IgG.  The suspension 
was then propelled through the LF strip with the reporter particles binding to the captured 
antibodies.  Finally, the strip was illuminated by a scanning IR laser, and the UPT particles’ 
emission was detected with a photomultiplier tube.

3. RESULTS AND DISCUSSION
For our preliminary tests , we used a 305bp B . cereus labeled DNA amplicon as a 

simulant. Fig. 3 depicts the ratio between the test and the control signals obtained with 
bench-top (hollow bars) and on-chip (solid bars) protocols  when the DNA concentration in
the sample was 1, 10, and 100ng. The results indicate full compatibility and applicability of 
the UPT-LF format with the microfluidic chip format. The on-chip results favorably agree 
with the bench-top protocol.

In order to demonstrate that a similar performance can be obtained with HIV antibodies,
we analyzed 51 HIV-1 positive and 50 negative plasma specimens. The sample processing 
and detection were carried out, respectively, on a bench-top and with LF. Fig. 4 depicts the 
frequency of occurrence as a function of the test signal and the control signal.  Witness that 
the positive and negative samples are well-separated. The results in Fig. 4 were consistent
with results obtained with the OraQuick® HIV-1 Gold test. The sensitivity of the UPT-LF
assay was determined by analyzing a dilution series of one of the highly positive specimens. 
Fig. 5 depicts the area of the test signal as a function of the dilution factor. A 104 fold 
dilution still generated a signal well above the negative control’s signal.

4. CONCLUSIONS
HIV-1 antibodies contained in a sample that was processed on a bench-top were

successfully detected with a consecutive flow, UPT-LF strip. A similar protocol, when 
implemented on a lab-on-a-chip device, provided performance comparable to the benchtop 
process when detecting DNA. There is every reason to believe that the lab-on-a chip is 
capable of adequate performance when operating with HIV antibodies.  The actual
validation test will be carried out shortly.
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Fig. 3: Preliminary detection results 
of the bench-top and on-chip tests 
using a 300 bp B. cereus labeled 
DNA amplicon.

Fig. 4: The frequency of the HIV-1 test signal as a 
function of the test and control signals as
determined with the bench-top process and LF-
UPT detection. The analysis utilized a 40x dilution. 
A) HIV-Negative. B) HIV-Positive.

Fig. 5: The signal obtained with a 
HIV-1 positive sample as a
function of sample dilution
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Fig. 2: Flow sequence. a) Buffer metering; b-c)
sample loading and pump into the feedline; d-f)
The sample is pumped towards mixing chamber,
mixed with buffer and propelled to the LF strip; g)
Wash step; h) The buffer is mixed with UPT-
Protein A lyosphere and propelled to the LF strip.

Fig. 1: A microfluidic chip designed for the consecutive flow assay. A) Schematic. 
B) An image of the prototype polycarbonate test chip (76 mm x 30 mm x 2 mm).
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A FULLY INTEGRATED MICRODEVICE FOR 
CLINICAL ANALYSIS 
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James Karlinsey1, Michael G. Roper1, James P. Landers1,2
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ABSTRACT 
Micro-total analysis systems provide sample-in/answer-out processing, incorporating 

both sample preparation and analysis steps.  This work focused on integration of DNA 
extraction and PCR amplification steps with an electrophoretic separation and fluorescence 
detection.  Fully integrated chip-based analysis was demonstrated with an anthrax spore-
spiked nasal swab as the sample, and detection of the anthrax-specific amplified product as 
the diagnostic read-out.  Additional work is aimed at the development of other sample 
processing steps and pressure-based injections on these microdevices. 

Keywords: Biowarfare agent detection, DNA extraction, Integrated microdevice, PCR

1. INTRODUCTION
The idea of a micro-total analysis system (µTAS) has been proposed for over a decade, 

with the idea that multiple steps in an analytical process could be miniaturized into a single 
device that provides "sample-in/answer-out" capabilities.  Miniaturization of processes 
provides benefits that include decreased analysis times and sample/reagent volumes, while 
integration of processes decreases handling and allows an automated work-flow.  A great 
deal of research into the development of various analytical methods and sample preparation 
steps has been carried out, but integration of the steps has presented new challenges to be 
addressed in terms of timing and fluid flow control, as well as establishment of solid phases 
and surface passivation in select regions of the device.  The work presented here describes a 
complete µTAS device for the identification of genetic markers from biofluids. 

2. THEORY
 Our efforts have focused on the development of sample preparation and analytical 
methods on microchips.  The device detailed in this work allows for on-chip cell lysis, 
DNA extraction, and multiplex amplification of specific DNA fragments using a non-
contact IR-mediated PCR thermocycling method - injection into a separation channel for 
sizing and detection of the amplified fragments follows.  Others have reported on µTAS 
devices that integrated some of these steps [1], but this work is the first demonstration of 
utilizing a glassintegrated device with nanoliter fluid manipulation for diagnostic analysis.  
Blood, and other biofluids , present challenges for efficient DNA purification and 
amplification – these problems are exacerbated when processes are coupled on a single 
device.   However, the benefit to doing so is the reduction in the volume of sample required 
and the time for the analysis, both  of which enhance patient care in a way that could not be 
achieved using conventional methods.   

3. EXPERIMENTAL 
 The processing flow on the integrated microdevice utilizes a silica bead-packed 
bed for DNA extraction, against which the cells from a bio-sample are packed.  On-chip 
cell lysis disrupts the cells using a detergent with concurrent flow of the lysate through the 
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DNA extraction bed.  A wash step is utilized to remove cellular material, followed by DNA 
elution directly into a PCR chamber for IR-mediated multiplex fragment amplification
using extrinsic Fabry-Perot interferometry temperature control.  Following amplification of
specific marker fragments, the PCR product is co-injected into a separation channel with a
fluorescently-labeled DNA ladder for fragment sizing using an on-chip pumping system.
Electrophoretic separation of the DNA fragments is then performed utilizing an acousto-
optic tunable filter for multicolor laser-induced fluorescence detection of the fragments.

4. RESULTS AND DISCUSSION
We have previously reported DNA extraction from blood, along with integration

of PCR amplification with microchip electrophoretic separation[2].  Figure 1 shows
integration of these two processes with DNA extraction on the same glass microdevice;
Figure 2 shows the integrated device in its interface.  The sample, a nasal swab impregnated
with anthrax spores, shows the 211 bp fragment amplified from the anthrax DNA.  While
this integration utilized electrokinetic injection of the DNA from the PCR chamber, we 
have also developed the on-chip pumping to pressure inject material from the PCR chamber
into the cross tee of the separation channel [3].  On-chip cell lysis is also being developed
as part of an integrated device, providing integrated microchip processing methods for
clinical analysis that can be applied for rapid disease diagnosis.

Load Wash Elute

Sepn

Total Analysis Time (min)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 3634

Extraction PCR
Inj.

DNA detection by fluorescence

Load Wash Elute

Sepn

Total Analysis Time (min)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 3634

Extraction PCR
Inj.

DNA detection by fluorescence

Figure 2. Integrated glass
microdevice in holder

Figure 1. Integration of extraction, amplification and
electrophoretic separation on a single microdevice.

5. CONCLUSIONS
Total integrated processing has been shown with a nasal swab, with DNA

extraction, PCR amplification, and electrophoretic separation performed on a single
microdevice.  Electrophoretic pumping has been developed for injection of amplified
products into the separation channel, and on-chip cell lysis has been demonstrated
providing a microdevice which can both process and analyze a sample.  With extrapolation
of the nasal swab work to blood as the clinical sample, one can envison the widespread use
of these devices for diagnostic analyses. 
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BUBBLE-FREE PRIMING OF BLIND CAPILLARIES 
FOR HIGH-ACCURACY CENTRIFUGAL HEMATOCRIT 

MEASUREMENTS 

L. Riegger, M. Grumann, T. Brefka, J. Steigert, C.P. Steinert, 
T. Brenner,  R. Zengerle, and J. Ducrée 

IMTEK – University of Freiburg, Laboratory for MEMS Applications, 
 Georges-Koehler-Allee 106, D-79110 Freiburg, Germany 

ABSTRACT 
We present a novel concept to measure the hematocrit (Hct) from one droplet of whole 

blood on a centrifuge by simple visual inspection. The measurement is based on 
sedimentation of RBCs in a blind microchannel. Bubble-free priming of that channel is 
enabled by capillary priming along the critical edge between the sloped wall and the lid as 
well as the asymmetric end of the 2-level channel. After metering with an upstream 
overflow channel and a subsequent 5-minute centrifugation, the hematocrit is indicated at 
the sharp phase boundary between the plasma and the sedimented cellular pellet on a disk-
imprinted scale. 
Keywords: Hematocrit, bubble-free priming, capillaries, centrifugal microfluidics 

1. INTRODUCTION 
 So-called labs-on-a-chip for diagnostic point-of-care technologies enjoy a growing 
interest due to their immanent benefits of shortened turn-around times, their amenability for 
full process integration and automation, increased reliability, and minimized costs [1]. 
Among various lab-on-a-chip concepts, “lab-on-a-disk” systems exploit centrifugal forces 
for metering, accelerated sedimentation of particles in biological suspensions, and mixing 
in order to run fully process integrated assays. In our approach, we implement a disk-based 
hematocrit determination for point-of-care applications. It is one of the most relevant 
parameters in medical diagnostics and routine blood screening, indicating certain diseases 
(anemia, polycythemia) as well as severe physiological conditions (blood loss, 
dehydration). 

2. MICROFLUIDIC DISK
The hematocrit structure is CNC-micromachined into a COC disk (Fig. 1-A) with a 

tapered tool, yielding walls sloped at 17.5°. The hydrophilized microfluidic structure 
comprises an inlet chamber, an overflow channel featuring a hydrophobic barrier for 
metering, and a 2-level capillary for sedimentation (Fig. 1-B). The upper and the lower 
levels measure a depth of 400 µm, (minimum) widths of 1400 µm and 400 µm, and radial 
lengths of 25 mm and 25.4 mm, respectively, with a step-free transition at the downstream 
end (Fig. 1-C). 
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Figure 1. Microfluidic disk and channel structure. (A) The CD-format disk which is spun at 
frequency  permits a nine-fold degree of parallelization. (B) The hematocrit structure 
features an inlet reservoir, an overflow channel with a hydrophobic burst valve, and a 2-
level measurement capillary. Integrated scale bars facilitate the direct visual read-out of the  
hematocrit after sedimentation of the red blood cells is finished. (C) Channel profile of the 
dead end of the capillary with 17.5° sloped walls.  

3. PRIMING, METERING, AND SEDIMENTATION
The priming initiates by capillary protrusion of tiny “swords” along the critical edges 

between the tilted walls of the top level and the sealing (“wicking”) (Fig. 2-1). The peculiar, 
step-free shape of the dead end supports a seamless progression of the liquid to the bottom 
level along the edges (Fig. 2-2), thus triggering the reverse filling of the blind capillary 
across its entire cross section (Fig. 2-3) [2]. Both priming phases can appreciably be 
accelerated by simultaneous centrifugation. 

      
Figure 2. Bubble-free priming of the hydrophilic microchannel. The blood propagates 
along the critical edges presented by the boundary between the upper level and the lid. A
barrier-free transition of the fluid to the bottom layer is promoted by rounding the edges at 
the  downstream end of the capillary. Subsequently, the reverse filling of the capillary is 
initiated, leading to a complete evacuation of the channel. 

Once the whole capillary is filled (Fig. 3-A), the investigated blood volume is metered to 
20 µl by an upstream overflow channel. This channel opens when the burst frequency of the 
hydrophobic valve at its entrance is surpassed at 30 Hz (Fig. 3-B). Next, the metered 
volume is sedimented for five minutes at 100 Hz. The hematocrit is then determined at rest 
by the ratio of the radial position of the plasma-pellet interface and the (known) length of 
the capillary (Fig. 3-C). 
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Figure 3. Metering and sedimentation of a blood sample, induced by the centrifugal force
F . (A) After an unmetered volume of whole blood has been dispensed into the inlet 
reservoir, the capillary is primed. (B) The frequency of rotation is increased beyond 30 Hz 
to surpass the burst valve, thus draining the excess liquid via the overflow channel. (C) 
After sedimentation, the hematocrit can be determined by visual inspection with the 
imprinted scale bars. (D) Experimental results of the hematocrit measurements are 
calibrated with the microhematocrit method [3]. 

4. RESULTS AND DISCUSSION
The disk-based experiments are benchmarked against the established microhematocrit 

method with EDTA-treated whole blood (Fig. 3-D) [3]. We obtain a CV of 2.1 %, a time-to-
result of 5-6 minutes, and a high linearity between the disk-based hematocrit determination
and the reference measurement (R2 = 0.999). Two important factors favor the presented 
channel geometry: a minimized parasitic dead volume and a short metering period to avoid 
artificially elevated hematocrits due to pre-sedimentation. 

5. CONCLUSION
 We introduced a novel centrifuge-based hematocrit test in a blind capillary. The test is 
implemented by a frequency protocol on a simple, 2-level microfluidic priming structure 
which is readily amenable to cost-efficient mass fabrication such as injection molding. The 
test is highly accurate and requires a blood volume of 20 µl, only. As the read-out by visual 
inspection on an imprinted scale obviates the need for expensive detection equipment, the 
hematocrit can, in principle, be run on a conventional CD drive. The rotational symmetry of 
the disk and the centrifugal field further suggest the parallelization of channels which is of 
particular benefit for routine blood screening. 
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FEMTO MOLAR DETECTION OF A PROSTATE-
SPECIFIC ANTIGEN (PSA) USING A DYNAMIC SELF-

EXCITING NANOMECHANICAL CANTILEVER
Jeong Hoon Lee, Kyo Seon Hwang, Ga Young Han, Ki Yong Choi,

Dae Sung Yoon, and Tae Song Kim 
Microsystem Research Center, KIST, Seoul 136-791, Korea  

ABSTRACT
 Methods are described to achieve the quantitative analysis up to femtomolar detection 
using nanomechanical cantilever. we fabricate a nanomechanical sensor that inherently 
detects the dynamic response variation of cantilever arrays. Here, the clinical 
discrimination of PSA Ag-Ab interaction up to femto molar level is accomplished by the 
resonant frequency shift. 

Keywords: Cantilever, Dynamic mode, Nanomechanics, Protein detection 

1. INTRODUCTION
In recent years, the clinical diagnostics of protein has been a subject of extensive 

research efforts. The most clinical diagnostic system of protein typically utilizes extrinsic 
labels. Although extrinsic labels has been used as the primary method for protein detection, 
it requires expensive detection equipment to determine if the label is present after antigen-
antibody bindings [1] and make it a less favorable technique. It is highly urgent to 
implement clinical diagnostic system for high throughput clinical diagnostics without the 
use of external labels. While the recent advance of labelless detection of proteins using 
nanomechanical cantilevers pave the way for the high-throughput, label-free detection 
method [2-3], most of nanomechanical sensor focuses on silicon-based cantilevers due to 
their availability and easy integration with silicon-based technology. These silicon based 
nanomechanical cantilevers mainly rely on the cantilever bending that comes from surface 
stress in liquidous environment when the target protein molecules are specifically bound to 
their receptors. However, silicon-based nanomechanical cantilevers also require an 
expensive optical apparatus because they cannot acquire a direct electrical signal.
 Here, we describe a nanomechanical sensor that inherently detects the dynamic response 
variation of cantilever arrays. In order to achieve direct mechanical response, we used 
piezoelectric thin film that formed on the SiNx supporting layer which can convert antigen-
antibody interaction into electro-mechanical response. Also, the clinical discrimination of 
PSA Ag-Ab interaction up to femto molar level is accomplished by the resonant frequency 
shift. 

2. EXPERIMENTAL 
To achieve direct mechanical response, piezoelectric cantilever based protein sensor 

arrays were fabricated, using top-down and bottoms-up concept. Fig. 1 shows measurement 
schemes and SEM photographs of the nanomechanical PZT cantilever arrays designed for 
dynamic self-exciting and sensing. The thickness of the PZT nanomechanical cantilever, 
which was composed of a SiO2/SiNx/Ta/Pt/PZT/Pt/SiO2 multilayer, was about 2 . For 
active role of a sensor in the protein-protein interaction, the PZT nanomechanical cantilever, 
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deposited by Au (50 nm) for the recognition layer, was immobilized monoclonal anti-PSA 
by using calixcrown self-assembled monolayers (SAMs). We then used bovine serum 
albumin for the blocking to prevent nonspecific binding on the transducer surface. For 
experimental quantitative analysis, we prepared various PSA Ag concentrations up to femto 
molar level. To examine the dependence of the cantilever’s sensitivity on its dimensions, 
we prepared PSA Ab immobilized cantilever arrays with different dimensions. 

                        
Figure 1. Measurement schemes and SEM photographs of the nanomechanical PZT cantilever arrays 
designed for dynamic self-sensing. SEM photographs show cantilever arrays with dimensions (W L)

of (a) 100 300 , (b) 50 150 , and 30  90 , respectively. 

3. RESULTS AND DISCUSSION 
In order to compare with external label method, we used Cy3 fluorescence labeled PSA 

antigen. Fig. 2 shows the fluorescence scanner images as a function of the interacted PSA 
Ag concentrations with (b) 100 ng/ml, (c) 10 ng/ml, (d) 1 ng/ml, and (e) 100 pg/ml, (f) 10 
pg/ml and, as a negative control, with (e) 1 mg/ml of BSA. The fluorescent intensity shows 
that the interaction of the PSA Ag–Ab is comparable to the concentration of the PSA Ag 
biomarker. Fig. 3 shows the experimental results of the dynamic mechanical response as a 
function of the PSA Ag concentration. Dynamic responses were obtained sequentially in 
controlled air environment by measuring the first resonant frequency before and after PSA 
Ag interaction. This result shows the detection limit of PSA protein is femto-molar regime 
(Molecular weight of PSA Ag = 128 kDa). The data in Fig. 3 show the average values of 
the 20 cantilevers. The results from Fig. 4 clearly indicate that the dimensions of the 
cantilever affect its detection sensitivity. The size reduction of nanomechanical cantilever 
can increase the minimum detectable sensitivity. We speculate that the increase of 
mechanical resonant frequency, with a decrease of cantilever dimension, results in the 
increase of minimum detectable sensitivity. Moreover, the smaller interaction area of the 30 
×90 cantilever might explain the increase in the minimum detectable sensitivity.  

(a)                      (b)                     (c)                    (d)                     (e)                     (f) 
Figure 2. Fluorescence scanner images as a function of the interacted PSA Ag concentrations with (b) 
100 ng/ml, (c) 10 ng/ml, (d) 1 ng/ml, and (e) 100 pg/ml, (f) 10 pg/ml and, as a negative control, with 

(a) 1 mg/ml of BSA. The fluorescent intensity shows that the interaction of the PSA Ag-Ab is 
comparable to the concentration of the PSA Ag biomarker.
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Figure 3.  Dynamic response variation of PZT cantilever with the dimension of 30  90 .
Dynamic responses were obtained sequentially in controlled air environment by measuring the first 

resonant frequency before and after PSA Ag interaction. This result shows the detection limit of PSA 
protein is femto-molar regime (Molecular weight of PSA Ag = 128 kDa). 
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Figure 4. Resonant frequency changes as a function of PSA Ag concentration. It clearly indicates that 
the dimensions of the cantilever affect its detection sensitivity. 

4. CONCLUSIONS 
 We describe nanomechanical sensor that inherently detects the dynamic response 
variation of cantilever arrays. The combination of a universal PZT nanomechanical 
cantilever and a protein immobilization process can provide a simple, label-free electric 
detection system for portable diagnostics. We demonstrate the clinical discrimination of 
PSA Ag-Ab interaction up to femto molar level via size reduction of cantilever. 
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IN SITU INTERFACIAL FABRICATION OF AN 
ENZYMATICALLY CLEAVABLE MEMBRANE 
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ABSTRACT 

In situ fabrication method utilizing the interfacial reaction of two phase system to realize 
an enzymatically cleavable membrane was developed using virtual walls created at the 
interface between a hydrophilic and hydrophobic surface. The hydrophobic surface was 
generated by the self-assembly of octadecyl trichlorosilane (OTS) on glass. The membrane 
was formed by incorporating peptide sequences that are cleaved by α-chymotrypsin. An α-
chymotrypsin solution was introduced into the hydrophilic side of the channel and after 4 
hours the membrane was degraded. 

Keywords: Detection, interfacial fabrication, membrane, microfluidics 

1. INTRODUCTION
 Here, we present the use of a two phase system to create an enzyme responsive 
membrane inside a microchannel via interfacial polymerization. The responsive behavior of 
the membrane can be used in realizing new methods of detection. For example, the 
degradation of the enzyme can be coupled to leakage of dyed solution providing a visually 
observable output without the need for electronics or other instrumentation. Previously, we 
have demonstrated the fabrication of nylon membrane using interfacial fabrication between 
organic and aqueous phases [1]. A well defined vertical membrane was achieved by first 
creating a virtual wall by selectively modifying the surface properties of the channel wall 
[2]. In the present study, we have used this approach to prepare a responsive membrane by 
incorporating peptide sequences that are recognized by α-chymotrypsin.   

2. EXPERIMENTAL
 To realize the membrane, a channel network was prepared using microfluidic tectonics 
[3, 4]. Fig. 1a shows the structure of the channel network having two inlets and two outlets. 
After washing and drying, two inlets were connected to two syringes which contained 
OTS+hexadecane mixture and hexadecane only solution (see Fig. 1). The OTS forms a self-
assembled monolayer which is hydrophobic dividing the channel surface into hydrophobic 
and hydrophilic regions. 
 An aqueous solution (37 mg peptide (KYLK) in 1 mL NaOH solution) was introduced 
into the inlet of the hydrophilic side of the channel. Next, an organic solution (0.03 mL 
adipoyl chloride solution in 1 mL toluene) was introduced into the inlet of the hydrophobic 
side of the channel. The peptide and adipoyl chloride react at the interface of the solutions 
to form a membrane. After a 20 minute reaction time, the organic solution was removed and 
the hydrophobic side was washed gently with toluene. The aqueous solution was also 
removed and the hydrophilic side was washed gently with methanol. As the last washing 
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step, both sides were washed with methanol and dried with nitrogen gas. Fig. 2 shows the 
completed membrane which is responsive to α-chymotrypsin.  

(a) Channel network (b) Self assembled monolayer 
using OTS. 

(c) Virtual wall forms at the 
interface 

Fig. 1 The procedures of the virtual wall formation. Two inlets were connected to two syringes 
which contained OTS+hexadecane mixture and hexadecane only solution. The OTS  forms a self-
assembled monolayer which is hydrophobic dividing the channel surface into hydrophobic and 
hydrophilic regions. 

Fig. 2 Angled front view of a completed membrane (250 µm height). 

3. RESULTS AND DISCUSSION 

 The α-chymotrypsin solution (1.5 mg in 1 ml Tris buffer) was introduced into the 
hydrophilic side of the channel. After 1 hour, part of the membrane was dissolved and water 
front moved into the hydrophobic side (see Fig. 3). After 4 hours, most of the membrane 
was degraded. 

OTS+Hexadecane 

Hexadecane 

Hydrophobic surface

Hydrophilic surface 

Virtual wall 
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(a) (b) (c)

Fig. 3 Membrane cleavage experiment.  (a) The chymotrypsin solution was introduced into the 
hydrophilic side of the channel.   (b) After 1 hour, part of the membrane was dissolved and water 
front moved into the hydrophobic side.  (c) After 4 hours, almost of the membrane was degraded. 

4. CONCLUSIONS 
In situ fabrication method utilizing the interfacial reaction of two phase system to realize 

an enzymatically cleavable membrane was developed using liquid phase 
photopolymerization and virtual walls. A membrane was formed by incorporating peptide 
sequences and dissolved by an α-chymotrypsin solution. This sensing approach may be 
useful for a class of toxins that operative via enzymatic cleavage including botulinum 
neurotoxin, anthrax and certain bacterial toxins. Enzyme turn over should allow for high 
sensitivity. 
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LFDI PREPROCESSING: AN ENABLING TECHNOLOGY 
FOR IR CLINICAL ANALYSIS AND DIAGNOSTICS 
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NRC-Institute for Biodiagnostics, 435 Ellice Ave, Winnipeg, MB, R3B 1Y6 CANADA 

ABSTRACT: While infrared spectroscopy is well established in the chemical laboratory, 
the potential for biomedical applications is not widely appreciated.  We describe how 
infrared spectroscopic analysis of dried films (IRDF) can provide diagnostic information, 
and how we expect its integration with Laminar Fluid Diffusion Interface (LFDI) 
preprocessing to generate new analytical and diagnostic tests.  The specific question 
addressed here is whether the spectra of LFDI preprocessed samples can provide analytical 
methods more accurate than otherwise possible without LFDI preprocessing.  Results 
successfully illustrate the preferential separation of serum creatinine, a clinically important 
low concentration analyte, and subsequent enhancement of its spectral contribution. 

KEYWORDS: Infrared spectroscopy, microfluidics, LFDI, H-filter, serum. 

INTRODUCTION: The infrared (IR) spectrum of a pure compound is a unique 
fingerprint, characteristic of its molecular structure, and the IR spectrum of a complex 
mixture (i.e. biological fluid) is a superposition of the spectra of all components.  IR 
spectroscopic analysis of dried films (IRDF) is a technique that enables the accurate and 
cost-effective quantification of key biofluid analytes [1].  For each analyte of interest, a 
quantification algorithm is derived via a regression analysis routine, typically partial least 
squares (PLS).  This method offers several potential benefits over standard analytical 
methods, for which high reagent costs and the necessity to refrigerate them during transport 
and storage represent major drawbacks, particularly in parts of the developing world.  In 
contrast, IRDF requires no purchase or storage of reagents and several analyte levels may 
be determined simultaneously from a single spectrum.  Spectroscopy of biofluids can 
further provide the basis for diagnostic tests.  Rather than deriving analyte levels from IR 
spectrum, spectral patterns are used directly to distinguish normal specimens from those 
corresponding to diseased patients [1].  The drawback to IRDF as presently practised is that 
its sensitivity is constrained by the amount of material that may be dried to a film.  Beyond 
a certain limit, the film becomes essentially opaque to IR light due to absorption by the 
predominant compounds.  This in turn prevents the spectroscopic determination of analytes 
below a certain concentration threshold. 

Both the analytical accuracy and the diagnostic sensitivity of the technique would 
therefore be substantially improved if it were possible to selectively remove the high 
concentration compounds.  Laminar Fluid Diffusion Interface (LFDI) sample preprocessing, 
offers that possibility [2].  A microfluidic technique that exploits laminar flow properties 
within micro channels to separate analytes based on differences in their molecular weight 
(MW) (c.f. diffusivity), LFDI possesses clear potential benefits and synergies in conjunction 
with IRDF.  Importantly, all analytical information is retained via manipulation of relative 
concentrations; this is not the case for separation techniques such as ultrafiltration that 
exclude certain analytes altogether.  While LFDI sample preprocessing has been applied to 
other modalities, (e.g. HPLC, MS), there is no indication that the method has been 
considered for use as a preparative technique for IR spectroscopic analysis.   
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Figure 1. LFDI-card diffusion channel

METHOD: Human serum specimens (n = 110) were selected randomly from routine
laboratory samples and analyte levels provided by standard clinical chemistry assays and
processed using pressure driven LFDI-cards (ActiveHTM Lab Card SMHF-01) in 
combination with an ultra low pulsatile micro-pump platform (microFlowTM System,
Micronics Inc., Redmond, USA).  The principle of LFDI preprocessing is conceptually

simple (Fig 1); the (bio)fluid of interest flows
through a micro channel adjacent to a parallel
stream of a receiver fluid.  The small scale
ensures that no mixing occurs (laminar flow)
and diffusion occurs across the liquid interface. 
Considering serum and water streams, low MW
serum constituents diffuse rapidly into the
water stream, while high MW analytes diffuse
slowly.  The original sample becomes relatively
depleted of low MW analytes, while the water
stream is enhanced. Spectra may be acquired
for each of the two LFDI processed streams in
addition to the original sample.

Films were prepared for the original serum samples by depositing and thoroughly
drying a quantity of 4 l onto silicon windows (~4 mm diameter).  Appropriate volumes of
receiver fluid and undiluted serum sample were introduced to the cards, and films for the
LFDI receiver stream output were prepared by depositing a volume of 50 l.  IR spectra
(800-4000 cm-1) were acquired for each dry film using a Bruker Vector 22 HTS-XT FTIR
spectrometer.  Next, PLS calibration models optimally relating IR spectral features to the 
reference analyte levels were developed using I) the entire set of spectra for the raw serum
samples, and II) the corresponding set of spectra for LFDI-processed receiver streams.  In
addition, a simulated serum sample with albumin at a typical physiological level (50 g L-1)
and the target analyte creatinine at an elevated level (4.2 mmol L-1) was prepared and
LFDI-processed in the manner described, for qualitative analysis.

RESULTS: To model the enrichment process and
facilitate visual tracking of relevant spectroscopic
trends, spectra were acquired for the original and 
LFDI-processed simulated serum solutions (Fig 2).
These spectra demonstrate the emergence of 
creatinine-related absorption features following
LFDI processing, indicative of substantial change in
its relative concentration.  Reflecting the same
relative concentration enhancement in genuine
serum samples, quantitative creatinine levels
provided by PLS models using spectra for the LFDI
preprocessed samples (Fig 3), proved substantially
more accurate than the creatinine levels provided by
the analogous non-LFDI samples.  LFDI 
preprocessing provided both improved correlation (increase of approximately 20 % in R2

values for processed vs. unprocessed samples), and better accuracy (a 70 % improvement in
standard error).  Specifically, R2 = 0.78 and SE = 111 mol/L for non-LFDI samples; while
R2 = 0.94 (r = 0.97) and SE = 68 mol/L for LFDI samples.  These observations confirm

Figure 2. IR absorption spectra of
simulated serum; (a) receiver
stream output, (b) original sample.
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that the absorption spectrum of creatinine is more strongly represented in the spectra of the
LFDI-processed samples than is the case for unprocessed serum. It is worth noting that the
design of the LFDI-cards used here were far from optimal for our purpose.  It is anticipated
that the development of IR-specific LFDI-cards, which can more effectively exploit the
central characteristics of an integrated LFDI-IRDF technology, will further lower the
detection threshold substantially.

Figure 3. Comparison of LFDI preprocessed IR-derive creatinine (A) and standard IR-derived
creatinine (B) concentrations with reference values provided by accepted clinical laboratory method.

CONCLUSIONS: This study confirms that LFDI preprocessing can provide greater
accuracy for IR clinical analysis and diagnostic tests.  An integrated LFDI-IRDF
technology will provide a flexible and cost effective platform that: (1) allows for the accurate
quantification of low concentration analytes that are otherwise inaccessible; (2) provides the
basis for diagnostic methods that would otherwise be impossible; and (3) replaces the
centrifuge process.  Forthcoming research will aim to develop a suite of novel analytical and
diagnostic serum tests using IR-specific LFDI cards for both chronic and acute coronary
artery disease risk markers.  The new tests will address different points along the continuum
of disease progression and treatment, leading to I) rapid and accurate diagnosis of cardiac 
ischemia, and II) a set of chronic risk markers much broader than is currently routinely
available.  Other tests that might also prove possible using this platform include dialysis
monitoring, colon cancer diagnosis (stool supernatant), fetal lung maturity determination
(amniotic fluid), diabetes diagnosis and monitoring, and routine screening for kidney
disease. Indeed, any disorder suspected to promote characteristic changes in the molecular
spectroscopic fingerprint of a biological fluid would be a target for test development. As
such, it is anticipated that an integrated LFDI-IRDF technology would serve as the engine of
discovery for a wide range of novel diagnostic and analytical methods.
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MULTIPLEX CHEMILUMINESCENCE ASSAY ON 
“BEAD-ARRAY”, PROBES ON BEADS ARRAYED IN A 

MICROCHANNEL
Y. Kohara1, H. Noda1, T. Kobayashi2, and K. Suto2
1Hitachi Ltd., Central Research Laboratory, Tokyo, Japan 

2Hitachi Chemical Co. & Ltd., R&D Division, Ibaraki, Japan 

ABSTRACT 
 This report describes a multiplex chemiluminescence assay of biomolecules on 
“Bead-array”. For demonstration, a model reaction of immunoassay was performed. The 
array consists of probe conjugated 100-µm beads arrayed in a 150-µm capillary. The assay 
was performed by introducing a sample into the capillary and moving it by one way or 
reciprocally. After sandwich reaction with HRP (horse radish peroxidase)-conjugated 
immunoglobulin, chemiluminescence reaction solution including luminol and H2O2 was 
introduced. The chemiluminescence was observed on corresponding beads and its intensity 
was measured.   
Keyword: bead, chemiluminescence, immunoassay, probe array 

INTRODUCTION
The Bead-array is a microfluidic device for multiplex biomolecule detection and 

consists of probes on beads arrayed in a microchannel. The first announcement of 
Bead-array format in an international conference was in µTAS 2002 [1], showing its high 
performance in DNA hybridization detection using fluorescence. The reaction reached 
plateau within 1 to 10 minutes, and 1 amol DNA was detected specifically [2]. To explain 
this fast liquid-solid interface reaction, fluid mechanic and reaction kinetic study was 
executed and presented in µTAS 2003 [3]. It was experimentally found that the flow inside 
was turbulent and not laminar as has been said of other micro-fluidic devices. The reaction 
efficiency predicted by fluid mechanical calculation agreed well with the experimental data.  
Reaction efficiency of about 90% in 10 minutes was predicted and achieved [4]. To 
fabricate these arrays, single bead handling technique using capillary vacuum tweezers 
lifting through liquid-gas interface was developed [5].  

In this report, we tried to utilize chemiluminescence detection to Bead-array. It is 
quite obvious that if chemiluminescence assay can be performed in this micro-channel and 
can be used in multiplex detection form, many applications in bioassay can transfer its 
assay platform to Bead-array and reaction time and reagent consumption would be greatly 
reduced. But before this trail, it was not clear whether multiplex chemiluminescence assay 
in single micro-channel be possible. In most solid-phase chemiluminescence assay, for 
example ELISA, target biomolecules were finally labeled by enzymes for 
chemiluminescence reaction and the reaction substrate which will emit light is not 
connected to the surface and will move with both convection and molecular diffusion. 
Especially in case of microfluidic devices, reaction substrate must be supplied by the liquid 
flow so there was a problem that where the emitted light belongs to. We find out that the 
multiplex chemiluminescence assay is possible even with a flow in a micro-channel in 
which the probes are adjacent in a small area.  
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MATERIALS AND METHOD 
 The system is illustrated in figure 1. Bead-array was constituted with 100-µm 
polystyrene beads with probes arrayed in a 150-µm fused silica capillary. After reaction 
with biomolecules, HRP on the beads react with solution introduced, including luminol and 
H2O2. The chemiluminescence was observed on corresponding beads with a CCD camera 
and also with a PMT (photomultiplier) equipped with an optical fiber. An image of the 
Bead-array and the system is shown in figure 2.  

Figure 1. Schematic drawing of the system.

Figure 2. Image of Bead-array system.
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RESULTS AND DISCUSSION 
 One example of multiplex chemiluminescence assay in Bead-array is shown in 
figure 3. In this case, luminol and H2O2 solution is flown in the capillary with flow rate 10 
µl/min. The chemiluminescence due to beads were clearly separated and observed as like a 
shape of beads. This data indicate that the multiplex chemiluminescence assay is feasible.  
One example of the time course of chemiluminescence intensity detected with the PMT is 
shown in figure 4. It is interesting very high signal peak was observed when 
chemiluminescence reagent was injected.  This phenomenon can be utilized to highly 
sensitive assay.  

Figure 3. Multiplex chemiluminescence detection of Bead-array by CCD camera.

Figure 4. Chemiluminescence detection of Bead-array by PMT through optical fiber. 
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ON-CHIP BLOOD SAMPLE PREPARATION FOR 
SUBSEQUENT PCR

D. Dadic, F. Doffing, M. Herrmann, G. Münchow and K. S. Drese
Institut für Mikrotechnik Mainz GmbH, Carl-Zeiss-Str. 18-20, 55129 Mainz, Germany

ABSTRACT
The preparation of different samples is a prerequisite for almost all analysis techniques.
Often methods are complex in handling and therefore time-consuming. Due to this results
often show a low reproducibility. To eliminate those influences automated lab-on-a-chip
systems are under development which eliminate differences in handling to ensure a high
reproducibility. Here a polymer-chip for isolation of leucocytes from whole blood followed 
by cell lysis for DNA release for subsequent PCR is demonstrated and first results are
presented.

Keywords: sample preparation, polymerchip, lab-on-a-chip

1. INTRODUCTION
For DNA sample preparation one can use biochemical kits distributed by different

companies. The main disadvantages of such kits are the lack of integration with the PCR
protocol and the risk of failure caused by unskilled operators. An easy-to-use, reliable PCR 
analysis requires an integrated
sample preparation. Within the
chosen modular approach the
sample preparation is realized
on chip and is directly
connected to a PCR unit. It
provides extracted DNA
fragments of leucocytes from a
patient’s blood. The so-called
chip-based-lab setup is
independent of any additional
off-chip laboratory work.

2. SETUP
The polymer-chip, made of

COC (cyclo-olefin copolymer),
has almost the size of a credit
card (64 mm x 43 mm) and is
suitable for mass-production via
injection molding. Four chips
together make the size of a
microtiter plate. The chip
contains several reservoirs for
buffers needed, a snake mixer,
channels with several ventilation 

Figure 1. Schematic of chip assembly.

Figure 2. Photograph of the realized chip.
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valves and connections and a Leukosorb-filter (PALL Corporation) for the binding of
leucocytes instead of using beads for direct DNA binding [1] (cf. Fig. 2). To avoid
interactions of the sample with the channel walls the channel surfaces are coated with a
biocompatible coating (PEG or Tween). All buffers needed for the preparation (Extract-N-
AmpTM Blood PCR Kit, Sigma-Aldrich) were provided within the chip according to the
protocol recommended by the manufacturer. All fluids are moved by a micro-fluidic service 
platform (cf. Fig. 5). Fluid handling is realized using a combination of common and
ferrofluidic actuators.

3. EXPERIMENTAL

2 µl of EDTA blood are filled into the appropriate reservoir by the user (cf. Fig. 2).
Blood sample is than mixed with water due to the movement through a meandering channel 
(snake mixer [1]). At the time the sample reaches the filter red blood cells are lysed due to 
the osmotic pressure while white blood cells remain intact. While sample flows through the 
Leukosorb-filter leucocytes are immobilized on the membrane and in that way almost all
DNA-less blood components are removed. This step represents a purification and
concentration step because the amount of the
DNA-less red blood cells (4-4.5 million/µl
blood) is about 100fold higher than the
amount of the white blood cells (4,000-
9,000/µl blood). Dissolved blood
components and red cell components go
through the membrane into the waste
reservoir. After washing the leucocytes with 
water they are lysed on the membrane.
Neutralization of the lysed cell sample with
another buffer makes it suitable for
subsequent PCR (buffers: constituent parts
of the blood PCR Kit). The first working
test chip (cf. Fig. 3) only consists of a
chamber including the filter for specific
leukocyte binding and a single
microchannel. All used fluids are collected
and mixed off-chip. Afterwards a sample of
the DNA solution is introduced and mixed
with the PCR kit, including Taq
polymerase, amino acids and chosen
specific primers. The PCR results are
shown in Fig. 3. For checking purposes the
influence of the different preparation steps on the used blood was controlled. The left most
picture in Fig. 4 shows a microscope immage of EDTA-treated blood. The next three
pictures show the blood constituents washed from the filter by three sequent washing steps
with PBS buffer. The right picture shows the final extracted DNA solved in lysis and
neutralization buffer.

Figure 3. A: First test chip design and PCR of
the mhl1-Gen using DNA purified with the
above shown polymer-chip
1 = On-Chip Test 1; 2 / 3 = Positive Control;
4 = Negative Control; 5 = On-Chip Test 2;
6 = DNA-Marker

1 2 3 4 5 6

Inlet

Outlet

Filter

A

B
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3. SUMMARY AND OUTLOOK
The presented sample preparation chip is part of a microfluidic development platform,

called chip-based-lab, cf. Fig. 5. It allows realiable intergration of subsequent alanysis steps 
which are performed on separate chips, e.g. PCR and final detection.

blood wash step 1 wasch step 2 wasch step 3 lysis+neutral-
lization buffer

Figure 4: Washed components during the isolation of lycocythes and the result of the final lysis of the 
cells. Right picture: extracted DNA.

With the chip-based-lab system a modular concept was established to enable the rapid and
efficient development of integrated lab-on-a-chip solutions. The strategy is to concentrate
on the optimization of the most challenging aspects e.g. sample preparation or DNA
amplification and use prior developed, well established components for other steps as, e.g.,
fluid handling and detection. Functional
modules can be flexibly combined and
connected to each other in almost any
two-dimensional arrangement. Test chips,
designed by CAD and transferred into
injection moulded blank chips by CNC
machines or excimer lasers can be readily
inserted in the presented platform. This
strategy provides a new level of quality
and efficiency within the manufacturing of 
micro-fluidic prototypes. The system is
complemented by external valves, micro-
pumps and reservoirs realized within the
same modular dimensions.
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ABSTRACT

We present a microfluidic chamber used for PCR amplification,

combined with the highly sensitive and specific electrochemical

detection system. Our proposed method has the advantages of

having a wider linear dynamic response range, and the ability to

make measurements in opaque or turbid biological samples.

Electrochemistry provides a technology that is amenable to

miniaturisation.

1. INTRODUCTION

The role of molecular biology in the clinical environment is

primarily DNA analysis such as genotyping for inherited

disorders. With the development of the polymerase chain

reaction it became possible to apply molecular biology

techniques to the detection of foreign DNA in a patient sample.

In order to maximize the utility of these DNA amplification

systems, they must be coupled with rapid, sensitive, and specific

detection
1
. Microfluidic implementation of PCR allows the use of

lower amounts of reagents, a vastly more efficient heat

dissipation/transfer due to the high surface-area-to-volume ratio,

and a more sensitive temperature control. In-situ electrochemical

detection allows rapid and direct measurements to be taken.

Differential Pulse Voltammetry techniques offer the ability to

detect very low concentrations of the electrochemical target. The

electrodes can be easily incorporated into a microfabricated chip

design. All of these modifications result in faster operation and

improved specificity in the microchip format
2
.
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2. METHODOLOGY

The fabricated microfluidic chamber is composed of a silicon

substrate sealed by an in-house anodic bonding to a glass

substrate. The chamber is dry etched using deep ICP RIE to

obtain a 40 µm deep reaction chamber, which results in a 16000

µm ! 10000 µm ! 40 µm chamber allocating 5µl, as required for

clinical diagnosis. Two injection holes are open on the glass for

the injection of the analyte to the chamber. For the integrated

electrochemical detection, gold microelectrodes are fabricated on

the Pyrex layer using standard photolithographic methods
3
, prior

to anodic bonding. They can subsequently be integrated within

the microfluidic reaction chamber.

The basis of this technology is a novel method based on the

attachment of ferrocene redox labels to oligonucleotides
4
.

Ferrocene has a well-characterised and stable redox behaviour,

and can be readily modified, if necessary, to achieve different

redox potentials for multiplexing. A heterogeneous assay has

been designed in which a ferrocene-labelled probe,

complementary to the target DNA sequence, is introduced once

the PCR incubation has finished, as can be seen in Figure 1.

Introduction of the duplex specific T7 exonuclease releases the

signalling label only from the probe that has hybridised with the

target DNA
5
.

Figure 1: Shows the scheme for the detection of DNA probes.

Following PCR the sample is incubated with an exonuclease, which

releases probe specific redox labels.

3. RESULTS

Preliminary results for PCR amplification of a microbial gene

target are shown below.

Target DNA

amplification

Denaturation

Probe

oligonucleotide

addition
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and electrochemical

detection
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Preliminary PCR results on microbial DNA with the ferrocene-

labelled probe on the lithographically fabricated gold electrodes

show a clear difference between the negative and positive signals

following the incubation of the PCR eluate with the exonuclease,

as shown in Figure 3. Using Differential Pulse Voltammetry, to

enhance the signal current of interest over the background

charging current, sensitivity is currently in the nM range.

Figure 3: Shows the background (left) and signal (right)

following incubation of the PCR eluate with the exonuclease.

Detection was performed at lithographically fabricated gold

electrodes.

4. CONCLUSION

We have successfully demonstrated the PCR amplification of a

clinically relevant microbial DNA target in an anodically bonded

silicon/ glass microfluidic chamber.

The electrochemical detection of the amplified PCR product

based on the enzymatic release of a redox active ferrocenyl label

has also been shown.
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A COMPACT SYSTEM FOR MULTIPLEX
IMMUNOASSAY USING BIO-FUNCTIONALIZED

OPTICALLY CODED NANORODS
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ABSTRACT
This paper reports on the performance of an integrated compact system designed for 

multiplex immunoassays, using bio-functionalized nanorod particles as the substrate for a 
sandwich assay chemistry. A quadplex immunoassay consisting of Bacillus globigii(Bg)
spore, MS2 bacteriophage, ovalbumin protein, and bovine serum albumin was conducted 
on a bench top system. The binding curves for various concentrations of each antigen 
were determined.  The compact microfludic system demonstrated a high sensitivity and 
minimal cross-reactivity to Bg spores in this quadplex immunoassay.

Keywords: bio-detection system, multiplex immunoassay, nanorod, optical
detection

1. INTRODUCTION
Medical diagnostics and bio-threat detection require high sensitivity and specificity for 

the simultaneous detection of multiple pathogens.  In addition, medical first responders 
need portable, light weight diagnostics systems that are field deployable in order to 
respond to bio-threat situations [1].  Some current field deployable bio-detection systems 
use the Luminex® bead based systems as the detection platform [2].  The flow cytometer 
in the Luminex® systems is satisfactory in stand-alone applications; however, its size 
limits its applications to portable applications. Hence, these applications have increased 
the need for the development of metallic nanoparticles as substrates for biochemical 
detection, or as building blocks for bio-chemically directed self-assembly. By using 
nanorod particles which are easily manipulated in a microfluidic system, a portable, 
automated multiplex assay system is achievable.

2. SYSTEM OVERVIEW
The miniaturization of portable diagnostics systems is enabled by the use of nanorod 

particles. The nanorod particles are approximately 6 µm in length and 250 nm in diameter.
These nanorod particles are fabricated by the sequential electrochemical deposition of 
metals within a porous alumina template.  The alternating deposition of selective metals 
creates a striping pattern that can be vi sualized because of the differing reflectivities of 
the metals.  Figure 1 displays the reflectivity of Au and Ag as a function of wavelength.  At 
approximately 500nm, Ag has more than twice the reflectivity of Au which allows a Ag/Au 
striped nanorods to be read as a traditional barcode.

Since nanorods are easily manipulated by microfluidic systems; they enable the
development of compact, portable bio-detection systems.  The main component of the
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Figure 1. Schematic and image of nanorods illustrating their barcode property.
compact multiplex immunoassay system consists of a microfluildic processor unit
microfabricated out of molded silicone and quartz.  The current size of this microfluidic 
processor is 90 mm x 40 mm x 0.17 mm. It can be further miniaturized as required. A
schematic of the microfluidic processor is shown in Figure 2. A single, programmable
fluidic pump system controls the injection and flow of the clinical sample, reagents, and 
nanorods.  The clinical sample, reagents, and nanorods are transported to the assay
chamber,  mixed, and allowed to incubate. The nanorods are then magnetically captured
while the assay chamber is flushed during the wash steps.  A mechanical sonicator is used 
to resuspend the mixture, and the fluidic pump is then used to transport the nanorods to the 
detection chamber. A CCD camera is used to capture the reflectance and fluorescence
images, the nanorods are transported out of the microfluidic processor through the sample 
output chamber.  The optical system consists of a Zeiss Axiovert S100 microscope with a 
100x oil objective .  The reflectance and fluorescence images were obtained with the
following filter sets from Chroma:  (460/50X exciter, Q660LP dichroic, 0.5ND) and 
(HQ620/60X exciter, Q660LP dichroic, HQ700/75m emitter), respectively. A 300W 
mercury arc lamp was used as the light source. The optical system and sample images are 
shown in Figure 3.

Figure 2. Schematic and image of microfluidic processor.
3. EXPERIMENTAL RESULTS

A quadplex immunoassay consisting of Bacillus globigii (Bg) spore, MS2
bacteriophage, Ovalbumin (Ova) protein, and bovine serum albumin (BSA) was conducted
on a bench top system.  Approximately 5 µl of antibody-coated 6-striped Au/Ag nanorods
were added to a solution containing varying concentration of the above antigens. The
mixture was incubated for 30 minutes at room temperature and washed with 10 mM PBS 
solution before imaging.
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Figure 3. The optical system and sample reflectance and fluorescence images.
4. RESULTS AND DISCUSSION

Figure 4 shows typical results for a quadplex bio-detection assay panel based on 
the four differently striped and functionalized nanorods. The Bg spore antigen
concentration was increased as well as the remaining antigen concentration.  The data 
depicted in Figure 4 demonstrates a high sensitivity to Bg spores and minimal cross-
reactivity to the other antigens. 

Figure 4. Binding curve  of quadplex assay with increasing Bg spore antigen concentration. 

5. CONCLUSIONS
A compact microfludic system demonstrated a high sensitivity and minimal cross-

reactivity to Bg spores in a quadplex immunoassay.  The nanorods enabled the
miniaturization of the bio-detection systems by serving as the substrate for the sandwich 
immunoassay.
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INTEGRATION OF DNA MICROARRAY ON
PDMS WITH A MICRO FABRICATED SU-8
PCR CHIP TO DETECT CAMPYLOBACTER.
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Christensen1, Salim Bouaidat1, 2, Christian Berendsen2, Dang

Duong Bang3, Anders Wolff1
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Abstract:
This paper reports successful integration of a DNA microarray (on a PDMS substrate) to a
micro fabricated SU-8 PCR chip. Three methods of immobilizing DNA probes, UV cross
linking to the PDMS, chemical modification of the PDMS and chemically coating the
PDMS using µ- surface™ plasma technology were investigated and successfully applied.
The slides were used as a lid for a PCR chamber were both amplification and detection
were achieved.

Keywords: DNA microarrays, PDMS, PCR Chip, Microsystem

1. Introduction
Recent development in PCR on chip calls for further investigations on integrating
additional functionalities [1]. Until now the main focus for DNA detection has been the
integration of capillary electrophoresis (PCR-CE)[2]. Recently, we presented a SU-8 PCR
chip consisting of a SU-8 reaction chamber and a PDMS lid [3, 4]. The goal of the present
study is to develop an integrated detection scheme for the microchip by immobilizing
DNA microarray onto the PDMS lid of the chip. Since the PDMS/SU-8 bonding is
reversible and the lid is in a standard slide design, it can easily be removed and placed in a
conventional laser scanner for analysis.

2. Experimental
Standard glass slides were coated with a layer of PDMS (about 300µm) and three different
methods of immobilizing amino modified DNA were investigated: a) DNA was spotted
directly onto the PDMS followed by UV cross-linking, b) SpotOn™ coating was deposited
on the PDMS using a µ- surface™ plasma technology from SMB, c) PDMS was chemical
modified using UV induced acrylic acid polymer grafting coupled with aldehyde
attachment chemistry. Firstly, all three immobilization methods were tested using
microscope cover glass and oven hybridization method to detect Campylobacter as
described by Keramas et. al. [5]. Secondly, PDMS coated slides printed with microarrays
were used as a lid for the PCR chips. Initial experiments used a SU-8 PCR chip with
SpotOn™ coated PDMS slide (with DNA microarray) as a lid (Fig 1). The chip chamber
was filled with a PCR mix and the PCR was preformed on a flatbed thermocycler. The
PCR thermocycling program was followed by a hybridization step.
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Fig. 1: PCR chips integrated with microarray slide. The PDMS coated slide, with a printed
microarray, is used as a lid for the SU-8 PCR chips. The PCR chip does not have
integrated heater and the thermocycling is performed using a MJ Research flatbed
thermocycler. An PMMA holder mantaines alignment and proper pressure to ensure
sealing.

3. Results
The results of the cover glass hybridization method for both the UV cross-linking and the
SpotOn™ coated slides are shown in Fig 2. Direct immobilization of DNA via UV cross-
linking gave uneven spot morphology (Fig 2A) because of the extreme hydrophobicity of 
PDMS. In contrast, the SpotOn™ coated PDMS had even spot morphology (Fig2B) and a 
very good Signal-to-noise ratio (Fig 2). The chemically modified PDMS slides gave a
good signal but, with a high background (data not shown). Preliminary experiments using
the SpotOn™ coated PDMS slide as lid for the PCR chip during PCR amplification
showed it was possible to perform both the PCR amplification and DNA array detection on
the integrated PCR chip (Fig 4), and confirmed using gel capillary electrophoreses (data
not shown). It was possible to detect both an universal bacterial amplicon and a
campylobacter specific amplicon.

Fig. 2: A: PDMS microarray using UV cross- linked immobilization method and cover slip
hybridization. The hydrophobicity of PDMS is affecting the spot morphology, pressing the
DNA toward the centre of the spot. B: PDMS slide with SpotOn™ coating for DNA
immobilization and cover slip hybridization. Red box indicates the PCR product (amplified
in tubes) and the other spots are positive controls (labelled oligo).

Fig. 3: Integration of microarray and PCR chip: Scanning of a PDMS microarray slide
used as a lid for the PCR chip. The PDMS was coated with SpotOn™ µ-surface™ plasma

A

B
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technology before printing the microarray. Red box indicated the PCR product (amplified
on chip) and the other spots are positive controls (labelled oligo).
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Fig. 4: Data from the PDMS microarray using the SpotOn™ immobilization chemistry.
PCR amplicons and control oligo were hybridized using the microscope glass cover slip
method (see text). The PCR was preformed in a tube and the array is shown in Fig 2B.

4.Conclusions
This study has shown that it is possible to print an microarray on the polymer PDMS and
use that for further microsystem integration. The successful integration of a DNA
microarray for PCR amplicon detection in a PCR chip is a fundamental milestone towards
a micro total analysis system (µTAS) where sample preparation, DNA amplification and
detection can be integrated in a single micro chip.
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MICROFLUIDIC MICROARRAY ASSEMBLY 
AND ITS APPLICATIONS TO MULTI-SAMPLE 

DNA HYBRIDIZATION 
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ABSTRACT    
A microfluidic microarray assembly (MMA) concept has been developed for multi-sample 
DNA hybridization. Both the creation of the microarray and the hybridization of DNA 
samples are achieved by microfluidic flow in microchannels without the robotic spotting 
procedure. By centrifugal force pumping in CD-like chips, 96 samples were tested 
simultaneously and the hybridization process could be performed in 3 minutes. The 
detection limit is down to one femtomole of oligonucleotide.   
Keywords: DNA microarray; Spiral microchannels; Centrifugal pumping; 

Multi-sample DNA hybridization.   

1. INTRODUCTION
Currently, in the use of microarrays, only one sample can be applied on a microarray slide at a 
time [1]. However, in analysis such as clinical diagnostics, multiple samples were usually 
involved, and tens of thousands of DNA probes may not always be needed. Therefore, a 
MMA method has been developed to create a DNA probe microarray as well as to apply it to 
multiple DNA samples. In this concept, there were two channels plates fabricated with 
polydimethylsilioxane (PDMS) while an aldehyde glass chip served as the microarray 
substrate (Figure 1). In the first step, channel plate 1 was assembled with the glass chip via 
reversible bonding between PDMS and glass. Aminated DNA probes were introduced into the 

microchannels and were immobilized on the glass chip. A line microarray was thus created. 
After peeling off plate 1, channel plate 2 was then assembled with the same glass chip. The 
sample solution flowed through the line microarray and hybridization could be fulfilled in a 
few minutes. Both the creation of probe microarray and hybridization process in a 
microfluidic channel was capable of reducing the sample volume (down to 1.0 µL) and of 
preventing from evaporation and cross-contamination. Based on the MMA concept, CD-like 
plates were developed further to facilitate liquid transport as well as the rapid removal of 

1) Sealed against an 
aldehyde glass chip

2) Flow of aminated 
DNA probe solution

Channel plate 1
with 6 microchannels

Peel off PDMS 
channel plate 1

6-Line microarray of DNA 
probes immobilized on glass chip 

Channel plate 2
with 6 microchannels

1) Sealed against the glass 
chip with line microarray 

2) Flow of DNA 
sample solution

Hybridization with 
probes in microchannels

1) Peel off PDMS 
channel plate 2 

Detection results

2) Scan with confocal 
fluorescence scanner

Figure 1. Schematic diagram for the MMA concept
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non-specifically adsorbed materials within the channels. Centrifugal pumping was used for 
liquid transport in a similar manner as other research group [2, 3]. What is new here is the 
two-time use of centrifugal pumping, first along radial channels and then along spiral channels. 
As shown in Figure 2, 96 RADIAL and SPIRAL microchannels were cast on plate 1 and plate 

2, respectively. The spiral pattern was specially designed to balance the centrifugal force and 
viscous drag force to ensure a steady flow of sample solution. At room temperature, it has 
been demonstrated that one femotomole DNA (1nM, 1nL) could be detected in three minutes. 
This concept allows a much higher density than attained using parallel channels [4].   

2. EXPERIMENTAL 
Two aminated single-stranded DNA (AD6: H2N-CGCCGATGGACAAAACTTAAA; AB1:
H2N-CGCCAGAGAATACCAAAACTC) as probes and their complementary single-stranded 
DNA (D6' and B1') labeled with fluorescein or Cy5 as samples were synthesized and purified 
by Sigma-Genosys. The glass slides or wafers were chemically modified to give aldehyde 
surfaces. PDMS plates were made by molding on silicon wafers with 96 microchannels of 100 
µm width and 20 µm depth. The optimization of immobilization and hybridization conditions 
was performed on glass slides. The fluorescent signal was then detected with a scanner 
(Typhoon 9410). When using CD-like chips, channel plate 1 was assembled first on the glass 
wafer and spun at 500 RPM. Solutions of different DNA probes flowed through the 96 
RADIAL microchannels to initiate the immobilization. After removing channel plate 1 and 
assembling the channel plate 2, different DNA samples were applied into the 96 SPIRAL 
microchannels at 1800 RPM to complete the hybridization reactions.   

4. RESULTS AND DISCUSSION 

As shown in Figure 3, different concentrations of AD6 probes were immobilized on an 
aldehyde glass chip (with the first channel plate) for hybridizing with 1 µM of D6'-F. The 
use of 20 µM immobilized probe DNA was found to be enough to achieve the hybridization 
results. The effect of sodium dodecylsulfonate (SDS) on hybridization was also studied. 

Figure 2. PDMS channel plates 1 and 2 each containing 96 channels 
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From Figure 4 it can be seen that the 0.15% SDS in sample solution can effectively prevent 
non-specific adsorption of DNA samples to the glass substrate. Without SDS, streak of 
D6'-F was seen along the vertical channels due to non-specific adsorption. Figure 5 shows 
the effect of hybridization time on the signal 
intensity of microarray detection. A 
hybridization time of 3 minutes is enough to 
achieve results for 3 different sample 
concentrations. Full 96-probe-96-sample 
hybridization was achieved on a CD-like glass 
chip. The circular microarray generated by the 
MMA is mathematically transformed into a 
96×96 rectangular array (Figure 6). Samples 
with 2 different volumes and 8 concentrations 
were tested. The signal increased with the sample volume. Specific hybridization can be 
seen both at reduced image sensitivity (bottom inset) and enhanced image sensitivity (top 
inset).The detection limit was one femtomole of oligonucleotide, that is, both 1µL of 1 nM 
DNA sample and 10 µL of 0.1 nM DNA sample can be detected.   

5. CONCLUSIONS 
In the MMA method, both probe immobilization and DNA hybridization were achieved 
within microchannels. No expensive probe spotting equipment is needed and a low-volume (1 
µL) of samples can be applied without a lengthy incubation step. Compared with the routine 
microfluidic pumping methods (pressure-driven flow, electroosmotic flow), centrifugal 
pumping is easy to implement simply by spinning the CD-like chip at a high speed. 96 
samples could thus be detected simultaneously with a detection limit of one femtomole.   
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A: amino CGCCGATGGACAAAACTTAAA.
B: amino CGCCAGAGAATACCAAAACTC. 
A': The complementary of A labeled by Cy5.  
B': The complementary of B labeled by Cy5. 

Figure 6. The fluorescent image of the hybridization results on CD-like chips 

Figure 5. Effect of hybridization time 
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REPRODUCIBLE  POROUS   SILICON  PROTEIN 
MICROARRAYS -CHIP MANUFACTURING AND 

APPLICATION TO CLINICAL BIOMARKERS 
A. Ressine1, D. Finnskog1, J. Malm2, C. Becker2, H. Lilja2,

G. Marko-Varga3, T. Laurell1
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 Lund University, Sweden. 

ABSTRACT 
Full 3” wafer scale fabrication of porous silicon chips (pore chip protein arrays -PCPA) is 
reported. The PCPA is developed for the analysis of protein molecules based on the 
fluorescence and MALDI-TOF MS detection. The surface porosification process allows the 
creation of chips with different surface geometries to control the physical properties of the 
matrix in a highly reproducible way. 
Keywords: biomarker discovery, protein microarrays, porous silicon, 3D-textured 
immobilization matrix. 

INTRODUCTION
Previously we showed that porous silicon matrixes can be successfully used for protein 
microarray applications showing a performance comparable to and even better that the top 
commercially available protein slide surfaces [1, 2]. Moreover, by tuning the porous 
morphology it’s also possible to fabricate chips to perform combined fluorescent detection 
and MALDI-TOF MS readout on the same chip [3]. A question still remained regarding the 
reproducible bioassay performance and reproducible fabrication of such chips on a 3 inch 
silicon wafer, which would allow making around 70 PCPA chips from a single wafer. 

Figure 1: A) Different textured morphologies implemented in PCPA format showing 
different pore shapes and sizes, B) fabrication of PCPA chips from 3 inch wafers. 
A,B,C,D,E denote positions from which chips were cut for bioassay reproducibility tests. 
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RESULTS AND DISCUSSION 
This paper shows the up-scaled and homogenous fabrication of PCPA surfaces and their 
assembly to fit a standard microscope slide format. Reproducible bioassay performance is 
also reported as well as assay characteristics enabling discovery of kallikrein gene products 
for prostate disease diagnostics. 3 inch silicon wafers were anodized in an electrochemical 
cell to produce porous layers and the wafers were diced into 6mm x 6mm chips. The chips 
were further mounted on a plastic slide, sized to fit a standard microscopic glass format as 
shown in Fig. 1B. By tuning the porosification conditions we controlled the morphology of 
the porous layers, producing PCPAs with different physical properties (Fig. 1A). The chips 
from 5 different wafers, cut from 5 different positions on the 3 inch wafer (A, B, C, D, E), 
as shown in Fig.1B, were tested with a fluorescent model assay (IgG - anti-IgG) to reveal 
possible variations in bioassay response within the wafers as well as between different 
wafers. The RSD of the mean signal fluorescence intensities for all 25 chips was within 
19% (Fig. 2).  

Figure 2: Comparison of the fluorescent mean spot intensity on the chips from A,B,C,D,E 
positions on the same wafer and between different wafers (1-5). 

     
Figure 3: Spot to spot variation on the single chip for the different positions (A,B,C,D,E)  
on two 3 inch wafers. 

Fig. 3 illustrates a low spot to spot variation inside microarrays on a single chip. The 
detection of a kallikrein gene product - prostate specific antigen (PSA), which is known as a 
prostate cancer disease biomarker, is demonstrated in human blood plasma and serum, Fig. 
4. The PSA levels down to 26 pM (0.7 ng/ml) is possible to detect in a simple sandwich 
format assay. This should be related to the clinical diagnostic level between 4-10 ng/ml 
which is the level to recommend a prostate cancer biopsy investigation.  
An important feature is that the developed porous surface morphology suppresses non-
uniform signal formation caused by the coffee ring effect, common for planar microarray 



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

828

substrates (Fig 5). The changed wetting properties (as compared to planar surfaces), which 
is due to the micro- and nanotextured surface, efficiently suppress this effect. This leads to 
improved detection level and more homogenous readout at low antigen levels. The 
performance of the new surface paves the way to implement multiplex assays in a 
microarray format on PCPA surfaces in a reproducible way. 

Figure 4: PSA detection in human blood serum on PCPA arrays: A) 26 pM (  0.7 ng/ml); 
B) 2,6 nM  ( 70 ng/ml); C) 260 nM ( 7 g/mL) FITC labeled PSA. Cross-section scans 
along the line in the corresponding (top) microarray images. 

Figure 5: Suppression of the “coffee ring” effect on the PCPA surfaces (C,D,E) and non-
uniform signal distribution on planar substrates (A,B).
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A DIRECT MEASURMENT OF THE TRAPPING TIME 
OF LAMBDA DNA AT AN ENTROPIC BARRIER

J.D. Cross, K.T. Samiee, H.G. Craighead 
Cornell University, USA 

ABSTRACT 
 Laser induced fluorescence and photon counting were used to measure the time 
lambda DNA molecules were delayed at entropic barriers in nanofluidic channels.  In this 
work, we observe individual DNA molecules as they are delayed by, probe, and finally 
overcome entropic barriers.  The sizes of DNA molecules and their flow speeds in fluidic 
channels can be quantified by measuring photon bursts collected when fluorescently labeled 
molecules pass through a focused laser [1,2].  Our ability to carefully measure the delay 
time for individual molecules represents an improvement over the indirect, or “bulk”, 
methods previously used to determine the same quantity [3]. 

KEYWORDS: entropic barrier, entropic trap, photon counting, nanofluidic channel 

INTRODUCTION 
A number of experiments in recent years have clearly established the existence of 

entropic trapping during polymer migration in confined environments [3-7]. Furthermore, a 
number of experiments and simulations have established that entropic trapping is an 
effective means by which to separate polymers in solution based upon size [3-6].   

Previous measurements of the entropic trapping time with geometries similar to 
ours were obtained by averaging over the trapping times caused by many traps along an 
array [3]. Others have measured diffusion times and jumping frequencies for DNA confined 
within a two dimensional array of cavities separated by entropic barriers, but their work 
was done for traps shorter than the contour length of the molecule and with time resolution 
longer then the time it takes the molecules to make the jump [7]. In this work we use 
photon burst counting to determine the trapping time for individual molecules as they 
encounter individual entropic traps.

FABRICATION 
 Our devices are fabricated on a fused silica substrate.  We use a two-layer 
lithography process in which one layer is used to define the deep regions—the relaxation 
volume and the loading channels—and the other layer is used for the shallow regions—the 
entropic barriers. Reactive ion etching is used transfer the pattern from the lithographic 
mask into the substrate. A schematic view of an entropic trap is shown in Figure 1.  We 
sandblast holes at the ends of the devices to allow interfacing between the micro- and 
macro-world. To seal the channels we bond a 170um thick fused silica wafer to the 
substrate wafer and anneal the two wafers into one piece.  
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Figure 1. Schematic view of an entropic trap and the unrestrictive channel on either 
side of the trap.  

EXPERIMENTAL 
We use a Keithley model 230 programmable voltage source to establish a DC 

electric field in our channels. The channels are filled with 5x concentration TBE buffer 
(Sigma, product: T4415, diluted using an equal volume of 18.2Mohm water) with 2% 
(w/w) polyvinylpyrrolidone (Sigma, product: PVP10) added to reduce electroosmotic flow. 
Lambda DNA is obtained from New England Biolabs, Inc (product: N3011). We dye the 
DNA with YOYO-1 (Invitrogen, product: Y3601) at a 10:1 base pair to dye ratio. A solid 
state sapphire laser from Coherent (model: Sapphire 488-20 CDRH) is used to excite the 
dye-DNA molecules, and a photon counting module from Perkin-Elmer (model: SPCM-
AQR-14-FC) in conjunction with a correlator card from Correlator.com (Bridgewater, NJ, 
model: Flex02-12B) is used to detect and quantify the photons emitted from the molecules. 
We use an IX-71 inverted microscope from Olympus with either 40x or 60x water 
immersion objectives (Olympus) with numerical apertures of 1.15 and 1.2 respectively.   

In our experiments, we measure the trapping time of the DNA molecules at an 
entropic trap by shining the laser upon the channel-trap interface. Molecules are driven 
electrophoretically down the open channel and eventually encounter the trap edge.  When 
the molecules enter the laser spot area, the laser excites the dye and photons are emitted. 
We treat the signal as essentially binary in nature: either the molecule is in the laser spot 
area and we are collecting photons or the molecule is not in the spot area and we observe 
nothing. Due to the finite size of the laser spot, when we observe the channel-trap interface, 
we collect signal both from the molecule in free-flow and from the molecule as it is trapped 
at the barrier. By measuring the velocity of the molecules in the open channel and 
calculating their residency time in the laser spot area, we are able to subtract this free-flow 
time from the total time we observe at the channel-trap interface, thus establishing the 
trapping time.  

RESULTS 
 To correct for the free-flow dwell time within the laser spot area, we observed 

DNA molecules in the open channel at a number of voltages (data not shown). The 
relationship between dwell time and the inverse electric field is linear as expected for 
electrophoretically driven molecules in free solution. Figure 2 shows the measured trapping 
time of lambda DNA at an entropic barrier. At low fields, the trapping times and the 
deviation in the trapping times increase dramatically. At high fields, the trapping time is 
negligible. The measured trapping times appear to agree with the previously established 
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exponential relationship [6]: )exp(~
2/1 TEk

b

N

a

b

τ , where a, and b are constants related 

to the device geometry, E is the electric field, and N is the length of the molecule. Our 
ability to measure the trapping time directly should enable us further explore the molecular 
length dependence of the trapping time.  

Figure 2. Measured trapping times of lambda DNA as it probed an entropic trap. 
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CAPILLARY AND MICROCHIP BASED SOLID-PHASE 
EXTRACTION WITH AN ENTRAPPED BEAD COLUMN

R. Xie and R.D. Oleschuk
Queen’s University, Canada  

Abstract
Three bead immobilization approaches were examined for the fabrication of a 

solid-phase extraction (SPE) bed in a capillary.  1) with only an outlet frit,  2) with an inlet 
and outlet frit, and 3) by entrapment with an organic polymer.  The best performing 
columns were fabricated by immobilizing packed beads within a polymerized organic 
matrix that demonstrated efficient and reproducible SPE of BODIPY, -estradiol and 
progesterone with preconcentration factors >600.  An entrapped bead extraction bed was 
also fabricated in a microchip, which showed efficient SPE of Cy5 labeled leucine 
enkephalin.  
Keywords: Solid-Phase Extraction, Entrapped Beads, Photo-patterning 

1. Introduction  
Column preparation is the most challenging aspect in the development of the SPE 

system in both a capillary and a microchip.  Because of the low surface-to-volume ratio of 
open tubular column, most people have turned to packed columns to perform SPE in micro 
devices.  Generally there are three techniques to fabricate a packed column: 1) conventional 
chromatographic material retained with a frit 2) monolithic columns, 3) entrapped particle 
columns.  In this study we examined the use of frit retained columns and entrapped columns 
for solid phase extraction in both a capillary and microchip format. 

2. Experimental 
Column preparation To prepare a packed column with a single frit, a UV-

transparent capillary (75 m i.d.) was first pretreated with 3-(trimethoxysilyl)propyl 
methacrylate to graft the inner wall with vinyl groups.  After filling the capillary with a 
polymerization mixture, consisting of butyl acrylate, 1,3-butanediol diacrylate, 2-
acrylamido-2-methyl-1-propanesulfonic acid, 3-(trimethoxysilyl)propyl methacrylate and 
benzoin methyl ether, the capillary was then covered by a mask with a 1.5mm window and 
exposed to the 254nm UV light for 1.5 min to generate a 1.5mm long PPM frit [1].  Then a 
2cm long packed column was prepared by introducing a proper amount of 3 m ODS 
particles slurry into the capillary.   A packed column with two retaining frits was prepared 
on the basis of the fabrication of the packed column with a single frit.  The column was first 
refilled with the polymerization mixture, then an inlet frit was prepared by exposing a 
1.5mm region of the capillary which was just at the open end of the packed particles to the 
254nm UV light for 1.5 min.  Entrapped column fabrication was similar to the preparation 
of the packed column with two frits.  After the outlet frit preparation, particles were packed 
and the polymerization mixture introduced.  The 2cm long bead packed region was then 
exposed to the 254nm UV light for 2 minutes to facilitate bead entrapment.  

Solid-phase extraction A diluted aqueous sample was first loaded onto an aqueous 
buffer equilibrated packed column, by applying either pressure or voltage.  Following the 
aqueous buffer wash step, the analyte preconcentrated on the bed was then eluted out by a 
buffer containing acetonitrile with either pressure or electroosmotic flow (EOF).
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3. Results and discussion 
All the SPE experiments in capillaries

were carried out in Beckman Coulter P/ACE MDQ 
capillary electrophoresis system.  The packed
column with one frit in the capillary showed poor
SPE reproducibility.  This was explained by the
observation of the loosening and loss of particles at
the open end of the bed after several SPE
experiments. Compared with the one frit column,
the packed column with two retaining frits showed
much better reproducibility. However the relative
standard deviation (RSD) of the integrated peak
area of eluted BODIPY increased from 4.8% to 
6.2%, while the square of the correlation
coefficient (R2) of peak area versus sample loading
time decreased from 0.9816 to 0.8479 after 4 days
of use. The diminished reproducibility was a result
of the formation of voids in the previously tightly
packed column.  This presumably results from the accumulated movement of particles over 
several experiments.  In contrast, the entrapped bead columns demonstrated high
reproducibility in similar SPE experiments with 10nM BODIPY.  The RSD of integrated
eluted peak area remained at 4.2% after 5 days of use, while the R2 of integrated peak area
versus sample loading time remained at 0.9934.  This is attributed to the organic polymer
“gluing” adjacent particles together and to capillary inner wall, which prevents any particle
movement within the capillary or microchip.  Different sample loading times and sample
concentrations were examined to investigate the SPE characteristics of the entrapped
column (Figure 2).

Figure 1: Scanning electron
microscope image of the cross-
section of an entrapped bead
column (4000x). Organic
polymer bridges (highlighted
with circles) were observed
between the ODS beads)

Two hormones, -estradiol and progesterone, were also used to demonstrate the
SPE capability of the entrapped column.  Using a 6cm long entrapped column, -estradiol
and progesterone were successfully extracted, concentrated, eluted and separated (Figure 3). 
By increasing the sample loading time, more than 600 times signal enhancement was
achieved for progesterone .

In addition to the experiments in a capillary, an SPE experiment with Cy5 labeled
leucine enkephalin was performed on the entrapped bead SPE device fabricated in
microchip.  Figure 4 shows the 3-step preconcentration experiment of a 180 nM Cy5
labeled leucine enkephalin sample.  After bed equilibration with aqueous buffer, the sample
was loaded for 250 sec followed by 200 sec wash step with no noticeable fluorescent signal
change.  The Cy5 labeled leucine enkephalin was then eluted with 80% acetonitrile.  For
preconcentration times ranging from 50 to 200 sec, peak area plotted versus
preconcentration time yielded a linear relationship (R2 = 0.9769).
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      (A)            (B)
Figure 2. (A) The integrated peak area of the elution peak of BODIPY versus loading time
for a 10nM of BODIPY sample.  (B) The integrated peak area of the elution peak of 
BODIPY versus the concentration of BODIPY sample.
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ABSTRACT  
This paper reports a microfabricated and surface modified silicon chip for enriching 

special protein from biological samples.  Micro-pillar array structures were fabricated to 
increase the surface area to volume ratio.  Protein concentration increased up to 15 times 
through antibody immobilized on micro-pillar array.  The chip can be integrated with other 
cells of µTAS for pathogeny detection. 
Keywords: enrichment，protein，microfluidic chip，surface modification
1. INTRODUCTION

Many techniques have been used to separate and enrich ingredient of biological sample 
for further analysis.  Cady N C et al [1] reported using microchip device for DNA 
concentration enrichment.  In this work, a simple and efficient method for concentrating 
protein was achieved by using microfabricated silicon micro-pillar array structures.  
2. EXPERIMENTAL 

Schematic Fig. 1 showed the principle of our works.  A series of microfluidic channels 
with micro-pillar array were fabricated on a (100) n-type Si wafer.  Microfluidic channels 
and micro-pillars were obtained by deep reactive ion etching (DRIE).  The round Si 
micro-pillars were used to increase the effective surface area with the height of 80µm and 
the diameter of 50µm, as shown in Fig 2.  Using this structure, the surface area was 
increased to 200%.  After 100nm SiO2 layer coated on the pillars by thermal oxidation, the 
glass cover (Pyrex 7740) was anodic bonded with prepared chip to form a sealed chamber.  
As shown in Fig. 3, the surface was modified with aldehyde groups as following protocol: 
hydroxyl of SiO2 surface, self-assembly of 3-Aminopropyltriethoxysilane and 
self-assembly of Terephthal-dicarboxaldehyde.  Human IgG concentration was adjusted to 
50µg/ml with phosphate-buffered saline (PBS) solution (PH 8.0).  The microfluidic 
channels were incubated with human IgG solution for 2 h at 37oC, and rinsed with PBS 
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after removing the residual human IgG solution. 

Fig 1.Schemetics of the whole process flow: 1. fabrication of chip 2.surface 
modification 3.enriching reaction 4.protein enrichment 

Fig 2.channels of fabricated silica pillars 
FITC-conjugated goat antibody to human IgG was diluted to 0.5µg/ml with PBS 

solution (PH7.4).  100µl and 200µl FITC-conjugated goat antibody PBS solution was 
injected into the channel respectively.  After enrichment reaction, 5µl wash solution (0.1M 
Glycine PH 2.4) was injected into the channels.  Then the enrichment solution was pushed 
out and collected. Finally, 0.1µl solution of 0.5µg/ml FITC-conjugated goat antibody PBS 
solution and 0.1µl enrichment solution were spotted on the glass slide separately.  
Scanarray 4000 was used to detect the fluorescence intensity. 

Fig 3. Surface modification 
3. RESULTS AND DISCUSSION  

Fig. 4 showed the result of enrichment. After enriching from100µl and 200µl FITC - 

Inlet Inlet Inlet Inlet 

Outlet Outlet Outlet Outlet
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conjugated goat antibody to human IgG PBS solution, fluorescence intensity increased with 
the sample volume.  The enrichment efficiency was up to 15 times.  Enrichment 
efficiency can be improved through further optimization experiments.  The enriched object 
in this way was specially compared with dielectrophoresis or ultrasonic field. 

Fig 4. Fluorescence intensity vs different enrichment volume 
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ABSTRACT 
Band dispersion has been measured in micromachined separation channels structured with 

orderly disposed cylindrical micropillars. It was found that with an optimal channel design 
the band broadening could be lower by a factor of 3 than in packed columns with a 
comparable particle size. The positioning of the row of pillars closest to the side wall was a 
decisive factor in influencing band broadening.
KEYWORDS: Liquid Chromatography, Band broadening, Micropillars 

INTRODUCTION
In liquid chromatography with packed columns a lower limit for the reduced plate height 

(h) is found in practice. This limit is related to the low degree of order in a packed bed. 
Band dispersion is caused by variations in flow path length and local flow velocity. The 
effect is commonly known as Eddy diffusion. A possible way to further improve the 
efficiency of liquid-phase separations is by using separation channels with perfectly ordered 
structures[1]. Such structures can be etched in solid substrates by micromachining 
techniques. CFD simulations have shown that band dispersion in channels microstructured 
with cylindrical pillars can be much lower than in packed columns[2]. In the work 
presented this theoretical prediction has been validated in practice. 

EXPERIMENTAL 
Different rectangular channels have been etched in a silicon substrate using well known 

clean-room technologies. The channels were enclosed with a glass wafer. All channels were 
10 m deep and 50 mm long; their width varied from 40 to 1000 m. Cylindrical pillars of 
5 or 10 m diameter were left to stand in the channels in an equilateral triangular position, 
with 1 or 2 m interpillar distance, giving a porosity for the channel of 0.40 (Figure 1). 
Perpendicular grooves were etched for solvent delivery and sample introduction. 

Injected sample bands (fluoresceine solutions) were transported through the channels by 
applying pressure on a solvent reservoir. Their movement and dispersion was monitored 
with an EPI fluorescence microscope taking images at different positions along the channel. 
The snapshots taken were processed to yield concentration profiles using standard software. 

RESULTS
H vs. u curves were measured for different channels. The results did not show a 

correlation between channel width and dispersion. However, the structure of the channel 
close to the side wall appeared to be of paramount importance. Channels with flat side walls 
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and with embedded pillars were tested (see Figure 2). In both cases the position of the final 
pillar row had to be optimized carefully; otherwise, strong peak tailing or fronting was 
observed with a strongly increased overall dispersion (Figure 3). The optimum pillar - wall 
distance found experimentally was in good agreement with the CFD prediction. 

With an optimized channel design the plate height curve shows a minimum value for h of 
0.2 (Figure 4). This is about a factor of 3 lower than what is possible with a column packed 
with (non-porous, non-retaining) particles. Moreover, the dispersion does not increase at 
higher flow velocities. Therefore, it may be concluded that orderly structured 
microchannels offer possibilities for very efficient and very fast separations. 

Figure 1  SEM picture of a channel structured with 5 m micropillars. The arrow indicates 
the direction of flow. 

Figure 2  Structure of the side wall region, with (a) flat wall, (b) embedded pillars. 
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Figure 3 Fluorescence microscopy snapshots and concentration profiles obtained with an
optimal (a) and a non-optimal wall region.
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Figure 4   Reduced plate height versus reduced velocity curve. The experimental data
points and lower curve are for one of the channels; the upper curve is calculated for a
column packed with non-porous particles.
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Abstract 
This paper presents the numerical simulation results of various electrokinetic force 

fields in a novel branched-U-turn two-dimensional (2D)-like nanofluidic device.  The force 
fields are controlled by two electrodes fabricated around the semicircular-chamber part of
the device.  The results show that manipulation and sorting of particles-in-solution in the 
device is feasible.
Keywords: single molecules, nanofluidics, electrokinetics, quantitative microscopy. 

1. Introduction 
Recently we develop a novel branched-U-turn nanofluidic device, designed to sort 

particles (biological or otherwise) based on their physical properties.  A scheme of the 
device is given in Figure 1(a), where the arrows show the electroosmotic flow direction.  
The fluidic channels’ height is 150nm, much less than the length and the width; therefore 
the device can be analyzed as a 2D-like device.  Two built-in electrodes, encircling the 
semi-circular-chamber part of the device (from left side and right side), can be used to 
induce either electrophoretic or dielectrophoretic force fields.  By controlling the voltages 
of the built-in electrodes, the force fields could be altered, and in turn the particles in the 
solution could be manipulated.  Fabrication of the device-on-chip [1] and the concept of the 
particle sorting [2] have been presented earlier.  A preliminary numerical simulation result 
was reported before [3], where the analysis was only done on the semi-circular-chamber 
part of the device.  In this paper, we perform the simulation to the whole device. 

2. Methods 
A 2D numerical simulation is performed on the device, using the PDE toolbox in 

Matlab. Because fluid is driven by electroosmosis in the device, velocity distribution is 
proportional to the electric-field-strength distribution.  And because of the low-Reynolds-
number of the flow, pathlines of the particles are always laminar and perpendicular to the 
equi-potential lines in the electric field.  To validate our method, we first do a simple 
electroosmotic electric field simulation, where the built-in electrodes are not connected to 
voltage sources.  We can compare this result with an earlier measurement (with quantitative 
imaging) and numerical simulation (using Fluent) [4].  Only when this comparison gives a 
good agreement, we can perform the method to simulate the electrophoretic and 
dielectrophoretic force fields.  
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3. Results and discussions
Comparison between our electroosmotic result, shown in Figure 1(b), and our earlier 

analysis result on the electroosmotic flow [4] shows very good agreement.  Therefore our 
method is validated.  Therefore we apply the method on electrophoretic and 
dielectrophoretic conditions, and the results are shown in Figure 2 and 3, respectively.  The 
electrophoretic result (see Figure 2) shows that by choosing different voltages to the built-in 
electrodes we can have various electrophoretic force fields.  Meanwhile the 
dielectrophoretic result (see Figure 3) illustrates the dielectrophoretic force field in the 
device, and how polarizable particles will be attracted from (or repulsed to) the upper part 
of the device. 

4. Conclusions 
In summary, we show that manipulating and sorting of particle-in-solution in the 

device is feasible.  A fine control of the electrokinetic force fields could also be used to 
compensate Brownian motion of the particles, as reported by other researchers [5], enabling
a high spatial resolution for manipulation.  Therefore, by combining our particle sorting 
method with quantitative fluorescence imaging, we foresee that the study of single bio-
molecules can be performed in the device with high spatial and spectral resolution.  
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               (a)   (b)                          (c) 

Figure 1. (a) A scheme of the device. The 150V electroosmotic electric field simulation 
result, where (b) the colorbar represents the normalized velocity and (c) the arrows 
illustrate the pathlines (perpendicular to the equipotential contours). 

[1] V.G. Kutchoukov et al., “Fabrication of nanofluidic devices using glass-to-glass 
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(a)                                             (b) 

(c)                                           (d) 

Figure 2. Simulation results of the electric field, which corresponds to the electrophoretic 
force fields, as the left and right built-in electrodes are connected to (a) 0V and 0V, (b) 
150V and 150V, (c) 150V and 0V, and (d) 0V and 150V, respectively.  The results show how 
charged particles can be pushed (a) up, (b) down, (c) right, or (d) left in the device. 

Figure 3.  Simulation result of the electric field’s contour lines, when the left and right 
built-in electrodes are connected to an arbitrary AC voltage.  The dielectrophoretic force 
field is perpendicular to the lines.  Polarizable particles experience positive (or negative) 
dielectrophoresis and be attracted to (or repelled from) the highest electric field density.  
This result shows that the polarizable particles will be attracted to (or repelled from) the 
upper part of the device. 
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ABSTRACT
 By using a microchip with a T-cross channel geometry, on-line sample preconcentration 
by stacking using reverse migrating micelles and a water plug (SRW) was applied to 
microchip micellar electrokinetic chromatography (MCMEKC). Compared to our previous 
work , 40-fold to 65-fold improvement in the detectability was achieved by the 
optimization of the experimental conditions. This paper also reports effects of a water plug 
length on separation and concentration efficiencies in SRW MCMEKC. 

Keywords: microchip electrophoresis, on-line sample preconcentration, high-sensitive 
detection, micellar electrokinetic chrmatography 
1. INTRODUCTION

In a micro total analysis system, microchip electrophoresis (MCE) based on the 
separation principle of capillary electrophoresis (CE) plays an important roll, since MCE
can achieve fast separation with small amount of samples. In MCE employing spectro-
photometric detection, however, the concentration sensitivity is generally insufficient due 
to a short optical pass length. To improve the detectability, we applied SRW [1] to 
MCMEKC, and reported a fundamental study on SRW MCMEKC [2]. In this study, we 
optimized experimental conditions and investigated the effect of the water plug length.  

2. THEORY
SRW is one of on-line preconcentration techniques applicable to micellar electrokinetic 

chromatography (MEKC) based on the principle of stacking [1]. The concentration process 
of SRW is briefly described as follows: First, a long water plug is injected into the 
separation channel filled with a low pH back ground solution (BGS) containing sodium 
dodecyl sulfate (SDS) micelles. The sample prepared in a low conductivity and low pH 
matrix is successively injected into the separation channel. The low pH of sample matrix 
and BGS is employed to suppress the electoosmotic flow. By applying negative voltage, 
higher electric field is applied to the sample zone and the water plug due to their low 
conductivity. Thus, the SDS micelle and the samples incorporated into the micelle migrate 
very fast in the water plug. Finally, the SDS micelle and samples reach at the boundary 
between the water plug and BGS, so that the analytes are concentrated to a narrow band.  
The concentrated analytes are then separated by MEKC. 

3. EXPERIMENTAL 
 A quartz microchip with single T-cross-form channel was fabricated by 
photolithographic techniques. Sample solutions were injected by the gated injection method 
and the injection time of the samples was controlled by the applied voltages. 
Electropherograms were obtained with a laser-induced fluorescence (LIF) detection scheme. 
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4. RESULTS AND DISCUSSION 
In the SRW MCMEKC analysis, a leakage of the separation buffer into the sample plug 

and an extra-band broadening were considered to cause a decrease in the detection
sensitivity. Thus, we applied the floating injection as an improved method to suppress the 
leakage, and the 1.5-fold increase in the sensitivity enhancement factor (SEF) was achieved.   

Quirino and Terabe reported that the extra-band broadening occurred due to the presence 
of micelles in the sample plug during stacking in CE [3]. When a sample solution 
containing SDS micelles was introduced into the separation channel in SRW MCMEKC, 
slightly broader peaks were observed as shown in Figure 1(a), while in the injection of 
sample solution without SDS sharp peaks were obtained with the 3-fold increase in the SEF 
(Figure 1(b)). Therefore, the extra-band broadening was successfully suppressed by using a 
sample solution without SDS. 

  Figure 2 shows the MCE analysis of 
three rhodamine derivatives, rhodamine 
B (RB), sulforhodamine B (SRB) and 
sulforhodamine 101 (SR101), under the 
optimal SRW MCMEKC and 
conventional MCMEKC conditions. In 
SRW MCMEKC, a baseline separation 
of three dyes was successfully attained with the 65-fold increase in the SEF. The resolution 
values shown in Table 1 clearly demonstrated that SRW MCMEKC improved the 
separation efficiency compared with the conventional MCMEKC analysis. 

Figure 1. SRW MCMEKC analysis of rhodamine dyes in (a) the presence and (b) the absence 
of SDS in the sample solution. 

(a) conventional MCMEKC 

Figure 2. Electropherograms of three rhodamine derivatives obtained with (a) conventional 
MCMEKC and (b) SRW MCMEKC under the optimal conditions. 

(b) SRW MCMEKC

Table 1. Resolution (RS) and SEF obtained with 
conventional MCMEKC and SRW MCMEKC. 

Conventional
MCMEKC

SRW-
MCMEKC

RS (RB-SR101) 1.5 2.7
RS (SR101-SRB) 3.0 4.7

SEF 58~65
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The effect of the length of a water 
plug on analytical performances in 
SRW MCMEKC was also investigated.
Figure 3 shows the SRW MCMEKC 
analysis of the rhodamine dyes obtained 
with a different injection time of water.  
At the water injection time of 0.5 s, 
insufficient separation of RB and SRB 
was attained, whereas at the 2.0 s injection the baseline separation was obtained. The 
dependence of the injection time of water on resolution and the SEF are shown in Table 2. 
The resolution increased with increasing the injection time of water. Since the water plug 
plays a roll of a separation zone with a different selectivity from the running buffer zone,  
resolution would be dependent on the length of the water plug. Furthermore, the SEF was 
improved as the injection time increased. Thus, the length of the water plug was confirmed 
to strongly affect the analytical performances in SRW MCMEKC. 

5. CONCLUSIONS 
Under the optimal conditions, we achieved 65-fold increase in the SEF and the baseline 

sepatration of three rhodamine derivatives. The result indicated that the water plug acts as 
both a secondary separation zone and an enhanced field zone, so that resolution and the 
SEF could be improved by controlling the injection time of water in the SRW MCMEKC 
analysis. Therefore, SRW is a usefull method for improving the detectability in MCE. 
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Table 2. Effects of the injection time of the 
water on RS and SEF. 

Injection time of the 
water plug (s) RS(RB-SR101) SEF(RB)

0.5 1.4 32 
1.0 2.3 38 
2.0 3.3 41 

Figure 3. SRW MCMEKC analysis of three rhodamine dyes at the injection time of water plug 
of (a) 0.5 s and (b) 2.0 s. 



SELF-REGULATED I-SHAPED MICROCHANNELS
FOR SIMULTANEOUS ELECTROPHORESES 
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Kimiko Makino2, and Mizuo Maeda
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2Faculty of Pharmaceutical Science, Tokyo University of Science, JAPAN

ABSTRACT
 We report a novel microchip in which I-shaped microchannels are utilized for 
simultaneous electrophoreses. The unique I-shaped microchannel design without injector 
branch makes integration of multiple microchannels more straightforward than 
conventional designs such as the cross- and T-shapes. Self-regulation of sample plug in the 
I-shaped channel was realized by two techniques, power-free pumping and passive stop 
valve. We demonstrate size-dependent and sequence-specific separations of DNA. 
Keywords: DNA detection, electrophoresis, passive stop valve, power-free pumping 

1. INTRODUCTION
 Microchip electrophoresis offers many advantages, such as small sample volume, high 
speed separation, and low-cost mass production. However, there is room for improvement 
in the integration of microchannels and electrodes. Most of the previously reported 
microchannels have the cross- or double T-shapes with four reservoirs, which usually 
occupy considerable areas on a microchip. For large-scale integration of microchannels, 
reduction of the number of reservoirs is indispensable [1]. An I-shaped microchannel is
ideal for this purpose, because it requires only two reservoirs. To date, a few groups have 
reported electrophoreses in I-shaped microchannels with complicated operations for 
regulation of sample plugs [2].  
 In previous work, we developed a simple method for sample plug regulation in a T-
shaped microchannel; loading of the sieving polymer and formation of the sample plug 
were carried out by the power-free pumping and the passive stop valves [3]. With this 
technique, here we demonstrate simultaneous electrophoreses in I-shaped microchannels. 
Up to eight microchannels were easily integrated in a 30 mm square.   

2. EXPERIMENTAL 
 Figure 1a shows design of the microchip. The microchip consists of a PDMS part and a 
glass plate. They were reversibly bonded to each other. The PDMS part has parallel I-
shaped channels (80 m wide, 20 m deep). Each channel is equipped with two reservoirs 
(2 mm in diameter) for sample and sieving polymer. Two Au thin film electrodes (cathode: 
80 m wide, anode: 400 m wide) were patterned on the glass surface. Figures 1b to 1d 
illustrate the operational steps of electrophoresis in the I-shaped channel. In advance, air 
dissolved in PDMS was evacuated in a vacuum chamber at 10 kPa for 10 min. Under 
atmospheric pressure, 2 L aliquots of DNA sample solution and polymer solution were 
dispensed into the corresponding reservoirs. Dissolution of air into PDMS reduced the 
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pressure in the channel, and the solutions were spontaneously introduced (Figure 1b). After 
they were merged together (Figure 1c), electrophoresis was started (Figure 1d). The sample 
plug was defined by the merging point and the cathode. The plug length was regulated by 
the stop valve, which holds the firstly arriving solution until it is merged with the second 
solution. This valve function is based on the pinched geometry and the surface tension. 

3. RESULTS AND DISCUSSION 
 Size-dependent separation of double-stranded (ds) DNA is demonstrated in Figure 2. A 
100-bp dsDNA ladder was dispensed into the sample reservoirs. As the sieving polymer, 
hydroxyethylcellulose (HEC) was adopted. The solutions were merged together at the stop 
valves (Figure 2a). A potential of 10 V was then applied between the electrodes. The 
sample was electrophoretically transported, and the DNA fragments were separated (Figure 
2b). Figure 2c shows an electropherogram obtained from the video image. All peaks were 
clearly separated. Electrolysis at the cathode did not cause significant interference with the 
separation. 
 Figure 3a depicts the principle of specific-separation of single-stranded (ss) DNA with 
affinity electrophoresis [3,4]. The probe DNA, immobilized to the polymer chain, interacts
with the sample DNA. The wild type (W) has stronger affinity to the probe DNA than the 
single-base mutant type (M), and hence W migrates slower than M. Figure 3bc shows 
separation process of a pair of model sequences. We tested four probe DNAs with different 
lengths (6- to 12-mer) at the same time. They were immobilized to poly(dimethyl-
acylamide)  (PDMA) matrix. The results shown in Figure 3c are consistent with the 
affinities between the probes and the sample components. This experiment has clarified that 
the 8-mer probe is optimal for sequence-specific separation of these sequences.

4. CONCLUSIONS 
 We presented a novel microchip in which I-shaped microchannels are utilized for 
simultaneous electrophoreses. This device opens up a new possibility of large-scale 
integration of multiple channels on a microchip. We believe that the sequence-specific 
separation on this microchip will be a powerful tool for simultaneous typing of single-
nucleotide polymorphisms.  

REFERENCES
[1] R. T. Kelly and A. T. Woolley, Anal. Chem., 77, 96A-102A, (2005). 
[2] S. Kaneda, and T. Fujii, MicroTas., 1279-1282, (2003) 
[3] T. Ito, A. Inoue, K. Sato, K. Hosokawa, and M. Maeda, Anal. Chem., in press. 
[4] T. Ito, A. Inoue, K. Sato, K. Hosokawa, and M. Maeda, Chem. Lett., 32, 688-689, 

(2003).

Akira Inoue,  Bioengineering Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama, 351-
0198, JAPAN, fax +81-48-462-4658     e-mail:botta9ri@postman.riken.go.jp 
Faculty of Pharmaceutical Science, Tokyo University of Science, 2641, 
Yamazaki, Nodashi, Chiba, 278-8510,JAPAN 



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

849

Figure 1. Operational steps of electrophoresis in the I-shaped microchannel. (a) Schematic 
view of the microchip. (b)(c) The self-regulated introduction of sample and 
sieving polymer. (d) Electrophoretic separation. 

Figure 2. (a) (b) Fluorescence images of size-dependent separation of 100 bp dsDNA 
ladder. (c) Electropherogram taken at 1.0 cm downstream from the cathode. 
Electric field, 7 V/cm; polymer matrix, 2% HEC; sample concentration, 50 g/mL; 
label, SYBR Gold. 

Figure 3.(a) Principle of sequence-specific separation of ssDNA with affinity 
electrophoresis. (b) (c) Fluorescence images representing separation process of 
W (FITC-5 -GGA GCT GGT GGC-3 ) and M (FITC-5 -GGA GCT AGT GGC-
3 ) using probe DNAs (6- to 12-mer) immobilized to PDMA matrix. Electric
field, 7 V/cm; polymer matrix, 10% PDMA with 50 M probe DNA; sample 
concentration, 1 µM for each. 



TOWARDS TWO-PHASE ELECTROPHORESIS IN 
MICROCHANNELS
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ABSTRACT
The presented work is concerned with the transport of biomolecules, here BSA (bovine

serum albumin), inside microchannels influenced by an electric field across the channel
width. Both single and two-phase configurations of fluid layers are considered, where the
main goal is to study electrophoretic separation mechanisms in two-phase systems. It is
shown that electrophoretic transport across the channel width may be induced by suitable
electrode structures and that under certain conditions the BSA molecules accumulate at the
phase boundary.

Keywords: Separation, Two-Phase Flow, Electrophoresis

1. INTRODUCTION
This work aims at a new class of methods of electrophoretic separation of biomolecules.

In contrast to the standard techniques, electrophoresis is conducted in a single-phase fluid,
but in a system of, e.g., stratified layers. By virtue of the large surface-to-volume ratio
characteristic for microfluidic systems, especially the interactions of biomolecules with
liquid/liquid interfaces are examined and the suitability of corresponding effects for
applications in the field of biomolecular separations is assessed. For the corresponding
studies a micro flow cell was fabricated (cf. Fig. 1) into which either a single-phase liquid
or a two-phase liquid arrangement can be introduced. Subsequently the electrophoretic
transport of biomolecules driven by electric fields perpendicular to the channel orientation
is examined.

2. EXPERIMENTS AND RESULTS
The device consists of a microchannel

embedded in COC (cyclo-olefin
copolymer) and two wall electrodes (Au
or Pt) (cf. Fig. 1). For fabrication a
combination of different micromachining
technologies has been developed. In the
first step, the polymer substrate is spin
coated with a photo resist of a defined
thickness followed by a micro milling
process step or a laser ablation step to
define the channels. After sputtering the
channel walls with gold or platinum, the
photo resist is removed by solvents and
the metal at the bottom of the channel by laser ablation. This leads to well-defined gold
electrodes covering the vertical channel walls of the polymeric chip.

Figure 1. Schematic set-up of the test device.
The metal electrodes (gray) are in direct contact
with the fluid and connected to a function
generator.
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The use of such a set-up is explored by studying the electrophoretic transport of BSA
molecules dissolved in water, which leads to an increased concentration on either one or the 
other electrode, depending on the direction of the electric field (cf. Fig. 2). In order to
provide a sufficiently large field strength while preventing bubble formation from
electrolysis, an AC voltage was applied to the 
electrodes. Thereby increased transport speeds
compared to using DC voltages are possible
[1]. Besides AC operation the electrodes were
driven in DC mode wherever appropriate. In
order to investigate the transport phenomena
related to electrophoresis in stratified two-
phase systems [2, 3], aqueous solutions of PEG
(Polyethylene Glycol, wt 8000, Sigma) and
Dextran (wt 500000, Sigma) were prepared.
Due to the small interfacial tension of the
system the phase boundary is not very stable.
However, the experiments showed that even
when using a single phase PEG/Dextran
system the solution helps to concentrate BSA
molecules not at the electrodes but in the
middle of the channel after reversing the DC
electrical field direction several times with a
period of two minutes (cf. Fig. 3 A, B). After a 
further increase of the applied dc voltage up to 
3.5V the development of a small concentration 
band of about 20µm thickness was observed
(cf. Fig. 3 C, D). The underlying mechanisms
are not clearly understood yet, but might
resemble an isoelectric focusing step or a
polymer arrangement forming a transport
barrier for proteins.

Two-phase electrophoresis experiments with
immiscible fluids were performed with
different fluidic systems. One subject of the
studies was the behavior of BSA proteins at the 
phase boundary of corn oil and water inside a
microchannel, cf. Fig. 4. Due to the presence of 
surfactants the proteins tend to accumulate at
the interface [4]. This effect may be utilized for 
electrophorectic separation with an electric
field applied parallel to the liquid lamellae. In
order to provide a stable interface a channel
with a step structure comprising two portions
of different depths was fabricated, cf. Fig. 5.
Experiments show that in such a way a stable
interface can be created even in a two-phase
system with an interfacial tension as high as
that of corn oil/water.

Figure 2. Time sequence of the
concentration and transport of BSA
molecules in aqueous solution inside a
closed microchannel. A: no electric field.
B: concentration at the upper electrode. C:
movement of the molecules after switching 
the field direction. D: concentration at the
lower electrode.

Figure 3. A-B: Before and after reversing
the electrical field several times. C-D:
Concentration of BSA molecules towards a
small band of about 20µm thickness after
an increase of the driving voltage. Frame D 
shows the bubble formation due to
electrolysis.
Medium: PEG/Dextran solution.
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4. SUMMARY AND OUTLOOK
The electrophoretic effects occurring in a system

containing two immiscible liquids are currently being
investigated in more detail. For this purpose immiscible
phases of PEG/Dextran solutions as well as other fluidic
combinations such as oil/water and octanol/water are used
[5]. This leads to a number of effects, such as molecule
concentration at the interface driven by the electrical field
perpendicular to the phase boundary, where viscosities,
mobilities and solubilities abruptly change. One next step of
our future examinations will be the electrophoresis along a
phase boundary. The final goal of our work is to utilize these 
effects for novel microsystem-based separation and
enrichment techniques for biomolecules.
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3D PERFUSED LIVER MICROREACTOR ARRAY IN 
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ABSTRACT 
A new platform for cell culture based on the multiwell cell culture plate format has 

been developed. In contrast to commonly used static two-dimensional cell culture in 
multiwell plates, the novel approach allows perfused three-dimensional cell culture. The 
system provides a means to conduct high throughput assays for toxicology and metabolism. 
It can be used as a model for human diseases, exposure-related pathologies, and cancer. 
Keywords: cell-based assays, microbioreactor, multiwell cell culture plate format 

1. INTRODUCTION 
One major barrier in drug development is the lack of adequate culture methods for 

retaining liver cell function in vitro. Hepatocytes, the main cell type in liver responsible for 
metabolic transformation of drugs as well as many other liver functions, rapidly lose their 
liver-specific functions when placed in culture. Thus, in vitro cultures have limited utility as 
models for predicting liver toxicology or as models of chronic human diseases such as 
hepatitis C infection. 

We have developed several generations of microreactors designed to retain liver-
specific functions of hepatocytes in vitro up to several weeks. Our first microreactor design
focused on creating a “visible liver.”  The goal was to culture a relatively small number of 
microscopic pieces of tissue (~ 40) and use high-resolution microscopy (e.g., 2-photon or 
confocal) and spectroscopy as primary means for repeated in situ analysis of tissue structure
and cell behavior [1, 2]. Our second microreactor design aimed at culturing a higher number 
of microscopic tissue pieces (~103) [3]. The distinctive feature of both bioreactor designs is 
that they are closed microfluidic devices. In addition, the bioreactors, pumps, and reservoirs 
are standalone components. Perfusion is achieved by connecting separate components by 
tubing and circulating cell culture medium between them.  The goal of these designs was to
create a physiological microenvironment conducive to liver tissue phenotype as close as 
possible to that of native liver; the throughput of these devices was not of primary concern. 

Every day, an enormous number of assays involving cell culture are performed in 
industry and academia in the multiwell cell culture plate format (e.g., 96-well plates). In 
these cell culture systems, the cells typically form a 2D monolayer and cell culture medium 
in the wells is static. Our novel system is based on this wildly used standard but instead of 
static 2D cell culture, it provides perfused 3D cell culture capability. Through integrating 
devices into this format, productivity of researchers can greatly increase. Since the new 
microreactor array complies with international industrial standards for multiwell plates, our 
approach can greatly benefit from the compatibility with the high throughput robotic 
systems already in place at pharmaceutical and biotechnology companies. 

2. EXPERIMENTAL 
The multiwell plate microreactor array consists of a fluidic and a pneumatic manifold 

with a diaphragm sandwiched in between. The fluidic manifold contains an array of 
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microreactors and reservoir pairs (Fig. 1). Each microreactor/reservoir pair is fluidically 
isolated from all other microreactors on the plate. A key component of a microreactor is a 
scaffold for tissue morphogenesis (Fig. 2a).  The scaffold is a thin wafer containing an array 
of channels in which cells self-assemble into 3D pieces of tissue. It is backed by a filter and 
a support scaffold. Tissue in the scaffold is perfused by cell culture medium. The medium is 
recirculated between the reactor and reservoir by a diaphragm pump (Fig. 2d). The 
diaphragms of all pumps and rectifying valves are actuated in parallel via three pneumatic 
lines distributed by the pneumatic manifold [4]. In the proof-of-the-concept prototype, we 
placed only five reactor/reservoir pairs on a plate  (Fig. 1).  However, by reducing the size 
of microreactors (decreasing the cell number per microreactor) one can create equivalents 
of, for example, 24- or 96-well cell culture plates. 

3. RESULTS AND DISCUSSION 
Primary rat hepatocyte spheroids were seeded into the microreactor array and cultured 

for six days. At the end of the culture, the scaffolds were removed and the tissue structures 
were imaged both by phase contrast (Fig. 2b) and fluorescence microscopy (Fig. 2c). 
Live/dead assay showed that most cells were viable. Therefore, the preliminary results show 
the suitability of the new format for long-term cell culture. 

4. CONCLUSIONS 
A new platform for cell culture based on the multiwell cell culture plate format has 

been developed. It provides a means to conduct high throughput assays for toxicology and 
metabolism. 
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Figure 1. Photograph of the microreactor array in the multiwell plate format. 
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Figure 2. Scaffold arrangement (a). Optical imaging (b) and live/dead assay (c) of rat
hepatocytes 6 days after seeding. A schematic cross-section of a reactor/reservoir pair
showing the pumping cycles (d). 
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Figure 1. Cells are sequestered and the electric field is applied
across the cell. (a) Schematic of operating principle. (b) 2 new
designs leveraging this principle: electroporation/ backside
perfusion channel in which electrode is in one end of the Y
shaped channel; fusion with two channels closely spaced for 2
cells/ and or vesicles.
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ABSTRACT

To introduce otherwise impermeable compounds such as dyes, drugs, or DNA into cells,
we present a single cell electroporation array chip for intracellular delivery. This platform
can selectively trap targeted cells and focus the electric field for: reversible electroporation
(in which the pores reseal), intracellular perfusion, and cell fusion. Our design enables us
to trap cells effectively and to apply a low voltage (<1V) to create a large potential drop
(~750 V/cm) across the cell membrane. In response to this transmembrane potential,
dielectric breakdown of the membrane is achieved and the phospholipids can rearrange to
create transient pores. These pores allow compounds to be delivered via integrated
capillary channels into the cell. Alternatively, during this membrane rearrangement period,
cells can also be fused with each other or with pre-loaded vesicles for volume controlled
intracellular delivery.
Keywords: electroporation, single-cell, fusion

1. INTRODUCTION
We previously demonstrated the feasibility of electroporating single cells using an

elastomeric device with small (3x4 �m) lateral trapping/electroporation channels [1].
Single cell electroporation techniques, pioneered by Lundqvist et al using carbon fiber
electrodes [2], include: electrolyte-filled capillaries [3], micropipettes [4] and
microfabricated chips [5]. Our approach differs from these in that we can selectively
immobilize, and locally and reversibly electroporate single cells with less than 1 V. This
approach eliminates the need to manipulate electrodes or glass pipettes. Moreover, this
device allows parallel single cell electroporation. Most notably, the electroporated cell can
be simultaneously monitored
electrically (via
impedance
measurements) and
optically (via
fluorescence
detection), enabling
multiplexing for high
content screening.

We have improved
our electroporation
device design for more
controlled intracellular
compound delivery. To
do this, we are
pursuing two
approaches: (1) using
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intracellular perfusion and (2) using preloaded vesicles or cells to deliver compounds to
the targeted cell via fusion. This paper shows initial results using these two new
approaches using two novel device geometries. Instead of having the cells suspended with
the compounds of interest as in conventional electroporation set-ups, both our approaches:
conserve reagents, allow for better control, and keep the cells separated from the reagents
until after electroporation.

2. THEORY
Electroporation occurs when the transmembrane potential exceeds the dielectric

breakdown potential of the membrane, typically reported to be 0.2-1.5V. We apply the
electric field across the trapped cell, with a Ag/AgCl electrode on either side of the cell
(Fig 1). Because the polydimethysiloxane (PDMS) trapping channel is a good electrical
insulator, the electric field is focused such that the greatest potential drop occurs first
across the portion of the cell membrane within the trapping channel (3.1µm x4µm). As
resistance is inversely proportional to surface area, and the surface area of the first
membrane is <100x that of the membrane outside the trapping site, the resistance of the
first membrane is significantly larger than the other membrane. Therefore the critical
transmembrane potential – and thus electroporation – occurs here first. After this portion
of the membrane porates and its resistance decreases, the other side of the cell porates and
cell fusion is achievable with the abutting cell.

3. EXPERIMENTAL
Fig 2 shows a Hela (human carcinoma) cell electroporated and loaded with propidium

iodide from the intracellular perfusion channel (Fig 1b, center). Valves at each end of the
perfusion channel allow compounds to be introduced after a cell is trapped. Fig 3a shows
two Hela cells (membranes dyed with rhodamine) trapped in the cell fusion device (Fig 1c,
right) after the electric field has been applied. Fig 5b shows two vesicles trapped. With this
platform, we show we can selectively trap targeted cells and focus the electric field for
reversible electroporation (in which the pores reseal), intracellular perfusion, and cell

a) b)

Figure 2. Monitoring of the cell. (a)
Electrical measurements. Typical current
versus time graph. Jump in current
correlates with electroporation.(b) Time
lapse optical measurements of intracellular
perfusion. (c) Cell is trapped,
electroporated, and loaded with propidium
iodide from the backside.

c)
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Figure 3. Demonstration of fusion
channels. One electrode is placed in one
channel and another in the other channel.
(a)Two Hela cells are trapped and the
electric field is applied across both cells. (b)
The device can be used on vesicles as well.

10�m4�m

fusion. Finally, we can simultaneously monitor the cell electrically and optically while
doing so. To demonstrate electrofusion, one Hela cell was preloaded with calcein and the
other was not. After pulse application, the calcein slowly leaked into the other cell (figure
not shown).

4. RESULTS AND DISCUSSION
We have demonstrated the ability to

hydrodynamically trap, selectively
electroporate and manipulate cells to
deliver compounds into cells using our
microfabricated PDMS devices.
Moreover, we can monitor the cells and
the delivery both electrically and
optically. Much work remains to derive
optimal electroporation and electrofusion
pulse protocols. Ideally, the pores would
reversibly open such that the compounds
can be introduced into the cell and then
reclose to ensure cell viability. While we
have witnessed pore reclosure (using electrical measurements), we need to be able to
confirm that the cells remain healthy post-manipulation.

For the electrofusion, 3V for 30ms was applied across the cells. Unlike the PBS used for
electroporation, the electrofusion media was a combination of BSA with glucose and
magnesium and chloride ions. Furthermore, the time required for electrofusion was
significantly longer (~20 minutes). While the membrane of the two cells apparently stuck
together and transfer of calcein could be observed, these pulse parameters were not
optimized and the cells were not necessary viable after pulse application. Futher work is
necessary to unite the two cells into one true viable cell.

5. CONCLUSIONS
Using our PDMS based platform, we are able to create a transmembrane potential

across a cell using low voltages such that dielectric breakdown of the membrane is
achieved and the phospholipids can rearrange to create transient pores. We demonstrate
that these pores allow otherwise impermeable materials into the cell – using either a
backside perfusion channel or via a courier cell (or vesicle) via electrofusion.
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A NEW CELL COUNTING AND SORTING SYSTEM
USING MICRO-PUMPS/VALVES FOR 

MULTI-WAVELENGTH DETECTION APPLICATIONS 
Chen-Min Chang, Suz-Kai Hsiung and Gwo-Bin Lee 

Department of Engineering Science, National Cheng Kung University, Tainan, Taiwan 701 

ABSTRACT 
This study presents a new chip-based cell counting and sorting system utilizing several 

crucial microfluidic devices for biological applications. Recently, micromachine-based flow 
cytometry has been widely investigated for cell counting/sorting applications. By using a 
cell sampling and hydrodynamic focusing controller, cell sample driving and hydrodynamic 
focusing were generated. For the purpose of fluorescence detection, multiple buried optical 
fibers were then used to transmit the light source and collect emitted fluorescence signals 
in/out of the chip device. Lastly, a fluidic switching mechanism consisting of three 
pneumatic micro-valves were used for cell sorting.  
Keywords: Flow cytometer, Multi-wavelength detection, cell counting, cell sorting 
1. INTRODUCTION 

In the last decade, various microfluidic devices have been developed for µ–TAS 
(micro-total-analysis-system) applications. Among them, cell handling and analysis system 
was one of the most interesting research topics for biological application. Chip-based flow 
cytometry has been extensively investigated for the cell analysis applications [1]. For cell 
counting approach, integration of optical detection system has been widely investigated [2]. 
However, most developed devices relied on complicated alignment procedures and the 
sensitivity of the detection was limited since no particle-focusing mechanisms were applied. 
For this purpose, a 3-dimensional focusing mechanism by using dielectrophoretic (DEP) 
forces has been reported [3]. Nevertheless, the method still relied on complicated
fabrication process to form electrodes onto microchannels. In this study, micro-pump was 
used as a cell sampling and hydrodynamic focusing controller such that no large-scale 
syringe pumps were used. A simple 3-dimensional focusing device was used to force the 
cells passing through detection area. Then fluidic switching mechanism was used to sort 
cells by utilizing three pneumatic micro-valves. The proposed chip device could 
successfully detect fluorescent-labeled cells and sort them into desired outlet channels.  

.
2. MATERIALS AND METHODS 

Figure 1 shows a schematic diagram of experimental setup and working principles for 
the proposed cell counting/sorting device. As shown in Fig. 1(a), a cell sampling and 
hydrodynamic focusing controller was used to drive both sample and sheath flows into the 
micro channel and then flow through a detection area. A pneumatic micropump was used to 
provide the hydrodynamic force. The detection area was composed of three pairs of optical 
fibers to transmit the laser light sources with different wavelengths and collect emitted 
fluorescence signals to an APD (Avalanche Photo-diode) sensor. After detecting 
fluorescence signals, a flow switching mechanism utilizing three pneumatic micro-valves in 
the downstream of the sample flow channel was used to achieve cell sample sorting. Figure 
1(b) shows that two neighboring sheath flows were used to squeeze the central cell flow 
into a narrow stream. Cells in the sample flow were hydrodynamically focused and aligned 
to pass through the optical detection region. Three pairs of optical fibers were buried onto 
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Fig. 3 SEM images of micro-channels 
on a template and a replication chip 
after demolding process, respectively. 

Fig. 4 Fluorescence signals of cells 
labeled by (a) FITC and (b) 
MitoTracker® Red 580. 

the micro fluidic chip for fluorescence detection. Cell 
samples labeled with different fluorescent dyes could be 
excited by using correspond light sources with different 
wavelengths. The optical signals were then detected and 
amplified by the APD module. After fluorescence 
detection, the samples flew into the cell sorting area and 
then collected by using flow switching mechanism. 

To improve the quality of fluorescence signal, a 
new design of the optical detection area was proposed 
and shown in Fig. 2. Briefly, a 3-dimensional focusing 
device could be used to improve the uniformity of the 
detection signals. 

Even though the cells have been focused horizontally, 
random distributed cell in the vertical direction still 
cause a variation of the signals. After two layers of 
SU-8 fabrication process, the micro channel structures 
with different depth were fabricated. Owing to the 
different depth between the sample flow channel and 
optical fiber channels, the cell samples would be 
vertically focused and pass through the optical 
detection area in the central of the stream, thus passing
through the core of the optical fibers. With this 
approach, the signal amplitude will be increased and 
accuracy of cell counting and sorting will be improved.

3. RESULTS AND DISCUSSION 
Figure 3 shows SEM images of close-up 

views of the SU-8 template (Fig. 3a) and 
PDMS replication after demolding process 
(Fig. 3b). The depth and width of the sample 
channel is 50µm and 100µm, respectively. The 
optical fibers channel is 85µm in depth and 
125µm in width. As mentioned previously, the 
different depth between these two channels 
enables the core of the optical fibers to be 

self-aligned with the sample flow channel. Thus 
the cells could flow through the center of the 
sample flow channel by using this mechanism to 
increase the detection limit of the proposed chip 
device. 

Figure 4 shows real-time fluorescence 
signals for cell counting test. The cell samples 
labeled with specific fluorescent dyes could be 

 Fig. 1 Schematic diagrams
of working principle of the 
proposed cell chip device. 
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Fig. 2 Schematic diagram of 
the design and operation 
principle of the optical 
detection area
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Fig. 5 Photograph of the flow 
switching generated by three 
micro-valve devices. 

excited by corresponding light sources with different wavelengths. The samples used were 
mice oocyte cells (15~20µm) and lung cancer cells (10µm) labeled by fluorescent dyes, 
FITC and MitoTracker® Red 580, respectively. Experimental results indicate that the 
developed chip device could detect biological samples labeled with fluorescent dyes 
successfully. Each peak in the figure indicates that one cell sample flows through the optical 
sensing area. Note that two kinds of cells were excited using different laser sources with 
different wavelengths. 

After the fluorescence detection of the dye 
labeled cell samples, different labeled cells could 
be sorted and collected to the specific region. As 
shown In Figure 5, pneumatic micro-valves were 
used for flow switching. Three valves were 
placed in front of each outlet channel. While two 
channels were closed, the cells could flow into a 
desired channel and collected for subsequent 
applications. Experimental results indicated the 
proposed micro-valve devices could switch the 
sample flow to the specific channel successfully. 

4. CONCLUSIONS 
We have developed a micro flow cytometer chip on PDMS substrates using 

micro-pumps/valves for multi-wavelength detection applications. Using micropumps to 
generate hydrodynamic force, the cells could be horizontally focused into a narrow stream. 
A simple method by fabricating different depth between the flow and fiber channels has 
been used to force cells flowing through the center of the stream such that the quality of the 
signals could be enhanced. Different fluorescent dye labeled cell samples could be 
successfully detected by using light source transmitted by buried optical fibers with 
different wavelength. Mice oocyte and lung cancer cells labeled with fluorescent dyes were 
successfully counted using the proposed chip and sorted. The microfluidic device could be 
used for specific cell-level applications such as profiling, counting, and sorting. 
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A PARALLEL ANALYSIS AND SORTING CHIP FOR
SINGLE CELL STUDY

Hui Yu1, Biao Li2, Andre Sharon 2, and Xin Zhang1
1Boston University, 2Fraunhofer USA Center for Manufacturing Innovation

ABSTRACT
We designed and fabricated a MEMS-based analysis and sorting chip for single cell

assays.  Single cells are captured in the array of micro-wells through suction; cell diagnosis
is performed using a scanning laser and a detector; and finally cells are manipulated using
thermal bubble actuation.

Keywords: Single cell diagnosis, microbubble, actuator

1. INTRODUCTION
The characteristic functions of tissues and organs result from the integrated activity of

individual cells. Recent studies have highlighted the fact that even in the smallest tissue the
coexistence of multiple cell types makes it difficult, if not possible, to correlate patterns of
gene expression with function [1].  Innovational techniques capable of studying single-cell
level are highly anticipated to break this bottleneck to our further understanding. In this
paper, we present the design, fabrication and testing of a MEMS-based analysis and sorting
chip for single cell assays.

2. FABRICATION
The chip is comprised of two bonded plates.  The upper Si plate contains an array of

micro-wells with dimensions comparable to the size of a single cell; and the lower glass
plate comprises an array of micro-heaters. The chip is packaged in a flow chamber for cell 
study.

(a) Cell loading

(b) Cell registration in 
micro-well

(d) Cell population by
bubbles

(c) Cell diagnosis through a
scanning laser and a detector

(e) After sorting
Suction

Flow

Photodetector

Scanning laser beam

Flow

BubbleGlas

Si

Glass

Cell
2-axis ScanHead

Heater

Figure 1. Operating principle of the analysis and sorting chip.

The device works as follows: single cells are captured in the array of micro-wells
through suction as shown in Figure 1a&b. A focused laser beam scans across the entire
array, allowing efficient photons passing through the individual tiny holes (~10 m in
diameter) lying under each micro-well (Figure 1c). Different types of cells result in varying
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intensity level of light/fluorescence reaching the photodetector below. Based on the optical 
readout, the single cells can be sorted. By triggering the micro-heater, vapor bubbles form
[2] and the resulting jet ejects the trapped cell out of the micro-well (Figures 1d&e).  Both
micro-wells and through-wafer holes on the top Si plate were defined using DRIE.  The
Pt/Cr micro-heaters on the bottom glass plate were realized using lift-off technique.

3. EXPERIMENTS
We have successfully attempted to position single HEK cells using the fabricated

device.  Figure 2 illustrates the experimental setup. HEK cells were cultured at 37 oC under
5% CO2/air atmospheres.  Prior to plating on the chip, cells were detached using 0.25%
trypsin, pelleted by centrifugation, and re-suspended in DMEM with 1% FCS.  Figure 3
demonstrates the registration of a single cell into a micro-well after applying gentle suction.

Cell approaching

(b)

50 m

(a)

Photodetector
Holder

CCD Camera 

Vacuum Tube

2-axis Scanhead

Chip

(d)

Cell trapped

(c)

Cell approaching

Figure 3. Capture sequence of a single
HEK cell into the micro-well.

Figure 2. Experimental Setup.

 b (a) (b)

Figure 4. Photoresponse of HEK cells captured in different sites of the micro-well

A scanning laser system was developed to address the individual micro-well at any site
in the array with a position- and time-programmed focused laser beam [3]. As a
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demonstration, the photoresponse of single cells located in micro-wells was recorded.
During the measurement, the programmed laser was scanned across the entire array before
and after cell loading.  Correspondingly, the electrical signal was measured with the
photodetector. As shown in Figure 4a, the optical output is varied for different micro-wells
before cell loading. This is resulted from the non-uniformity of through-wafer holes. Figure
4b shows the discrete optical output of single HEK cells at different sites.  These deviations
might correlate to various biological statuses of the cultured cells.  As such, individual cells
can be sorted for further research.

The single cell was manipulated using thermal bubble actuation. By adjusting the
triggering electrical pulse to individual Pt micro-heater, various sized bubbles were
generated as shown in Figure 5. The volume expansion pushed out a jet of fluid that ejects
the cell from the capture well. Figure 6 demonstrates the sequence of single cell ejection. 

(a)

(c)(c)

(a)

Cell reentered the flow

Cell was ejected

(d)

50 m(b)

Figure 5. Measured bubble size vs.
input voltage (pulse width = 0.2 s). Figure 6. Ejection sequence of the HEK cell

from the micro-well.

4. CONCLUSION
A MEMS-based analysis and sorting chip for single cell assays was designed and 

fabricated.  The proof-of-concept device has been demonstrated the potential to study and
actuate single cells.
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Figure 1: (A) schematically outlines the overall functionality of the “active coverslip”.  
Individual cells are held in specified locations on the trapping grid, interrogated using 
microscopy, and then sorted by grounding the associated row and column electrodes.
(B) and (C) show exploded and assembled versions of an individual site in the overall 
trapping array indicating the two metal levels and their electrical isolation from one 
another.  The intermetal-dielectric (IMD) hole permits electric-field communication 
between the two metal levels, enabling DEP trapping.

A SCALABLE ROW/COLUMN-ADDRESSABLE 
DIELECTROPHORETIC CELL-TRAPPING ARRAY 

B. M. Taff and J. Voldman 
Massachusetts Institute of Technology, USA

ABSTRACT 
We present the first known implementation of a passive, scalable architecture for trapping, 
imaging, and sorting individual cells using a positive dielectrophoretic (p-DEP) trapping 
array.  Our approach, which does not require on-chip CMOS electronics, incorporates 
unique “ring-dot” p-DEP trap geometries into an “active coverslip” array, enabling 
selection of individual cells from a trapped population.  Interconnect demands for our 
design scale with the square root of the number of cells in the grid, which is a significant 
improvement over existing passive architectures.  This technology aims to augment 
available microscopy techniques by enabling cell-based screens based upon imaged spatial 
and/or dynamic information.

KEYWORDS: row/column addressable, dielectrophoresis, single-cell manipulation, 
cell arrays

1. INTRODUCTION 
Microscopy has enabled the visualization and analysis of numerous cellular and subcellular 
biological mechanisms, pathways, and processes.  By imaging cells over space and time, 
many details pertinent to understanding cell function have been unveiled.  Our work aims to 
enhance the capabilities offered by current optical techniques by offering a novel means for 
efficiently and viably sorting surveyed cells on the basis of visual and/or dynamic 
information (Figure 1).  Such image-based sorting will empower new classes of cell-based 
genetic screens. 

2. SCALABLE ADDRESSING 
To approach these types of cell-based screens we present a scalable “active coverslip” 
architecture affording single-cell manipulations.  In our devices we organize collections of 
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individually addressable DEP traps into row and 
column electrically connected arrays.  This 
framework enables us to create a simple platform for 
trapping, imaging, and then selectively sorting many 
individual cells.  While it is straightforward to create 
large arrays of DEP traps that are either all “on” or 
“off” [1], site-specific control is significantly more 
challenging.  Existing approaches require either 
active CMOS-based architectures [2], with associated 
elaborate fabrication processes; distinct electrical 
connections for each trap, demanding at least n
control lines for n traps [3, 4, 5]; or three-dimensional 
electrode configurations best suited for single cell 
translations rather than the removal of specific cells 
from a background population [6].  

Our addressing strategy, instead, uses a passive, 
transistor-independent selection approach where the 
addressed trap’s associated row and column 
electrodes are grounded to free the held particle (Figure 2).  The number of control lines for 
our scheme scales with the square root of the number of traps in the array.  Thus, 
implementing 100×100 arrays capable of trapping enough cells for functional screens 
requires 200 chip-to-world electrical connections, rather than the minimum of 10,000 
needed when scaling existing passive architectures. 

3. FABRICATION
We create our sorting arrays on low-doped 
<100> silicon substrates using a two-level metal 
microfabrication process (Figure 1B).  Thermally
grown and patterned PECVD silicon dioxide 
layers provide electrical isolation between the 
aluminum conducting layers.  Vias in the 
PECVD oxide layer enable electric-field 
communication between the two metal levels and 
DEP trap localization.

4. RESULTS
The key to our architecture is a unique “ring-dot” 
p-DEP electrode geometry (Figure 1C and Figure 
3) organized in a row/column layout.  We 
designed this “ring-dot” trap geometry using our 

previously reported quantitative modeling software (Figure 3B) [5] and have held particles 
against fluid flows on the order of 50-75 µL/min, affirming predictions.  Our design’s 
highly spatially localized DEP trapping fields enable single microparticle capture. 

With both metal levels placed on the substrate of the device, our planar electrode format 
avoids any need for electrodes on the flow chamber ceiling.  This feature, in contrast to 
many other prior designs [1, 2, 6], avoids placing additional restrictions on the permissible 
chamber heights used in our devices. Figure 4A-C highlights the row/column sorting 

Figure 2: Here we demonstrate 
the row/column addressing 
scheme. (A) shows a 2x2 grid 
where all sites are in the “on” 
state. (B) shows the same array 
with the lower right trap set to 
the “off” state.  This condition 
is realized by grounding the 
associated row and column 
electrodes.  Traps on the same 
row and column are “on” but 
activated with half the strength 
of other “on” state traps.

Figure 3: Designing the “ring-dot” 
electrode configuration pictured in 
the SEM image in (A) involved
substantial work using our modeling 
software [5]. (B) indicates the 
effective DEP trapping force 
associated with the implemented 
design. The sharp peak in the 
central “dot” region shows high-
strength force localization.
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capabilities of the device by presenting images of a simple 4×4 array where we have 
selectively released silver-coated polystyrene beads from an initially full grid to form 
arbitrary patterns.  Further functionality is shown in Figure 4D where individual HL60 cells 
are positioned in a 16-site array.

5. CONCLUSIONS 
Our strong planar DEP traps, structured in an addressable row/column architecture, offer a 
unique and easily scaled method for positioning and manipulating many individual cells.  
With this technology, we aim to add breadth to the suite of investigative tools available to 
biologists by providing a route toward cell-based genetic screens where sorting is based on 
imaged spatial and/or dynamic cues.  
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Figure 4: (A)-(C) highlight row/column site release operations on a 4x4 p-DEP trap 
array.  (A) displays the starting point for all addressing routines - all 16 sites are 
filled with single 20-µm diameter silver-coated polystyrene beads.  (B) and (C) show 
examples of sorting patterns we can create by removing trapped particles using 
sequential selections.  The white circles indicate locations where beads have been 
released. (D) provides a fluorescent microscopy image detailing trapping of HL60 
cells in a 4x4 array.  Each site holds just one cell, demonstrating single-cell trapping.



ADHESION-BASED CELL VELOCITY REGULATION

IN AN ANTIBODY-COATED MICRO COLUMN

FOR STEM CELL SEPARATION

Junichi Miwa, Yuji Suzuki and Nobuhide Kasagi

Department of Mechanical Engineering, The University of Tokyo, Japan

ABSTRACT

We report the development of a prototype adhesion-based cell separation device for precise

extraction of stem cells from a small amount of concentrated sample, a key issue in regenerative

medicine.  The cell separation method mimics the mechanism of leukocyte recruitment from

blood vessels at sites of inflammation, and the device consists of an antibody-coated micro

column for regulation of cell velocity by antigen/antibody interaction.  Antibody immobilization

on the micro channel walls is accomplished by conjugation of biotin on aminomethyl-

conjugated parylene surface.  Results of cell velocity measurement in antibody-coated channels

show that the target cells are slowed down to approximately half the flow velocity, showing

the effectiveness of the cell separation principle.

Keywords: stem cells, cell sorting, functionalized parylene, antigen/antibody interaction

1. INTRODUCTION

Tissue engineering is a promising biomedical technology in the near future, enabling us to

replace damaged parts of the body with cells or tissue that are cultivated in vitro.  Multipotent

stem cells are a strong candidate for the source of regenerated tissue, and considering ethical

issues, use of somatic stem cells is preferable to the use of embryonic stem cells.  Mesenchymal

stem cell (MSC), derived from adult bone marrow or blood, has the ability to proliferate

indefinitely or differentiate into various kinds of cells [1].  However, MSC is very rare, with a

number density of 10 cells/ml in peripheral blood, giving rise to the need for a safe, inexpensive,

and highly efficient method for separating stem cells from whole blood or bone marrow.

Currently the most efficient way to separate a rare cell from a suspension of multiple cell

types is to recognize its specific surface antigen.  Microfluidic devices capable of cell separation

based on surface antigens have already been developed [2, 3], but they require electric or

magnetic fields which may affect the unspecialized characteristics of the stem cells.  In this

paper, we report the development of a prototype adhesion-based cell separation device with a

separation principle requiring only antigen/antibody reaction.  The working principle consists

of only a single step, and holds the potential to

perform cell separation with more simple

structure of the device.

2. CELL SEPARATION PRINCIPLE

Figure 1 shows the schematic of the present

cell separation method.  The working principle

mimics the mechanism of leukocyte recruitment

from blood vessels at sites of inflammation, where

the leukocytes slow down by transient attachment

and detachment of antigen/antibody bonds

between the cell membrane and the endothelium.

By coating the antibody on the channel walls with

a sufficient surface density, it is expected that the

Buffer 
fluid

Cell
mixture

Positive
cells

Negative
cells

Surface-coated
antibodies

Figure 1.  Schematic of the adhesion-based

cell separation method.
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target cells slow down to a terminal velocity, at which they could be completely separated

from the non-target cells.  Recently, leukocyte trapping in a micro channel with antibody-

coated pillars has been reported [4], but a problem lies in extracting the trapped cells from the

micro device.  The present work aims at separating the cells without trapping, in order to

eliminate the need of releasing agents such as trypsin for extraction of cells from the device.

3. FABRICATION AND EXPERIMENTAL

Functionalized parylene [5] is a strong candidate for the surface on which biomolecules

are immobilized.  In the present study, diX AM (poly(aminomethyl-[2,2]paracyclophane),

KISCO), a new class of functionalized parylene with aminomethyl group (Fig. 2a), is selected

as the material for the antibody-coated micro channel walls.  The advantage of using

functionalized parylene for biomolecule immobilization is two-folds.  Firstly, parylene is

biocompatible in nature, and secondly, amino group is available on the conformally-coated

surface straight after vapor deposition.  The micro channel structure is made by standard

lithography processes of SU-8, followed by vapor deposition of parylene C and diX AM on

the entire surface of the structure.  The channel is closed by bonding the channel structure and

a pyrex wafer, also coated with parylene C and diX AM, at 200 oC under vacuum [6].  Figure

3 shows the microfabricated prototype cell separation micro column.  For all the target cells to

be affected by antigen/antibody interaction, the channel should be designed so that all the

cells flow in the vicinity of the wall.  To meet this requirement, the channel height is made 50

µm, which is approximately twice the diameter of typical rare cells found in blood.  The

channel width was made sufficiently large to avoid clogging of cells in the channel, i.e., 100

µm in the present study.  The desired column length varies depending on the surface density of

antibodies on the wall.  Here, the column length is varied from 40 to 200 mm.

The antibody immobilization method is

shown in Fig. 2b.  NHS-LC-LC-biotin is

conjugated to the surface amino group of diX

AM through 1 hour incubation at 30 oC, and

biotin-conjugated antibody is immobilized

on the surface, mediated by streptavidin.  A

combination of human umbilical cord vein

endothelial cell (HUVEC) and mouse anti-

human biotin-conjugated CD31 (PECAM1)

monoclonal antibody is chosen as the target

cell and its counterpart antibody, for

verification of the current cell separation

principle.  Human mesenchymal stem cell

Figure 3.  Microfabricated prototype cell

separation column.

Figure 4.  CD31 expression of (a) HUVEC

and (b) hMSC, investigated by autoMACS

(Miltenyi Biotec GmbH) [3].

(a) (b)

Figure 2.  (a) Polymerization of diX AM,

(b) Antibody immobilization on the micro

channel walls.
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(hMSC) is used to represent CD31-negative cells.  Figure 4 shows CD31 expression of each

cell type [3].  Cell suspensions are introduced into the micro column at a number density of

106 cells/ml, and cell velocities are measured from microscopic images at flow rates varied

from 0.01 to 0.5 µl/min, corresponding to the bulk mean velocity of 0.04 mm/s to 2 mm/s.

4.  RESULTS AND DISCUSSION

Figure 5 shows microscopic images of cell motion at the volumetric flow rate of 0.01 µl/

min.  There is apparent difference between the velocities of the two cells, with the velocity of

HUVEC estimated from microscopic images being approximately half of that of hMSC.  This

result confirms the working principle of the current cell separation column, showing that a

cell sample containing multiple cell types flows downstream to form separate plugs with

target and non-target cells.  To confirm that the reduction in HUVEC velocity is due to the

presence of antibodies at the micro channel walls, velocity measurements from microscopic

images are made in micro columns with and without antibody coating (Fig. 6).  The velocity

of HUVEC in the antibody-coated column is 1/5 to 1/2 of that in a plain column, confirming

the effectiveness of the present cell separation principle.  The effect of antigen/antibody

interaction holds at any flow rate investigated, and this fact leaves the possibility of cell

separation at higher flow rates.

5. CONCLUSION

The concept of adhesion-based cell separation by transient antigen/antibody interaction is

proposed, and a prototype micro cell separation column with functionalized parylene-coated

micro channel walls is fabricated.  Results from cell velocity measurements show that target

cells flow downstream at approximately half the velocity of the surrounding flow, confirming

the effectiveness of the present cell separation principle.
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CHARACTERIZATION OF PASSIVE VISCOELASTIC 
PROPERTIES OF SINGLE CELLS ON PDMS 

MICROPOST ARRAYS 
Michael T. Yang, Nathan J. Sniadecki, and Christopher S. Chen 

University of Pennsylvania, USA 

ABSTRACT 
A cellular force sensor device consisting of an array of polydimethylsiloxane (PDMS) 

microposts has been integrated with a force micromanipulator to study the mechanical 
properties of cells.  Cells adhering on top of the array of microposts exert contractile forces
that cause the microposts to bend.  We use the micromanipulator to apply nanonewton 
forces to microposts on which cells are attached.  We demonstrate that both passive and 
active cellular responses to the application of external force can be studied with this device.   

KEYWORDS: Cell Contractility, Force sensor array, Micromanipulation, Microposts 

INTRODUCTION 
Cells experience mechanical forces in their microenvironment that regulate cellular 

behaviors such as proliferation, migration and differentiation, and play an important role in 
physiological processes such as development, homeostasis and diseases state formation [1].  
To study cellular mechanics, many tools have been developed that measure cellular forces 
or apply external forces to cells.  In this paper we describe a new method for characterizing 
mechanical properties of cells that combines micromanipulation with the technology of 
microfabricated arrays of elastomeric microposts, previously developed in our laboratory 
[2].  Micromanipulation with a pulled capillary glass tip has been used to apply force to 
cells in different techniques such as micropipette aspiration and traction force microscopy 
[3-4].  We use the micromanipulator to apply nanonewton forces to microposts with a high 
degree of accuracy and precision and have used this new technique to study both passive 
and active cellular responses to external forces. 

EXPERIMENTAL SETUP 
The fabrication of the PDMS micropost force sensor array, referred to as mPADs, is

described in greater detail elsewhere [2].  Briefly, as shown in Figure 1, PDMS prepolymer 
is poured onto a silicon wafer which has been patterned with SU-8 cylindrical posts.  The 
SU-8 cylindrical posts are 11 µm tall and 3 µm in diameter, with 9 µm center-to-center 
spacing.  After curing, the PDMS negative mold is peeled from the wafer.  mPADs are then 
cast from the negative mold onto a glass coverslip. 

For live cell experiments, the mPADs coverslip is hermetically sealed to a PDMS 
gasket.  As described in [2], fibronectin is transferred onto the tips of the microposts via 
microcontact printing.  The mPADs are fluorescently stained and treated with F127 
Pluronics surfactant to limit cell adhesion to only the fibronectin-coated regions.  NIH 3T3 
fibroblasts were then seeded onto the mPADs in CO2-independent growth medium.  The 
cells were allowed to adhere and spread for at least 12 hours in an incubator. 

Figure 2 depicts the live cell micromanipulation setup.  A manually-controlled 
micromanipulator fitted with a pulled capillary glass tip is mounted onto the stage of a 
microscope.  The microscope is enclosed in an incubation chamber and maintained at 37°C.  
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The micromanipulator has three degrees of movement, controlled by three positional knobs.  
To perturb a post to which a cell is attached, we position the glass tip near the post, several 

microns below the tip of post to avoid damaging the cell
when force is applied. Pulling or compressive forces can be 
applied to a cell depending on the position of the glass tip 
relative to the post. 

Figure 1. Process flow for Figure 2. Experimental setup for micromanipulation of 
mPAD fabrication (not drawn cells on mPADs.  Each division on y-axis position is  
scale). 1.4 degrees (not drawn to scale). 

RESULTS AND DISCUSSION 
We are able to apply nanonewton-range forces to targeted microposts with high 

precision and accuracy.  To calibrate the system, microposts were deflected by the glass tip 
(Figure 3).  The y-axis positional knob, shown in Figure 2, which controls movement in the 
y-axis, was rotated a known degree and images of the micropost deflections were analyzed. 
The results, which are shown in Figure 3A, indicate that the micromanipulator can produce 
a range of forces with good repeatability. 

Figure 3.  Force calibration of micromanipulator.  A
shows the force applied for two glass tip translations. 
Phase images show a post experiencing no force (B) 
and force from 1.4° (C) and 2.8° (D) rotations of the y-
axis positional knob.  Dashed line is drawn as a guide. 
The spring constant of a micropost is 32 nN/µm [2].
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Live cell studies were performed in which fibroblasts spread on mPADs were probed 
with the micromanipulator.  When force is applied to a post, there is a global change in the 
force distribution over other posts to which a cell is attached, as shown in Figure 4. We 
observe a relaxation in the cellular contractile forces upon perturbation.  In addition, the 
force vectors on these posts tend to move away from the direction in which the 
micromanipulator is pulling.  We have observed this relaxation phenomenon in multiple 
cells probed by pulling on individual microposts. 
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A B CA B C

Figure 4. Applied force induces global relaxation. A and B are phase images of a cell
before and during perturbation.  The micromanipulator glass tip applies 32 nN of force to a 
post in B.  The force vectors from A and B are overlayed on top of a fluorescence image of 
the micropost array in C (arrow bar = 100 nN). 

Active cellular responses such as reinforcement of cellular attachments to the 
microposts have also been observed after micromanipulation.  As shown in Figure 5, the 
contractile force of a cell on a post increases after the micromanipulator applies force to the 
post.  This phenomenon has also been observed in other studies where cells responded to
restraining forces by locally strengthening cytoskeletal linkages [5].

Figure 5. Applied force induces reinforcement of cellular 
attachments. Phase images show a cell before (A), during (B) 
and after (C) perturbation.  The contractile force on the post in
the white box is shown in D. 
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CONCLUSION 
Our initial results using the micromanipulator to probe cells spread

on the mPADs have yielded interesting insights into passive and active 
cellular responses to mechanical stimuli.  This tool enables us to both measure contractile 
forces and apply exogenous forces to cells for investigation into cellular mechanics. 
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CIRCULATING TUMOR CELL CAPTURE FROM 
WHOLE BLOOD BY PARYLENE FILTER DEVICES 

Siyang Zheng1, Yu-Chong Tai1, Henry Lin2, Marija Balic2, Ram Datar2 and 
Richard J. Cote2

1 Caltech Micromachining Lab, California Institute of Technology, USA
2 Dept. of Pathology, University of Southern California, USA 

ABSTRACT
 We report here design, fabrication and testing of parylene membrane filter device for 
capturing circulating tumor cell (CTC) from undiluted human peripheral blood.  To our 
knowledge, this is the first micromachined membrane filter used for rare CTC detection.  
Even without much optimization, the device already demonstrates 89% recovery and 9 
log10 enrichment and out-performs most current methods used in the field [1]. Moreover, 
less than 10 minutes are required for each sample separation, compared to current multi-
step processing needing > 1 hour. 

Keywords: Blood, filter, tumor cell 

1. INTRODUCTION
 CTCs are diagnostically as well as prognostically critical, associated with clinical stage, 
disease recurrence, tumor metastasis and patient survival following therapy. Special
considerations are needed for designing a microfabricated device to address the extremely 
low number of CTCs in blood (on the order of 1 per > 1010 blood cells), and large sample 
volume required (5-7.5 ml of whole blood).  Since the average size of CTCs for most 
common epithelial cancers is significantly larger than most blood cells, separation based on 
size can be very effective [2].  While the membrane filter allows processing large sample 
volumes of blood; parylene provides a unique filter substrate due to its flexibility and 
biocompatibility. 

2. EXPERIMENTS
 Two filters are tested in this initial study, where one has 10 m diameter circular holes
and the other has 8 14 m oval holes (figure 1).  To fabricate the membrane filter, 
photoresist AZ1518 is spin-coated on silicon wafer, followed by 10 m parylene-C 
deposition and patterning with RIE.  Finally the whole film is acetone released overnight.  
Individual membrane filter is sandwiched between two PDMS chambers and clamped 
tightly with a jig (figure 2).  Figure 3 compares the SEM pictures of commercially available 
polycarbonate membrane filter used for rare tumor cell detection (figure 3A) and 
microfabricated parylene membrane filter (figure 3BCD).   The commercial membrane 
filter shows randomly and sparsely distributed holes, with many noticeably fused, resulting 
in larger openings. For testing, one syringe is each inserted into ports of top and bottom 
PDMS chambers.  Sample is loaded using the top syringe and dispensed manually to 
traverse the filter.  The flow-through is collected by the bottom syringe.  Further rinses with 
buffered saline are performed similarly. 
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Figure 1. Fabricated devices. (A) Released membrane. (B) Circular membrane filter. (C) 
Over membrane filter. 
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Figure 2. Device assembly.  Figure 3.  SEM pictures.  (A) Commercial membrane 
filter. (B) Microfabricated parylene membrane filter. (C) 
& (D) Parylene membrane filter with cells captured. 

3. RESULTS AND DISCUSSION 
 Cultured cells derived from human metastatic prostatic adenocarcinoma (LNCaP) are 
stained with hematoxylin, and serially diluted in buffered saline to the desired numbers for 
device testing.  The average diameter of LNCaP cells is measured to be 19 m 3 m.  
Tables 1 and 2 show that the recoveries for circular and oval designs are 87.3% 7.0% and 
89.1% 7.0% respectively.  For detection limit tests, the cell numbers are lowered to less 
than 10/ml.  Tables 3 and 4 demonstrate that the device can capture as few as 4 tumor 
cells/ml.  

Table 1.  Recovery test for circular hole design 
1 2 3 4 5

Tumor Cells Added 402 402 402 402 402
Cells Recovered 346 400 344 327 339

Cells in Flow-Through 2 1 0 1 0
Table 2.  Recovery test for oval hole design 

1 2 3 4 5
Tumor Cells Added 86 86 86 86 86

Cells Recovered 79 84 74 78 68

Cells in Flow Through 0 0 0 0 0
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Table 3.  Capture limit test for circular hole design. 
1 2 3 4 5

Tumor Cells Added 4 4 4 4 4
Cells Recovered 4 3 3 3 3

Cells in Flow Through 0 0 0 0 0
Table 4.  Capture limit test for oval hole design. 

1 2 3 4 5
Tumor Cells Added 8-9 8-9 8-9 8-9 8-9

Cells Recovered 7 7 6 9 7

Cells in Flow Through 0 0 0 0 0

The device performance was also tested by spiking known numbers of LNCaP cells in 
peripheral blood from healthy donors (figure 4). Similar to experiments with buffered 
saline, oval filter design resulted in 89.0% 9.5% recovery from blood (Table 5).

Figure 4.  Hematoxylin stained tumor cells spiked in 1ml whole blood are captured on 
parylene membrane filter.

Table 5.  Recovery for tumor cells spiked in 1ml whole blood with oval hole design. 
1 2 3 4 5

Tumor Cells Added 41 41 41 41 41
Tumor Cells Recovered 33 35 42 39 34

Tumor Cells in Flow Through 0 0 0 0 0

4. CONCLUSIONS 
A simple, inexpensive and efficient micro-device has been fabricated for the use in 

detection and characterization of CTCs in blood from cancer patients. 
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CONFOCAL RESTRICTED-HEIGHT IMAGING OF 
SUSPENSION CELLS (CRISC) IN A PDMS 

MICRODEVICE DURING APOPTOSIS 
Cristina Munoz-Piñedo1, Séverine Le Gac2, Doug Green1 and Albert van den 

Berg2

1BIOS group, MESA+ Institute for Nanotechnology, University of Twente,
1LIAI, San Diego, United States 

ABSTRACT
This paper presents a novel method that consists of making time-lapse videos with a 
confocal microscope so as to study apoptosis processes. For that purpose, stained cells are 
placed in shallow PDMS chips, where their location is controlled thanks to a traping 
feature. We have monitored and imaged cell death in human leukemic U937 cells over time 
using three-color confocal imaging. Individual cascaded events such as loss of 
mitochondrial transmembrane potential, exposure of phosphatidyl-serine, membrane 
blebbing and permeabilization of the cell membrane have been observed in real time.

Keywords: apoptosis, PDMS microchips, confocal microscope, time-lapse imaging 

1. INTRODUCTION
Apoptosis is a genetically controlled event occurring during normal development and its 
disregulation is linked to diseases (e.g. cancer, Alzheimer, Parkinson) [1]. Time-lapse 
experiments using laser scanning confocal microscope (LSCM) are recently recognized to 
be an important tool to study the sequence of apoptotic events in individual cells [2]. So far, 
such experiments have been limited to adherent cells, because of the limited field of focus
of the technique. Here we propose to use microchambers of restricted height to keep freely 
moving suspension cells within the focal plane of the LSCM. Using this technique we have 
been able to image for the first time 18 h time-lapse events of apoptosis induced in 
suspension cells with three different inducers. 

2. EXPERIMENTAL
2.1 Chip description and fabrication 
The microchips consists of a cell trap device (fig 1) and has shallow features; channels are 
approximately of 25 um height [3]. We use here PDMS microchips whose fabrication is 
based on a standard process; they are cast against a silicon mold that has been first made 
using DRIE techniques. Nonetheless, the glass plate that is conventionally used as a lid was 
too thick to allow use in the confocal microscope. Thus, it has been replaced here, either by 
a thin PP (polypropylene) foil or by a standard glass-bottom culture dishes (fig. 2) fully 
suited for LSCM experiments. Before their use, chips are coated with serum to ensure cell 
survival during the several hours duration of biological processes such as apoptosis. 

2.2 Cell culture and confocal studies 
For these experiments we used human leukemic U937 cells which were cultivated in RPMI 
1640 medium. Apoptosis was induced using three different chemicals, , anti-Fas, TNF-
and Etoposide. Cell death was imaged over time after staining of the cells using three 
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fluorescent dyes, that are specific and that reflect the state of cells in the apoptotic cascade; 
TMRE (red in figures) stains cell mitochondria, YO-PRO 1 (green in figures) stains the 
nucleus and Annexin V B647 (blue in figures) labels the outside membrane of the cells by 
recognition of phosphatidylserine which are externalized during the apoptosis process. 

T sensor

temperature controlled
heater 37oC

medium+inducers

PDMS chip
oil immersion 
objective

mineral oil

glass-bottom culture dish
with cover

Fig 1. SEM picture of PDMS filter chamber Fig.2. Thermostated setup used in the LSCM.

Cells were then introduced in the microchips, the latter being placd in a thermostated plate
at 37 C (fig. 2); the chips were covered with medium including inducers and a droplet of 
mineral oil was placed on the top so as to limit evaporation phenomena. Fluorescence was 
monitored using a Nikon Eclipse TE 300 microscope coupled to a Biorad MRC 1024 
confocal head and a 15-mW krypton/argon (Kr/Ar) laser unit. Images were taken every 4 
min with a 60x oil objective. 

3. RESULTS
Firstly, filter chambers were reproducibly filled with human leukemic U937 cells (fig. 3), 
whose viability was longer than 90 hours thanks to the serum coating of the chip. 

filter

1

2 3

4

Confocal microscope
view area

Fig. 3: Schematic layout of the PDMS chip. Fig. 4. DIC image of U937 cells in filter chamber 

Secondly, imaging of apoptotic cells over time allowed us to visualize the cascade of events
that happen during apoptosis in U937 cells; this cascade of events is directly related to the 
colours and changes of colours of the cells. . From the results, an interesting 
heterogeneicity in the apoptotic phenotype has been observed. TMRE accumulates in the 
mitochondria upon normal conditions in a membrane potential-dependant way. Thus, the 
depolarization of mitochondria that occurs during apoptosis is seen with a loss of TMRE 
fluorescence (fig 5.2-3). This was the first event to be observed among the apoptotic cell 
population. Annexin-V B647 dye specifically recognized the phosphatidyl-serine (PS) fatty 
acids that are located on the outer membrane of apoptotic cells. Cells wich are visualized as 
blue on the pictures have already undergone the externalization process of PS; this event 
follows the change of potential of mitochondria membrane (fig 5.2). Finally, nuclei of 
normal cells are not permeable to YO-PRO 1. However the permeability od cell nucleus 
increases along apoptosis and YO-PRO 1 can then enter nuclei: cells are seen as green. The 
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permeabilization of the nuceus membrane appeared to be the last event in the apoptotic 
cascade (fig 5.4-5).

Fig. 5: Snapshots from the etoposide-induced apoptosis time-lapse experiment. Red, TMRE signal; 
green, YO-PRO-1 signal; blue, Annexin V. 
From left to right: t = 0h; t = 3h; t= 5h; t = 7.5h; t = 10h (time after experiment start). 

4. CONCLUSION AND FUTURE WORK 
The CRISC method is easy to use and provides biologist with a powerful additional tool to 
study in real-time processes of several hours of duration such as apoptosis. We predict that 
the period of cell viability obtained after protein coating of the PDMS devices (>80h) will 
also allow monitoring of other biological processes of longer duration. 
Our current work deals with the study of apoptotic cells as before which are co-cultivated 
with macrophages, the latter being responsible for the clearance of dead cells as apoptotic 
bodies. We particularly focus on interactions between apoptotic cells and macrophages as it 
is well-known that the former call the latter with “eat-me” signals. We aim at temporally 
locate this “calling” event in the apoptotic cascade using the same approach based on 
fuorescent staining of the cells and their study using confocal microscopy. 
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Figure 1. Schematic
drawing of chip
architecture.

CONTINUOUS SINGLE CELL LYSIS WITH
INTEGRATED SEPARATION

OF CELL CONTENT
Claus R. Poulsen and J. Michael Ramsey

Department of Chemistry, University of North Carolina, Chapel Hill, NC, USA

ABSTRACT
In these proceedings we present an automated, high-throughput device for single cell

analysis using micro-flow cytometry, rapid cell lysis, and separation of cell content.
Advances over previous results include increased analysis speed and characterization and
optimization of the lysis process.

Keywords: Fast cell lysis, enzyme activity, flow cytometry, single cell analysis

1. INTRODUCTION
To understand the emergence of disease states associated with signal transduction

pathways, it is crucial to study the heterogeneity of cell populations. Sensitive and high
throughput techniques like flow cytometry and fluorescence imaging plate readers are
available for cell assays. Typically, measurements using these techniques are averages over
tens to thousands of cells producing ensemble results. Single cell assays can be performed
with these techniques but assays are limited to cell surface markers. The techniques are
therefore not of general utility for single cell enzyme activity studies on viable cells.
However, in the present study we present a device that can measure the activity level of
enzymes by the use of a fluorescent enzyme substrate.

2. EXPERIMENTAL
The cells used in this study were from the human T-

lymphocyte cell line Jurkat. The Jurkat cells were
stained with the fluorogenic dyes Calcein, Oregon green,
and Propidium iodide (PI) prior to experiments. Calcein
AM and Oregon green 488 carboxylic acid diacetate are
non-fluorescent substrates for the group of non-specific
esterases that are only located inside the cell. Calcein
AM and Oregon green 488 carboxylic acid diacetate are
also cell membrane permeant and will readily enter the
cell, where the two dyes will be hydrolyzed by esterases
to the fluorescent analogs Calcein and Oregon green.
Because PI is not cell membrane permeant, PI can only
enter the cell if the cell membrane is ruptured or pores are formed that allow diffusion into
the cell interior. In a recent study, we have showed that the signal ratio of Calcein to PI is a
good indicator for cell viability [1]. Here we use this viability assay to determine whether a
cell is viable or dead. The microchip was fabricated in White Crown glass using standard
photolithography methods and wet chemical etching. The channel depth was 18 mm for the
entire chip. The microfluidic architecture is shown in Figure 1 where the wide and narrow
channels are 200 mm to 40 mm wide respectively. All channels were coated with a thin layer
of PDMS and Pluronic F-127 to prevent cell attachment and other bio-fouling of the
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Figure 3. Time record of
simultaneous flow cytometry and
cell lysate detection. Dotted line is
the cell lysate signal, the lower
signals are PI (black) and Calcein
(gray).

Figure 2. Time sequence of an Oregan green stained
single Jurkat cell lysis event illustrated by a series of
video frames. The different times the individual
pictures are recorded are indicated in the figure.

channel walls. The coating also eliminated electroosmotic flow in those channels where an
electric field was present. The cell lysis was achieved by applying an electric AC field (75
Hz square wave) with a DC offset between the lefthand top and bottom reservoir (Figure 1).
This orthogonal direction relative to the cell flow means that the cells get the most sudden
exposure to the electric field. The electric field lysed the cells in less than 30 ms as they
arrived at the lysis intersection (Figure 2). Due to the DC offset, electrically charged small
molecules were injected down
into the detection channel
toward the bottom reservoir.
The microfluidic device was
placed in a two-point optical
setup for simultaneous flow
cytometry and detection of
electrophoresed single cell
lysate [2]. The hydrodynamic
flow in the microfluidic device
was created by applying
vacuum to the waste reservoir
(Figure 1). An inverted
microscope and a CCD camera
were used as the imaging
system for single cell lysis
events (Figure 2).

3. RESULTS AND DISCUSSION
To get precise measurements of rapid

intracellular processes, it is critical to obtain rapid
cell lysis and separation of reactive molecules, e.g.
enzymes from their substrates. In our device this is
achieved by electrical cell lysis combined with
separation of cytosolic components, due to the
injection into the separation channel. In this channel
CE separates fluorescently labeled cell lysate
components. A time series of video frames (Figure
2) show a typical single cell lysis event. The lysing
process is faster than 33.3 ms as indicated between
the two video frames at times 1.233 s and 1.267 s.
Similar timescales for electrical lysis have also been
reported previously [3, 4]. Figure 3 shows the time
record of simultaneous flow cytometry and fast cell
lysis of 34 cells in 30 s. This corresponds to an analysis rate of 1.1 Hz, but analysis rates
above 2.9 Hz have been obtained. This analysis rate is 15 times faster than previous work in
our group [3] and ~700 times faster than the rate reported by Gao and colleagues [4]. Cell
lysate is detected for 26 cells, which gives a lysis efficiency of 76 %. However, as listed in
Table 1, higher cell lysis efficiencies have been obtained, and in individual runs 100% cell
lysis have been achieved. Figure 4 shows an example of simultaineous flow cytometry and
cell lysate detection, where CE separation of the two cytosolic components Calcein and
Oregon green are achieved. However, as three of the cells arrive within 1 s, the individual
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Figure 4. Time record of
simultaneous flow cytometry
and cell lysate detection.
Dotted line is the cell lysate
signal; the lower signals are
PI (black) and Calcein (gray).

peaks from Calcein and Oregon green are not resolved for each cell. As depicted in Figure
4 multiple peaks can be observed for sufficiently spaced cells. This is consistent with
previous results [3], where partial cellular hydrolysis of Oregon green gave additional
peaks. Because Calcein and Oregon green are substrates for esterases, the fluorescent signal
from Calcein and Oregon green in the cell lysate directly reflects the esterase activity in the
lysed cell. Therefore, the enzyme activity level can be estimated by quantification of the
fluorescent signals.

Table 1. Four data series obtained with voltages ranging from
430V/cm DC, 840 VPP/cm AC to 515 V/cm DC, 1.02 kVPP/cm AC.

Series Cell count Lysis efficiency (%) Analysis rate (Hz)
1 167 83 1.1
2 139 73 1.2
3 479 64 2.6
4 303 77 2.5

4. CONCLUSIONS
In the presented study, we have successfully

demonstrated the ability to monitor enzyme activity in
single, viable cells by quantification of the corresponding
products. This is achieved by integration of fast cell lysis
and separation of cellular components in a microfluidic
device. Furthermore, the device also has incorporated
multi-channel flow cytometry capabilities, which in the
present study have been used to distinguish between
viable and non-viable cells.
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ABSTRACT 
A microchip-based system for domestic animal breeding was designed and constructed.  

The microchip has a culture chamber for oocytes and microchannels for medium supply.  
By using a system, porcine and murine embryos were successfully grown to blastocysts. 

Keywords: animal breeding, blastocyst, in vitro production, oocyte culture 

1. INTRODUCTION 
Development of embryo is one of the most drastic processes in life.  Especially, in-vitro 

production of embryos of domestic animals is very important in livestock farming for lower 
cost and less time.  The procedures are, however, rather troublesome and inefficient. In
spite of intensive studies for decades, the overall blastocyst production rate remains low.  
Unlike other cells, culture conditions of the oocytes and embryos are severe; oxygen 
tension must be kept lower than the atmosphere (optimum: 5% O2) and small droplet 
culture in mineral oil is preferable, instead of bulk scale culture.  Therefore, maintenance 
of theses conditions, i.e. uterus or oviduct-like circumstances, is important for efficient 
culture.  We thought that the circumstances could be easily realized in a microspace of a 
microchip.  We have realized cultivation of several kinds of primary cells and cell lines, 
and developed cellular analysis systems [1-3].  By applying the knowledge and technic, 
we developed a microchip-based in vitro production system and porcine embryos were 
grown to blastocysts. 

The concept of the system is illustrated in Fig. 1.  The system has three steps, i.e. 
maturation of oocytes, fertilization, and culture of embryos to blastocysts.  Whereas 
detailed studies are required for each step, the last step was studied at first.   

Sperm Oocyte

Ca2+ IonophorePump

Microchamber

Sperm
activation

Figure 1. Fundamental concept of the micro breeder system 
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2. EXPERIMENTAL 
Glass microchips were fabricated by mechanical drill, photolithography and wet etching 

methods.  Each chip has culture chambers with 500 – 1,000 µm in diameter and 
connecting microchannels (50 µm in depth, 100 µm in width) (Fig. 2).  Fluidic operation 
was done with a micro syringe pump and capillaries. 

7 cm

3 cm

Figure 2. Embryo culture microchip 

3. RESULTS AND DISCUSSION 
We examined the materials suitable for the cultivation.  Whereas polystyrene was used 

in the conventional method, we found that glass was also preferable (Fig. 3).  Therefore 
we decided that the microchip was made with glass substrates.  In this microchip, porcine 
embryos two days after the external fertilization and murine embryos were cultured.  The 
medium was used after equilibrated with a gas consisted with 5% CO2 and 5% O2.  The 
embryos were cultured at 37˚C or 38˚C under continuous medium flow (6 µL/h) conditions 
(Fig. 4).   

Polystyrene
Polypropylen

Glass
0

10

20

30

Figure 3. Effect of culture equipment material on the developmental competence 
to the blastocyst stage
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Medium Microchip

Suction

Figure 4. Continuous flow culture system 

Figure 5 shows photographs of the embryos after 4-day culture in microchip with a 
700-µm microchamber.  All murine embryos were grown to blastocysts, and 28% of 
porcine embryos became blastocysts.  The rate was almost same as the conventional 
method.  To improve the efficiency, optimization of the medium composition, flow 
conditions, and shape of the micro chamber will be necessary.   

A B
Figure 5. Photograph of embryos cultured in a microchip; (A) porcine, (B) murine 

4. CONCLUSIONS 
 A microchip-based system for domestic animal breeding was designed.  The embryo 
culture microchip was fabricated.  By using the system, porcine and murine embryos were 
successfully grown to blastocysts.  By combining the system with oocyte maturation and 
fertilization systems, efficient in vitro production of blastocysts will be realized. 
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ABSTRACT
 We present a soft lithographic method to fabricate multiphenotype cell arrays by 
capturing cells within an array of reversibly sealed microfluidic channels made of 
elastomeric polydimethylsiloxane (PDMS) molds.  Upon formation of the cell arrays on the 
substrate, the PDMS mold could be removed, and the orthogonal alignment and subsequent 
attachment of a secondary array of channels on the patterned substrates could be used to 
sequentially deliver fluids to the patterned cells.  The ability to position many cell types on 
particular regions within a two-dimensional substrate could potentially lead to improved 
high-throughput methods applicable to drug screening and tissue engineering. 

Keywords: Cellular arrays, microfluidics, multi-phenotype, PDMS 

1. INTRODUCTION

 This paper reports a soft lithographic method of fabricating arrays of multiple cell types 
within reversibly sealed microfluidic channels.  In this approach, multiphenotype cell 
arrays were formed by immobilizing various cells types within low shear stress regions of 
microwells that were patterned within microchannels.  The reversible sealing of 
polydimethylsiloxane (PDMS) molds can be used to sequentially deliver various fluids or 
cells onto specific locations on a substrate.  Therefore, by orthogonally placing an array of 
channels on the multiphenotype cell arrays, all cell types can be patterned with each 
channel.
 The technique is different from previous approaches of fabricating multiphenotype cell 
arrays [1] since instead of immobilizing cells within photocrosslinkable gels, the cells are 
docked within microwells.  The ability to dock cells in microwells creates a physiologically 
relevant microenvironment in which the three-dimensional architecture of cell aggregates is
maintained.  This approach builds on our previously developed technique of capturing cells
within microstructures within microchannels [2] (Figure 1).  However, in this application 
the channels were reversibly sealed to the substrate, thus enabling the removal and the 
subsequent placement of a secondary channel.  Therefore, through the sequential 
orthogonal alignment of arrays of microfluidic channels on the patterned substrates, a 
distinct series of reagents can be delivered to each ‘well’ on the array (Figure 2). 
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Figure 1.  Cell docking within microwells.  Schematic diagram (a) illustrates the process of cell 
docking in microwells along the length of a microchannel.  Light microscope image (b) shows cell 

docking within a microchannel. 

Figure 2.  Schematic diagram of the approach used to generate multiphenotype cell arrays.  Various 
cell types were flowed through different channels (a).  After cells docked inside microwells, the 

primary mold was removed (b).  A secondary mold could be subsequently placed perpendicular to the 
orientation of the first mold, and different stimuli solutions could be flowed through each channel (c). 

2. RESULTS AND DISCUSSION 
 As a proof-of concept, a 5x5 array was fabricated.  Five different cell types (fibroblasts, 
osteoblasts, hepatocytes, cardiomyocytes, and embryonic stem cells) were seeded in 
microchannels and immobilized in microwells (Figure 3). After the cells filled the wells, 
the microfluidics mold was peeled from the substrate, while ensuring that the cells 
remained within the microwells, which generated a patterned array of multiple cell types 
(Figure 4).  In addition, the orthogonal alignment and the subsequent attachment of a 
secondary array of channels on the patterned substrates were shown to facilitate the 
formation of individual channels containing patterns of multiple cell types.  The ability to 
position many cell types on particular regions within a two-dimensional substrate or to 
integrate multiphenotype arrays of channels inside microstructures could potentially lead to 
improved high-throughput methods applicable to drug screening and tissue engineering. 

Figure 3.  Cell docking within reversibly sealed array of channels.  Light microscope image (a) shows 
cells flowing through the channel and docking inside the microwells.  Cells labeled with membrane 
dyes CFSE (green) and SYTO (red) were seeded in alternating channels.  Fluorescent microscope 
image (b) marks the different cell types flowing through the 5 channels (left to right): fibroblasts 

(NIH-3T3), cardiomyocytes (C2C12), osteoblasts (Saos-2), hepatocytes (AML12), and embryonic 
stem (ES) cells.  Once the cells docked inside the microwells, a cell-free solution was flowed through 

the channels to remove non-captured cells (c). 
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Figure 4.  Multiphenotype cell Arrays.  Fluorescently labeled cells were seeded in the microwells 
within the primary channel (a), which was then removed (b) and replaced with a secondary channel 

aligned perpendicular to its original configuration (c).  The cell types shown (left to right) are 
fibroblasts (NIH-3T3), hepatocytes (AML12), and embryonic stem (ES) cells. 

3. CONCLUSIONS 
 In summary, a technique was developed based on the reversible sealing of PDMS molds 
onto microwell-patterned substrates to form multiphenotype cell arrays.  Arrays of various 
mouse and human cell types were prepared by flowing a distinct cell type inside each 
microchannel.  By allowing the cells to dock onto low shear stress regions and 
subsequently removing the PDMS microfluidic mold, multiphenotype cell arrays were 
formed on the two-dimensional surface.  The subsequent alignment and reversible 
attachment of orthogonally oriented array of channels facilitated the formation of 
multiphenotype cell arrays inside microchannels. This technique may enable a whole new 
class of investigations in which cell-cell interactions can be probed.  In addition, this 
technique could have potential applications in high-throughput screening or optimization of 
cell-soluble signal interactions for biological or tissue engineering research.   
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ABSTRACT
 Airway closure/reopening is characteristic of a variety of pulmonary diseases. Unique 
air-liquid two-phase fluid motions during airway reopening generate large mechanical 
stresses, which may be damaging to airway epithelial cells particularly in the small airway 
system. Here, we describe microfluidic culture of primary small airway epithelial cells and 
injury of pulmonary epithelial cells due to fluid mechanical stresses imposed by airway 
reopening. 

Keywords: Lung injury, microfluidic cell culture, pulmonary epithelial cells, 
mechanical stress

1. INTRODUCTION
 Lungs afflicted with obstructive pulmonary diseases often suffer from the blockage of 
small airways by liquid plugs formed by the instability of a thin liquid film on the airway 
wall [1]. During respiration, the blocked airway is reopened as a result of propagation and 
rupture of liquid plugs [2]. This unique physiological phenomenon known as airway 

reopening, however, is known to exert 
abnormally high levels of mechanical 
stresses on pulmonary epithelial cells. 
This may be an important mode of 
lung injury [3], especially in the small 
airway system where mechanical 
stresses generated by single-phase 
motions of air are not large enough to 
cause significant cellular damage. This 
paper describes micro-engineered 
biomimetic in vitro airway system and
damaging effect of reopening stresses 
on pulmonary epithelial cells.  

2. EXPERIMENTAL 
 Pulmonary epithelial cells are first 
cultured in a compartmentalized

Figure 1. Compartmentalized microfluidic device 
for in vitro pulmonary epithelial cell culture. 
Upper and lower chambers correspond to apical 
and basal compartments, respectively.  
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microfluidic system that structurally mimics in vivo cellular environment (Figure 1) [4]. 
Specifically, cells are grown on a porous membrane sandwiched between PDMS chambers 
and fed from both apical and basolateral sides to reach confluence. This is followed by 
cellular differentiation in which cells are exposed to air-liquid interface on the apical side 
and uptake nutrients from culture media in the basal compartment. This configuration 
permits polarized proliferation and differentiation of epithelial cells, generating a confluent 
monolayer of cells that closely resembles original tissue.   
 The prepared confluent population of epithelial cells is then subjected to reopening 
mechanical stresses by the movement and rupture of liquid plugs achieved by controlling 
the motion of air bubbles injected into the upper compartment. Cellular damage in response 
to applied fluid mechanical stresses is assessed by live/dead viability assay containing 
molecular dyes that selectively stain live or dead cells.

3. RESULTS AND DISCUSSION 
 We have demonstrated long-term (over 3 weeks) microfluidic culture of different types 
of pulmonary epithelial cells that are dominant in small airways and alveoli. Figure 2 shows 
the micrographs of primary small airway epithelial cells and a confluent monolayer of 
A549 human alveolar adenocarcinoma cells at different stages of microfluidic culture. Cells
were continuously supplied with fresh media by a syringe pump operating at slow rates (0.1 
mL/hr) and cultured on a polyester membrane having 400 nm pores. Fluid mechanical 
stresses associated with airway reopening were produced by propelling a liquid plug down 
the culture chamber and making it rupture. As shown in Figure 3, liquid plugs were 
generated by a serial injection of air bubbles into liquid streams at short time intervals and 
their movement was controlled by a syringe pump. Figure 4 shows fluorescently labelled 
alveolar epithelial cells after 10-min exposure to the plug propagation and/or rupture. As 
evidenced by the increased number of dead cells (compared to Figure 2(b)), the applied 
two-phase fluid motions result in reduced cell viability, illustrating the detrimental effect of 

Figure 2. Confluent monolayer of A549 (a) & (b) after 5-day culture with liquid perfusion in the 
upper chamber and (c) 3-day culture under air-liquid interface. Staining: live cells ~ Syto9, dead 
cells ~ propidium iodide. Primary small airway epithelial cells (d) & (e) at day 5 under liquid 
perfusion culture condition and (f) after 20 days under air-liquid interface culture condition. Live 
cells ~ Calcein-AM and dead cells ~ ethidium homodimer-1. Note that cannel width is 300 µm. 
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reopening fluid mechanical stresses on pulmonary epithelial cells.  

4. CONCLUSIONS 
 The micro-engineered in vitro culture system will serve as a useful tool for studying the 
transduction of mechanical stresses in the small airway and alveolar epithelial cell systems.  
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Figure 3. Flows of liquid plugs inside a microchannel 
(upper chamber) mimicking plug propagation and rupture 
during airway reopening.  
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Figure 4. Detrimental effect of fluid 
mechanical stresses generated by 
plug propagation and rupture.
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ABSTRACT
In this paper we report on a microfluidic device for the high-speed simultaneous

detection of auto-fluorescence and multi-frequency impedance properties of individual
marine algae. We demonstrate the device with the marine algae Isochrisis galbana.

Keywords: Impedance spectroscopy, Optical detection, Algae, Flowcytometry

1. INTRODUCTION
The inability of optical based flowcytometers to discriminate between the large

number of phytoplankton species present in sea water samples is one of the main reasons 
that the technique has not been more widely adopted for the routine study and monitoring 
of marine ecosystems [1]. Furthermore the size, complexity and expense of modern
flowcytometers are such that these systems are not readily suited to long term deployment 
at sea. We present data from a microfluidic device that can measure at high-speed
simultaneously the auto-fluorescence and impedance of individual marine algae. We report
measurements performed with this device of a model organism: the marine algae
Isochrisis galbana.

The work builds on that previously undertaken in our group [2] and that of
Gawad et al [3], aimed at developing single cell impedance spectroscopy chips. In the
present work we have included a multi-wavelength fluorescence confocal detection system 
which allows simultaneous optical and impedance measurements to be performed rapidly
on single cells as they pass through a small detection zone in a microfluidic channel.

3. EXPERIMENTAL
The microfluidic system comprises a 20µm x 20µm channel fabricated made in

PDMS; the channel is bonded to a 500µm thick pyrex substrate which has microelectrodes 
fabricated on its surface. Optical detection is carried out using a high numerical aperture
lens and bespoke confocal optical microscope allowing fluorescence excitation at two
wavelengths (532nm and 633nm) and detection at 560nm, 660nm and 760nm. Multi-
frequency impedance measurements are performed using a differential bridge detection
scheme similar to that described previously [2,3]. Multiple excitation frequencies are fed 
into the device and separate RF lock-in amplifiers (SR844, Stanford Research Systems)
used to detect the signal at these descrete frequencies.
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Cell concentrations were in the range 50,000 to 100,000 cells/ml. Pressure driven 
fluid flow was used to move the samples through the device, with peak flow velocities of 
50 to 80 mm/s. For each sample, data from between 2,000 and 10,000 events (fluorescent 
cells) was collected. The in-phase component of the 300kHz impedance signal was used to
trigger the data logging process. A schematic view of the device is shown in Figure 1. 
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Figure 1. Schematic of the device, 
outlining the principle of the electrical and 

optical detection systems.

Figure 2. Data showing the optical and impedance 
measurements for three cells. Data corresponds to 
fluorescence emission at 660nm and 760nm and 
impedance measurements at 300kHz and 2MHz.
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Figure 2 shows typical unprocessed data for two optical and four impedance
channels (i.e. in-phase and out-of-phase signals from two excitation frequencies). Figure 3 
shows a scatter plot of the optical emission at 660nm and 760nm obtained for two different 
simulatenous laser illuminations: 532nm (laser diode) and 633nm (HeNe laser). Figure
3(b) illustrates the linear relationship between the impedance at low frequencies and the

Flow

Signal

1100kHz
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fluorescence intensity. Both these measurements give an indication of cell size. A broad 
band impedance spectra for the Isochrisis Galbana is shown in figure 4, each data point is 
made up of measurements from approximately 5000 cells showing the mean and standard 
deviation of the data.

104 105 106 107
-400

-300

-200

-100

0

100

200

300
A

m
pl

itu
de

 (m
V

)

Frequency (MHz)

 X-component
 Y-component

Figure 4. Broadband impedance measurements of the marine algae Isochrisis Galbana. The in-
phase (x-component) and out-of-phase (y-component) of the impedance are shown.

5. DISCUSSION AND CONCLUSIONS
Small phytoplankton (< 10µm in diameter) such as the chrysopyte Isochrisis

galbana dominate the total concentration (cells/ml) in marine ecosystems making up
approximately 75 - 98% of all cells. Typical concentrations ranged from 300 to 160,000 
cells/ml [1]. The use of broadband impedance spectroscopy for monitoring marine algae in
sea water (i.e. high conductivity saline) is demonstrated in this paper, with multi-colour
optical measurements being performed on the cells simultaneously. With the integration of 
planar optics it is envisaged that the system could be deployed at sea as part of  a remote 
instrument for biomass measurement in the oceans.
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ABSTRACT
We present a method for ordering and analyzing numerous biological samples in parallel 

using a thermoplastic platform. 1.2 mm thick plastic chips with an array of perforations are 
stacked to form an array of channels that are subsequently filled with individual biological 
content immobilized inside a supporting agarose gel matrix. After disassembly the sample 
containing chips can then be used to anlyze the immobilized biological content in parallel.    
Keywords: Cell Array, Thermoplastic, Stacking, In Situ

1. INTRODUCTION  
Microarrays of probe molecules have become standard tools for biological research, 

permitting simultaneous analysis of numerous target molecules in biological samples. In an 
alternative strategy, arrays of samples can allow numerous biological specimens to be 
interrogated in parallel, taking advantage of emerging technologies for highly specific and 
sensitive localized detection of nucleic acids and proteins. We have used microfabrication 
techniques to create sets of sample arrays with individual samples trapped in a porous 
supporting three dimensional matrix in plastic carrier chips.

2. THEORY 
    Conventional Microarray fabrication involves deposition of or stepwise synthesis of 
probes or samples onto a solid support. This technique primary deposit volymes in the 
picoliter range and is typically not well suited for defined volume deposition, or deposition 
of larger volymes. Often contact printing is used for creation of microarrays and this limits 
the type of samples to be deposited. When cells or similar fragile elements are to be 
printed, the current format is non-contact printing using piezo- or electromechanical 
instruments. By using a thermoplastic cartridge containing etched or drilled perforations, 
volume definition is trivial and scalabe.  By filling these perforation with a three 
dimensional matrix containing the sample, a more biocompatible environment can be 
achieved. By carrying out this encapsulation of samples in parallel, we reduce the amount 
of labour needed to prepare the arrays and we also reduce the chip to chip variation.   

3. EXPERIMENTAL
Injection-molded thermoplastic chips made of poly-metylmethacrylate (PMMA), having 

an array of perforations, served as carriers for the arrayed samples (figure 1). Uncured 
PDMS (Wacker, Elastosil 4470) was dissolved in xylene (ratio 1:4) in order to lower the 
viscosity of the prepolymer. Individual carrier chips were spraycoated with a thin layer of 
PDMS on one side and stacked to form a multilayered array of channels with perforations 
in register (figure 2). PDMS was cured at 50°C for 2 hrs to avoid liquid leakage between 
adjacent channels. The channel array was then connected to an interface and each channel 
filled with biological samples, suspended in a supporting matrix such as polyacrylamide or 
agarose, and allowed to polymerize after injection.  
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Figure 1. Injection molded carrier chip. Figure 2. Stacked chips forming an array of 
channels.4. RESULTS  

After the channels had been filled, individual chip layers were separated from the stack. 
Each chip contained an array of matrix plugs positioned in the perforations (figure 3), with 
each plug containing a specific sample. The technique allows production of large sets of 
identical sample arrays of defined volyme. As a model experiment fluorescent microbeads 
were immobilized in the matrix plugs (figure 4). Future work on this versatile platform will 
be focused on in situ detection of single Nucleic acid and protein molecules on different 
cell types. Further, these plastic cartridges should be useful as interfaces for microfluidic 
analysis and for combinatorial chemistry.  

flurescence and overlay
 image respectively

5. DISCUSSION 
 Our group has previously presented padlock probes [1] and proximity ligation [2] as 
tools for specific and sensitive analysis of DNA, RNA and protein. Upon target 
recognition, the padlock probe is circularized by enzymatic ligation, allowing amplification 
by rolling-circle replication. The methods permits localized detection and distinction of 
individual target molecules [3], (Söderberg et al. submitted). The combination of 
microfabricated sample arrays with localized detection using padlock and proximity probes 
will permit simultaneous interrogation of large numbers of samples for the presence of 
specific target nucleic acids and proteins. 
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Abstract

High viability was demonstrated in thick brain slices using a novel microperfusion

device. Microfluidic-based perfusion was implemented with an array of 81 capillaries to

deliver cell medium to the tissue for 72 hours. Viability was assessed using confocal

fluorescence microscopy, which can effectively visualize the interior of a section of tissue

several hundred microns thick. Qualitative imaging indicated an optimum flow rate of 2.5

ml/day for a slice approximately 1.5 cubic mm, with a capillary spacing of 200 !m edge to

edge and capillary heights of 50 !m, 200 !m, and 350 !m. Further assays are being

developed to quantify these observations and examine related mechanisms.

Keywords: microperfusion, neuroscience, bioMEMS

1. Introduction

Long term in vitro studies of thick tissue samples (e.g., organotypic slices) are

difficult because tissue consisting of more than a few layers of cells requires a nutrient

delivery mechanism analogous to the circulatory system. Larger samples are of particular

interest to neurological studies because the architecture and organization of the brain are

highly significant to its function. An in vitro model is desirable because it removes

variables such as immune response, yet current in vitro settings don’t provide the center of

the tissue with an adequate supply of nutrients or waste exchange, causing rapid necrosis.

Current studies of thicker tissue slices are limited to 8 h or less.
1
Brain tissue can be cut in

thicknesses up to 400 !m or more, but rapidly thins to approximately 50 !m during the first

few days of culture.
2
The technique has two primary interrelated limitations: a) the thinning

process is associated with cell death and b) established culture protocols require the initial

thickness be limited in order to minimize cell death (i.e., effective spreading), meaning that

larger areas of tissue with more intact neurological architecture cannot be studied. A

microfluidic device was developed in order to keep a relatively thick slice of brain tissue in

a healthy, intact state during routine culture conditions, and to enable the collection of

electrophysiological data from the tissue.

2. Experimental Methods

The fluidic manifold was composed of polydimethylsiloxane (PDMS, trade name

Sylgard, Dow Corning; Midland, MI), with 81 silica capillaries (Polymicro Technologies;

Phoenix, AZ) that protrude into the tissue, as shown (Fig 1). Capillary dimensions were 90

!m, outer diameter, and 20 !m inner diameter. Device assembly consisted of

micromolding the PDMS to house the capillaries, mounting the capillaries in the PDMS,

and then placing the capillary array into the manifold (Fig 2). Capillaries were staggered at

50 !m, 200 !m, and 350 !m heights, and spaced 200 !m edge to edge. The device was

designed from cytocompatible and sterilizable materials. Fluid delivery was controlled via

syringe pump.

Hippocampal brain tissue was isolated from postnatal Sprague Dawley rat pups,

sectioned into 400 !m thick slices using a McIlwain Tissue Chopper (Mickly Laboratories
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and Engineering; Surrey, England) and placed on an array pretreated (2 h, 36° C) with poly-

L-lysine (1 mg/ml) to promote cell attachment to the surfaces. Culture medium was

composed of 25% horse serum, 50% OptiMEM, 25% Hank’s buffered salt solution,

supplemented with 25 mM D-glucose and 1mM L-glutamine. Prior to perfusion the

medium was bubbled with 95% O2, 5% CO2 or with 5% CO2. All tissue culture reagents

were obtained from Invitrogen; Carlsbad, CA. The microperfusion system was kept in a

humidified incubator with 5% CO2 at 36 °C. Medium was delivered to the tissue at flow

rates between 0.25 !l/h and 1 !l/h per capillary, translating to total flow rates between 20

!l/h and 100 !l/h. Higher rates were investigated but were found to displace the tissue

from the array. Prior to imaging, the samples were fluorescently stained with Hoechst

33258 (1.6 µM) and propidium iodide (3 µM, Molecular Probes; Eugene, OR), to identify

cell nuclei and to label dead cells, respectively. Tissue was imaged using confocal

microscopy (Multi Photon Excitation Confocal Microscope: LSM 510 NLO META, Carl

Zeiss Inc; Oberkochen, Germany), with images taken at 10 µm intervals though the tissue.

3. Results and Discussion

Figure 2. Left, the capillary array is made aligning capillaries on strips of

PDMS (top) and stacking these layers. Right, the completed array is shown

in a scanning electron micrograph.

made alignin
100 µm

e 2 Leftt t
1 mm

1 cm

Fluid delivery via

syringe pump

Capillary

Array

1 mm Neural

Tissue

100 !m

Nutrient Flow

Waste

Figure 1. The microperfusion system is shown on a series of different scales. Left, the

capillary array is shown as it appears in the fluid manifold. Center, the array depicted,

and right, an individual capillary is shown perfusing media to the surrounding tissue.

  Micromold-based assembly was used because the spacing and height parameters

were readily variable to optimize tissue viability.  These parameters will be applied to a
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second generation design to be made from photo-patternable epoxy (SU-8), using parallel-

processing, microfabrication technology, as described previously.
3
  Tissue from preliminary

tests at a flow rate of 100 µl/h, with 95% O2, 5% CO2 bubbled medium, is shown in Fig 3 a

& b.  The perfused slice (Fig 3a) showed very little cell death over 24 h, and moderate

thinning, from 400 !m to 200-300 !m, potentially due to settling of the tissue and surface

tension affects.  We are currently investigating these possibilities.  The control tissue (Fig

3b), showed substantial tissue necrosis in the center of the slice.  If the slice was not

perfused, the cells on the surface and perimeter of the tissue tended to survive, while those

in the interior did not.  Microperfusion has also demonstrated to improve the viability over

three days (Fig 3 c & d) at a flow rate of 40 µl/h with 5% CO2 bubbled medium.  The flow

rate with the highest rate of viability was 100 µl/h,  approximately 1.2 !l/h per capillary. 

4. Conclusions

We have qualitatively demonstrated that using a microperfusion capillary array

greatly improves the viability of brain tissue, compared to that of nonperfused tissue, over a

72 h period.  The level of viability will be quantified and extended to longer time periods. 

The tissue used in this system contains neural networks formed in vivo, which are denser

and more physiologically relevant than those formed in vitro from dissociated cells. The

ability to maintain long-term viability of slices with intact networks increases the clinical

relevancy of studying these cultures to examine mechanisms of both normal and

pathophysiological behavior.  

Acknowledgements

 This work was supported by the National Institutes of Health (NIH)

References

[1] Wu CP, Luk WP, Gillis J, Skinner F, Zhang L. Journal of Neurophysiology.  93 (4): 

2302-2317. (2005).

[2] Gahwiler BH, Capogna M, Debanne D, McKinney RA, Thompson SM. Trends in  

Neurosciences, 20(10): 471-7. (1997).

[3] Choi Y, Choi.S, Powers R, Allen MG, Nam Y, Wheeler BC, Marr A, Brewer GC.

Digest of Solid-State Sensor, Actuator, and Microsystems Workshop, 286-9.(2004).

Figure 3.  The images shown were from the middle of a slice after 24 hrs (a & b) or 72 hrs

(c & d) on the micro-fluidic system.  Healthy tissue is shown in a & c and  necrotic regions

without perfusion are shown in b & d.  Tissue is light gray, dead cells are white.  

Capillaries are visible as black circles in the perfused tissue. 

100 !m100 !m

a b c d

The authors thank LauraBioengineering Research Partnership Grant (1 R01 EB00786).

and Hillary Irons for assistance with cell culture techniques.
Rowe, Tim Tolentino, and Johnafel Crowe for assistance with imaging, and D. Kacy Cullen



MICROINSTRUMENTS FOR  
SINGLE CELLULAR STUDIES 

Shengyuan Yang and Taher Saif 
University of Illinois at Urbana-Champaign, USA 

ABSTRACT  
    A class of MEMS devices for manipulating single living cells and measuring the cell 
mechanical response is described.  They consist of a probe and flexible beams.  The probe 
is used to contact and manipulate the cell and the beams to monitor cell force response.  
The devices are used to disturb green fluorescent protein-actin transfected fibroblasts to 
study depolymerization and remodeling of the actin network in the cells in situ.  

Keywords: Actin network, bioMEMS, mechanical behavior, single living cells  

1. INTRODUCTION 
    The importance of studying the mechanical response of living cells has been recognized 
[1,2].  Many techniques have been developed for measuring the mechanical response of 
living cells, which include cell poker, micropipette aspiration, magnetic twisting cytometry, 
atomic force microscopy (AFM), and optical traps to name a few [3].  Although these 
techniques have revealed significant insight on mechanical response of single cells, they 
have limitations.  For example, magnetic bead related techniques, optical traps and AFM 
only induce small cell deformations; micropipette deforms cells by suction and hence it 
cannot measure the cell indentation response.   
    Direct observations of the mechanical behaviors of the actin network in green fluorescent 
protein (GFP)-actin transfected fibroblasts were conducted by using glass needles, but the 
applied disturbance to the actin network was local and small due to the sharp tip nature of 
the glass needles [4].   The buckling of the stress fibers, induced by the rapid release of the 
prestretched substrate on which the cells were cultured, was described after the cells were 
fixed, but in situ investigation was not carried out [5].  
    Here, we describe a class of MEMS devices, which can induce large cell deformations, 
for manipulating single living cells and measuring their mechanical response.  We also 
observe the response of the actin network in fibroblasts due to the disturbance of these 
devices.  

2. MATERIALS AND METHODS
    Figure 1 shows the schematic drawing of the devices (A) and the SEM image of a 
representative device (B) [6].  Each of the devices has a probe and two fixed-fixed flexible 
beams.  The probe is used to indent or stretch the cells.  The probe is connected to the two 
flexible beams through a backbone.  The cell force response is obtained by multiplying the 
combined spring constant and deflection of the beams. An x-y-z piezo actuator was used to 
move the devices to approach to and retract from the cells.  The devices were made of 
single crystal silicon and fabricated by the SCREAM process [7].  For the device shown in 
Figure 1B, each of the two flexible beams has the dimensions: 

m10.5× width)plane(inm770×mm961 µµ.. . The probe is m02 µ.  wide and m510 µ.
deep, and the combined spring constant of the flexible beams is estimated as mnN43 µ. .
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Figure 1. MEMS devices for manipulating single living cells. (A) Schematic drawing and 
(B) SEM image of a representative device.

    The cells were cultured from CV-1 (ATCC), a monkey kidney fibroblast (MKF) cell line.   
The cells were transfected with the pEGFP-Actin vector (BD Biosciences Clontech) by 
using LipofectamineTM 2000 (Invitrogen).  Stable transfected cells were selected by G418 
(BioWhittakerTM) and used for the mechanical disturbance experiments.  The experiments 
were done in air at room temperature with an inverted fluorescent optical microscope 
(Olympus IX81) with an objective of ×20 .  The images were acquired by a cooled CCD 
camera (Olympus MagnaFire S99806).   

3. RESULTS AND DISCUSSION
The devices were used to disturb the cells and the induced response of the actin network 

in these cells was observed.  Figure 2 represents a typical response of the actin network in 
an MKF subject to the probe indentation.  Figure 2A is the fluorescent image after the 
probe indented the cell edge by a small amount.  From Figure 2B, we see the actin stress 
fibers depolymerized and remodeled to form a well-defined bright circular structure 
(indicated by an arrow), which has not been shown before.  Figure 3A shows a cell prior to 
indentation.  After the probe indented into and retracted from the cell (Figure 3B), 
significant damage in the actin network occurred.  After 6 min, the damaged region 
remodeled to form well-defined circular structures (Figure 3C).   

Figure 2. Response of the actin network in an MKF subject to the probe indentation (min:s). 
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Figure 3. Remodeling of the actin network in an MKF due to the structural damage induced 
by the probe indentation/retraction (min:s). 

4. CONCLUSIONS
    A class of MEMS devices, which can address or improve some of the limitations of the 
existing techniques to study of mechanical response of single living cells, has been 
described.  Depolymerization and remodeling of the actin network in the cells due to the 
probe disturbance have been shown. 
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ABSTRACT
 This paper presents first results of optical handling of live cells on waveguides. This 
technology opens new opportunities in parallel and non-invasive manipulation of biological 
objects. 

Keywords: Optical waveguide, Optical tweezer, Cell handling, Nanoparticles 

1. INTRODUCTION
The mechanical action of light on particles allows handling of micrometric and 

nanometric particles. This technique has been extensively used since Ashkin [1] 
demonstrated in 1970 how a strongly focused laser beam could trap dielectric particles in 
three dimensional cages. After Ashkin’s first experiments, several strategies have been used 
to trap and manipulate small particles. In particular, Kawata and Tani’s [2] experiments 
showed that the evanescent field created on the surface of an optical waveguide could trap 
and move microparticles. This opened up the possibility of combining conventional optical 
trapping with integrated optics in order to create new microsystems for the manipulation 
and sorting of particles such as biological objects. Our work differs from that of Kawata’s 
group 1), by combining optical effects with fluidic effects to concentrate and manipulate 
particles and 2), by demonstrating first applications of the concept in efficient live cell 
handling. 

2. PRINCIPLES
 A waveguide is a photonic component often used in optical telecommunications. It 
confines light which propagates in a material whose refractive index is higher than the ones 
of the surrounding materials. In our application, as a consequence of light guiding, the key 
feature is the presence of evanescent wave at the surface of this structure. This wave can be 
depicted as localized photons at the waveguide surface extending upto a few micrometers 
from the surface. 

Light can exert mecanical action on an object by photon momentum transfer [3] . 
These forces can be divided into two orthogonal components (Figure 1): 
- a scattering force known as  “light pressure” in the direction of wave propagation, and 
which is proportional to surface wave intensity. 
- a gradient force in the direction of the Poynting vector gradient, and which is proportional 
to this gradient.  
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Figure 1 : Mechanical action of light on the surface of an optical waveguide 
On the surface of an optical waveguide, the interaction between a microparticle

and the evanescent wave results in attracting forces onto the waveguide under the action of 
the gradient forces (Fgrad) and propagation forces (Fscat) along the waveguide under the
action of the radiation pressure (Figure 1). 

3. EXPERIMENTAL
The experimental setup is shown in Figure 2. Linear polarized light from a continuous

Nd:YAG laser source operating at 1.064 µm (Pout=1W) was coupled to the waveguide
using an optical fiber. A square cell defined by double-sided adhesive tape and a cover slip
was glued onto the surface sample in order to form a chamber for the particles suspended in 
de-ionized water. Motion of the particles was observed and recorded using a zoom system
(with a 20X and NA=0.55 microscope objective) and a CCD camera mounted above the
waveguide (<2 dB/cm).

 Figure 2. Experimental setup 
Ion exchange waveguides (IEW) and silicon nitride waveguides (SNW) were compared

during these experiments. IEW were manufactured by potassium ion exchange on the
surface of a microscope slide. The maximum index elevation was approximately 10-2, and 
the propagation losses were approximately 0.5dB/cm.  SNW were manufactured by
LPCVD (Low Pressure Chemical Vapor Deposition) and RIE (Reactive Ion Etching). The 
maximum index elevation was approximately 0.5 (which results in higher confinement of 
the evanescent wave) with losses < 2 dB/cm.

4. RESULTS AND DISCUSSION 
A first set of experiments was performed with latex particles and Jurkat cells. On IEW

waveguides, injected light power was approximately 300mW. 1µm latex beads and cells
were seen to concentrate on the waveguide (Figure 3a). Optical effects (especially gradient 
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forces) were not solely responsible for this concentration, as light injection in IEW induces
local heating on the waveguide surface and creates convection currents towards the 
waveguide. The cells and beads however were not sensitive to the propagation forces along 
the waveguide. A possible explanation is that the refractive index gap between the particles
and the solution is too low.

In the higher confinement conditions of SNWs, we tested a mix of 1µm diameter latex
particles and cells . With only 20 mW of injected light power, we observed the motion of
latex beads at speeds of approximately 20 µm/s. Cells per se were sensitive to neither
gradient nor scattering forces. However, when encountering cells positioned over the 
waveguide, the latex beads would strongly push the cells over tens of micrometers at an
average speed of 4µm/s (Figure 3b) before moving around them.

(a)
(b)

Figure 3. Experimental results (a) : light induced cell concentration on a IEW (b) cell motion on a 
SNW

Our next goal is to improve cell propulsion by staining cells with latex beads. Jurkat
cells are a human T lymphocyte-type cell line which expresses the surface CD3 antigen so
staining can be performed by using a microbead conjugated with antibody against human
CD3 protein.

5. CONCLUSIONS 
We report here first experiments of cell handling on optical waveguides. This is

interesting for future development of optical or hybrid Micro Total Analysis systems. This
technology could enable non-invasive components to concentrate, sort and mix biological
objects in parallel. Moreover unlike the standard optical tweezer setup, the manufacturing
of these components is compatible with mass production of low cost disposable devices.
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ABSTRACT

In order to improve the throughput of the traditional “Two Electrode Voltage Clamp”
(TEVC) measurements on Xenopus oocytes, we present here a chip-based non-invasive
technique for the measurement of ion channels activity. We focus especially on the
integration of the electrical measurement site into a microfluidic structure, allowing rapid 
exchange of various small-volume solutions.

Keywords : Microfluidics, Single cell analysis, Voltage clamp, Xenopus oocyte.

1. INTRODUCTION

Regulated ion exchange between the cell cytoplasm and its external environment, through 
ion channels in the impermeable lipid membrane, is a vital function of all living cells. In 
order to study the impact of a possible new drug candidate on a specific ion channel,
Xenopus laevis oocytes, expressing exogenous ion channels, are often used as host cells for 
electrophysiological investigations. In the TEVC technique, the oocyte is impaled by two
glass microelectrodes (Figure 1a) [1]. However, this requires individual and time
consuming cell handling with micromanipulation under a microscope.

2. NON-INVASIVE SYSTEM

In our planar chip-system shown in Figure 1b, the cell is immobilized by suction on a
conical hole (ca. Ø 250 µm).

Figure 1. Schematic view of the voltage clamp system a) the traditional “Two Electrode 
Voltage Clamp” (TEVC) setup, b) our non-invasive chip-based configuration.
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Similar approaches for the immobilization of cells have been investigated by our group for 
small cells in a patch-clamp system [2] and by others for oocytes in an impedance analysis 
system [3].
The idea of the present project is to obtain a low contact resistance electrical access to the 
cell interior by permeabilizing the upper part of the cell membrane by means of an
ionophore (e.g. nystatine) [4], whereas the lower part remains untouched. No puncturing 
with microelectrodes is required, as illustrated in Figure 1b. A four-point measurement with 
two Ag/AgCl electrodes, on both sides of the hole in the chip, allows recording the ion
current through the lower part of the cell membrane under voltage clamp conditions. In 
order to obtain a good signal-to-noise ratio, a tight fluidic and electric isolation between the 
upper and lower compartments has to be achieved. This seal is established by the portion of 
the cell membrane which is in direct contact with the side-walls of the suction hole.
For evaluating the reaction time of the ion channels to different chemical agents, rapid
fluidic exchange on a time scale down to 100 ms is to be integrated into this system, thanks 
to a microfluidic channel structure under the cell (Figure 1b). The flow in the two input 
channels can be adjusted to rapid shifting of the fluidic interface under the cell as shown on 
the simulation in Figure 2.

Figure 2. Simulation of the hydrodynamic behavior of two laminar fluid flows merging in a 
single channel. The fluidic interface may be shifted by adjusting input pressures P1 and P2

(here P1 < P2). The cell position is indicated by a dashed line.

3. FABRICATION

The conical hole and the microfluidic channel underneath are molded in poly-
dimethylsiloxane (PDMS). The PDMS is irreversibly bonded to a structured glass substrate, 
with fluidic access. Figure 3 shows a photograph of the microchip.

Figure 3. Photograph of the oocyte voltage clamp microchip, consisting of a top layer in 
PDMS bonded on a glass substrate.
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4. RESULTS AND DISCUSSION

Promising results on Xenopus laevis oocytes have been obtained with the first tested
prototypes. Fluidic leakages could be minimized between the two parts of the system and 
electrical isolation gives us a “seal” resistance of about 60 kΩ. This was sufficient to
measure sodium amiloride-sensitive currents in oocytes expressing the human Epithelial
Sodium Channel (hENaC) and to obtain amiloride-sensitive I-V curves (Figure 4) with a 
large signal-to-noise ratio. The big advantage of nystatine is its reversible effect. Even after 
exposure to this ionophore, the cell membrane can recover its initial state. As a result, the 
measurements were first performed on the microchip and cells have been re-used on the
standard TEVC setup. Measurements obtained with the two methods compare well.

Figure 4. Current-Voltage curves obtained with the two measurement methods (microchip 
and TEVC). The amiloride sensitive current is normalized using the current value -INa at

-100 mV. The fits are based on the “Goldman Hodgkin Katz” (GHK) current equation [5].

5. CONCLUSION

We present a new chip-based system for electrophysiological measurements on Xenopus
oocytes. We could demonstrate that measurements of ion currents through the cell
membrane with our new system compare very well with those obtained with the traditional 
TEVC technique. Our low cost system needs less handling and uses a simple fabrication 
process. Ongoing work focuses on the integration of a rapid exchange fluidic system, in 
order to study kinetic reactions of ion channels.
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SIMULATION OF MULTIPLE OPERATION MODES OF 
A JET CELL SORTER 

Chung-Chu Chen1, Gregory W. Auner1, and Olav Solgaard2
1Wayne State University, USA and  
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ABSTRACT

This paper reports on multiple operation modes of a cell sorter that employs actuators 
and nozzles to generate jets to control the flow of cells. Numerical simulations of a double-
jet cell sorter show spatial switching windows corresponding to 1.1, 1.5, and 2.4 times the 
switching chamber length for Push, Pull, and Combined operation modes, respectively. A 
single-jet sorter with one actuator and one nozzle is also demonstrated for binary sorting.   

Keywords: Micro jet, Cell sorting, Flow Cytometry, Microfluidics 

1. INTRODUCTION
 Cell sorting is usually performed by electrostatically deflecting charged drops containing 
desired cells [1]. Large cells and embryos can be sorted by mechanical switches, but this 
method suffers from slow sorting rates and large size [2]. Micromachined channels can 
replace large flow chambers, and several papers have reported using electro-osmosis [3], 
magnetic fields [4] and fluidic-switching [5] to sort cells. None of these previous reported 
micro devices can provide sorting speeds comparable to that of droplet sorters (tens of 
thousand cells per second). We have developed a high-speed cell sorter by using micro jets
as the actuation mechanism. The design and fabrication of the sorter has been reported 
previously [6]. Here we report on detailed simulations of different operation modes of the 
cell sorter.

2. SIMULATION
 We simulated the flow dynamics with the CFD-ACE+ software. Our study employed the 
volume-of-fluid (VOF) method for free-surface flows with surface tension to model the 
floating cell motion in the transient incompressible fluid flow. The moving-wall and grid-
deformation methods are used to model the motion of the thermal bubble actuator and the 
volume change of the firing chamber.  

3. RESULTS AND DISCUSSION 
 The structure of the sorter is shown in Fig.1. The inlet/outlet channels, 
actuation/switching chambers, and nozzles were fabricated in silicon by DRIE. Micro 
heaters were patterned on the Pyrex wafers to generate thermal bubbles in the actuation 
chambers. The liquid is forced through the nozzle and forms a deflecting jet to push the 
cell. An optical system was built to detect moving particles and to generate the electrical 
signals for the micro heaters [6]. Continuous bubble-jet sorting was performed, as instanced 
by the video captured pictures in Fig.2. We simulated the transient flow dynamics to find 
optimized operating conditions for the jet sorter. Figure 3 shows sorting events of two 
successive cells. The 1st cell is pushed by the upper jet (Fig.3(a)) toward the lower outlet, 
while the 2nd cell is pushed by the lower jet toward the upper outlet (Fig.3(c)).  
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We performed a series of simulations to study the effect of triggering the jet actuator while 
the cell is at different locations upstream from the sorter.  A switching window, WSW,
corresponding to 1.1 times the switching chamber length, LC, was found for the PUSH 
mode for the jet sorter [6], as illustrated in Fig.4. The simulations show that if the actuator 
was activated too early, the cell entered the switching chamber while the actuator is 
retreating. In that case, the suction effect around the nozzle pulled the cell in the wrong 
direction. We simulated further upstream triggering locations and found that the PULL 
mode is also applicable for sorting and has a larger switching window of WSW = 1.5LC
(Fig.5). Note that in the PULL mode, the activated jet is on the same side of the designated 

X/LC
1 0 -1 -2 -3
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Triggering locations

LC
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Direction

Combined 
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Figure 6.  Switching window for combined mode 
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Figure 1. SEM of a microfluidic jet 
sorter

Figure 2. Video-captured frames of micro-sphere 
sorting using thermal bubble actuators

Figure 3. Simulated sorting of two cells 
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outlet. In the combined mode, where the 1st jet operates in PULL mode and the 2nd jet in 
PUSH mode, the switching window can be doubled.  Figure 6 shows a switching window 
of 2.4 LC for the case of 16 s delay between the two jets. Wider switching windows can 
accommodate larger flow variations, and therefore provide more reliable sorting. 
 Figure 7 shows a binary cell 
sorter employing only one jet 
actuator. Activating jets as cells 
are within X/LC = -0.45 ~ 0.65, 
cells can be pushed to the upper 
outlet, and within X/LC = -2.0 ~ -
0.6, pulled to the bottom outlet  

The switching windows are 
calculated for a flow of 4 m/ s.
This flow rate is chosen to enable 
high-speed sorting. The variation 
of switching window is expected to be small within a limited flow range. The effect of 
variations of the flow rate on the sorting windows will be studied in our future work. 

4. CONCLUSIONS 
 We have presented the design, simulation, fabrication and operation of a high-speed 
microfluidic cell sorter. An embedded bubble-jet actuation technique was used to control 
the cell motion in the micro channels. Simulations showed different switching windows for 
the Push, Pull, and Combined modes of a double-jet sorter, as well as the binary sorting of 
a single jet sorter. 
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ABSTRACT
 Automated data acquisition of single cell properties in an important application for lab-
on-chip devices aimed at performing cell biology experiments.  Here we present a system 
for both control of microenvironment variables and cell data acquisition using automated 
image analysis (Fig. 1).  A previously presented scheme [1] is used to produce an alkaline 
environment and induce cell lysis.  A custom image processing program was developed to 
identify single cells in the microchannel and perform morphometric measurements
(sphericity, surface area, volume), as well as permeability measurements for dyes diffusing 
out of the cytoplasm during lysis.  This system was previously applied to the study of 
hemolysis as a function of red blood cell shape [2].  A similar morphometric analysis, 
supplemented by measurements of membrane permeability timescales, was used in order to
distinguish different cell types from their alkaline lysis characteristics.  Clustering by cell 
type is shown for five different mammalian cell types. 

Keywords: cell lysis, hemolysis, cytometry, cell ID 

1. INTRODUCTION
Determination of cell type for an unknown sample is an important function of cell 

cytometry.  Cell type composition is often used as a marker of disease for patients suffering 
from either cancer or immune disorders.  Traditionally identification is performed 
fluorescently tagged antibodies to proteins specific to certain cell types.  Size and 
morphology alone are not sufficient to identify cell type alone, especially when cells are in 
suspension and assume a spherical shape.  Here we present a method for distinguishing 
different cell types in suspension from sequences of fluorescent images, without the use of 
antibody staining.  

3. EXPERIMENTAL 
 Cells were first labeled with the cytoplasmic dye Calcein AM and introduced into a 
microfluidic enclosure.   There, cells were lysed via the local generation of hydroxide, 
though a process that has been previously described [3]. 
 Image analysis was performed by first convolving the image with a kernel of a sample 
cell, and identifying the best fits within the field of view.  Cells are then labeled and 
tracked using a proximity tracking algorithm for the duration of the experiment (Fig. 1A).  
A thresholding algorithm is further applied to the convolved image in order to identify cell 
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perimeters and measure morphological parameters. Sphericity (circular shape factor) and 
size (area) were recorded as a function of time.  A schematic representation of the system is 
shown in Figure 1B, along with the time course for a typical lysis experiment (Fig. 1C).  
After the cell position and size parameters are determined, fluorescent images of the same 
cell are used to determine the amount of intracellular dye present.  During lysis, the dye 
diffuses out from the cell interior, providing a measurement of the membrane permeability. 
Ten Point body of  TEXT on entire page to a total of three pages. 

3. RESULTS AND DISCUSSION 
We first applied this method to the determination of the time course of red blood cell 

(RBC) lysis (Fig. 1B), as well as the effect of initial shape on hemolysis fragility (cell 
lifetime) for individual cells (Fig. 2).  Analysis of the data indicated that healthy RBCs lyse 
first if they start out in a more spherical geometry.  This is clinically relevant because
spherocytosis (a blood disease) is diagnosed by looking at the resistance of RBCs to lysis 
[4].  It is shown that hemolysis fragility can be affected by cell shape alone for healthy 
cells, and does not have to be caused by the cytoskeletal differences characteristics of
spherocytic cells.  The time course of shape transformations was also followed over time, 
and three representative cells are shown in Figure 3. 

Another application of optical single cell analysis is to measure membrane permeability 
in conjunction with morphological changes by loading cells with a cytoplasmic dye [1]. We 
applied this method to a variety of mammalian cell lines, and plotted the resulting data on a 
graph of lysis vs. dye leak timescales (Fig. 4).  Clustering indicates that such measurements 
may be used for the classification of cells in an unknown sample. 

4. CONCLUSIONS 
In conclusion, we use automated image analysis for the extraction of morphometric data 

on cells undergoing alkaline lysis in a microfluidic environment.  Hemolysis experiments 
show the dependence of cell resistance to alkaline stress on initial cell shape. Lysis 
timescales are also shown to depend on cell type, and may be used as a cell recognition 
tool. 
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Figure 1. System setup and lysis timescales.  
(A) A typical frame after cell recognition. 
Cells are marked by colored spots and 
labeled.  The color of the central spots 
corresponds to the quality of the match to the 
sample cell (upper left corner). (B) System 
setup for data acquisition and hydroxide 
generation. (C) Percent lysis as a function of 
time for a cell lysis movie (black) and a 
Gaussian fit to the data (blue). 

Figure 2. Cell lifetime data. (A) Cartoon 
representation of the changes in cell shape, 
which proceeds from initial discocyte to a 
spherical shape before lysis.  The scatter plots 
relate lifetime to morphological parameters.  
The best correlation is found between lifetime 
and the inflation volume to surface area ratio.  

Figure 3. Morphometric analysis of three 
representative cells. Circular shape factor (solid 
line) and cell projection area (dotted line) are 
plotted with respect to time. (A) Side view of a 
cell at constant orientation.  Both area and CSF are 
monotonically increasing. (B) Frontal view of a 
cell at constant orientation.  This cell goes through 
much smaller changes in size and CSF. (C) This 
cell is simultaneously flipping over and changing 
to a spherical shape.  This results in an oscillating 
CSF that increases over time. 

Figure 4. Classification of cell different cell 
types from measurements of membrane 
permeabilization and shape change timescales 
during lysis. Single cell events from five 
mammalian cell types are plotted on a log-log 
scale. 
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ABSTRACT
 We report on a method for three-dimensional cultivation of cells in a microstructured 
asymmetric environment. In the system an asymmetric environment is created by using 
diffusion through a gel of extra cellular matrix proteins surrounded by microfluidic flow 
channels. Individual cells embedded in the gel react on the concentration gradient. The 
system has been evaluated both for diffusion properties and based on the cellular response.  

Keywords: Cell culture, diffusion barrier, flow-through, gradient 

1. INTRODUCTION
 An asymmetric environment is of great interest in fundamental cell-biological studies on 
e.g. polarization. Different principles can be used to create a gradient field over cells. 
Previously it has been reported how dual or multiple parallel flows can be used to create a 
gradient via diffusive mixing of 
solutions[1]. Also different concentra-
tion[2] and substance delivery[3] schemes 
have been demonstrated. Common for 
many of the previous works is the use of 
cells in a two-dimensional system, 
typically cells adherent to a fibronectin 
coated glass substrate. We have chosen to 
use a three dimensional culture system, 
using an extracellular matrix (ECM) gel. 
This system enables more physiological-
like culture conditions and also generates a 
diffusion limiting barrier which is used to 
create gradient fields. We have previously 
reported[4] on the immobilization of cells
in ECM gel in a microfluidic structure. 
This principle has now been further 
developed and we have introduced two 
micromolded parallel flow channels, one 
on each side of the gel in order to create a 
well controlled concentration gradient field 
(figure 1).  
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Figure 1. Conceptual view of chip for cell 
studies in gradient field.
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2. EXPERIMENTAL 
 Rapid prototyping of microfluidic chips 
was done by drilling syringe needle 
guiding holes and CNC mill a cavity for 
the gel plug in the polycarbonate (figure 2). 
The chips were mounted on standard glass 
slides. Needles were inserted and the chips 
were filled through pipetting 3.6 l of 

MATRIGEL ECM mixed with COS7 cells
(18000 cells/ l) at 4ºC into the cavity and 
applying the cover slip to seal off the chip. 
Raising the temperature to 37ºC 
polymerized the gel in the cavity of the 
chip. The needles were then pulled slightly 
apart (retracted), opening up the two 
parallel channels on either side of the ECM 
plug, thus exposing the gel for the two 
flows with treatment. The tubing was 
connected to a double syringe pump and 
chip positioned for examination in a 
confocal microscope. 
The chips were evaluated using a) cell free
fluorescein-water diffusion b) cellular 
accumulation of Calcein and c) cellular 
Ca2+ response to ATP stimulation. 

3. RESULTS AND DISCUSSION 
Application of fluorescein (a) in water in 
one channel and water alone in the other 
resulted in a concentration gradient 
following Ficks law for diffusion (figure 3 
and 4). Diffusion coefficient D was 
measured to 140±5 m2/s (D in water:
 497 m2/s). The cellular uptake of 
Calcein-AM (b) was evaluated. Viable 
cells take up the non-fluorescent Calcein-
AM and convert it to the fluorescent form. 
The experiments showed accumulation of 
Calcein in viable cells and that the 
accumulation was dependent on the cell 
position in the concentration gradient, i.e. 
position in the gel (figure 5). ATP (c) was 
used to study cellular response to applied 
substances. ATP gives a rapid increase of intracellular Ca2+ which can be monitored by the 
calcium sensitive fluorescent dye Fluo-4. ATP application showed characteristic Ca2+

signals with timing dependent on the position of the cell in the gradient field (figure 6). 

Figure 2. Photo showing chip used. C1= fluid 
no. 1, C2= fluid no. 2, indicating different 
concentrations. Dimensions: ECM plug width 
600 µm, length 3 mm and height 2 mm. 
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Figure 3. Image from confocal microscope 
showing fluorescein migration forming 
gradient field.

Figure 4. Fluorescein gradient across 800 
µm ECM-filled channel. Gradient is stable 
(steady-state) after approx. 90 minutes of 
perfusion. No further accumulation occurs.
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4. CONCLUSIONS 
 In summary we have successfully created a 3D cultivation system where cells are 
exposed to gradient fields all around in contrast to traditional systems where cells are 
cultured on 2D surfaces and hence non-homogenously exposed to gradients. COS7 cells
reacted on both calcein concentration gradient as well as ATP front movement. We propose 
studies with this system involving cell polarization in gradients of e.g. sodium and 
potassium as well as 3D cell migration/cytotaxis caused by e.g. a calcium gradient. 
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Figure 5. Response from cells embedded in 
ECM with dual flow of calcein-AM and 
culture medium. The intensities from the 
cells are proportional to the experienced 
calcein concentration.

Figure 6. Response from cells embedded in 
ECM with dual flow of ATP and culture 
medium. Variations in height possibly due to 
different cellular response or out-of focus 
related. Cells respond when reached by ATP 
front.
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COMPOSITE NANOPARTICLES BY USE OF 
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ABSTRACT 
 This paper reports about the preparation of dye-doped and composite nanoparticles by 
flow-through emulsion polymerization using a silicon/glass/silicon chip micromixer [1]. 
Micro and nanoparticles incorporating dyes are of interest not only for pigments but also for 
labeling procedures. So, nanoparticles with high absorption or fluorescence become the 
point of interest as components for molecular nanotechnology and as alternative materials 
for molecular labeling in the application of biochips. Not only metallic nanoparticles, like 
Au-nanoparticles, but also fluorescent dye-doped polymer nanoparticles could be used for 
selective labeling. Therefore, methods for the preparation of particles with narrow size 
distribution are necessary. 

Keywords: micromixer, nanoparticle, polymerization 

1. INTRODUCTION 
 The emulsion polymerization is well introduced for the preparation of polymer micro 
and nanoparticles. Usually, this method is applied in batch reactors or semi-batch reactors. 
Flow-through polymerization can also be applied for emulsion polymerization [2, 3]. The 
advantage of continuous polymerizations is the much narrower size distribution of obtained 
particles [3]. Stirring or sonication is principally used for emulsification [4]. We have 
applied a micromixer to emulsify monomers in a SDS solution. 

2. EXPERIMENTAL 
 A modular set-up consisting of at least 2 syringe pumps, two micromixers and a 
residence tube (fig. 1) of 38 m length (inner diameter = 1.0 mm) was tested for the 
preparation of polymer nanoparticles by a miniaturized flow-through process. The total 
flow rate of the whole assembly was 26.5 mL/h. The polymerization experiments was done 
in three steps. First, forming the emulsion and pumping it into the residence tube. Second, 
stopping the flow for 30 minutes. Third, pumping the emulsion through the rest of the 
residence tube. The residence tube was placed in a hot water bath with bath temperatures 
between 60 and 80 degree Centigrade. 

3. RESULTS AND DISCUSSION 
 As a result, polymer nanoparticles with diameters between 50 and 100 nm (fig. 2) and 
nanoparticle clusters with diameters of about 1 µm (fig. 3) were obtained in case of styrene 
as starting material. The obtained particles were characterized with SEM and rotating disc 
centrifuge measurements. 
It is simply possible to incorporate lipophilic dyes inside the polymer nanoparticles during 
the polymerization process. 
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Therefore the dye was applied together with the monomers in the organic phase of the two-
phase system. The formation of fluorescent nanoparticles was proved by light microscopy 
and spectral resolved micro fluorescence measurements from small ensembles of 
nanoparticles. 
With a modified set-up it is possible to generate polymer nanoparticles and Au-
nanoparticles together by polymerization of monomers and simultaneous addition as well as 
reduction of the gold salt solution. 

Figure 1. Scheme of the experimental set-up 

Figure 2: SEM of simultaneously generated 
  polystyrene and gold nanoparticles 
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Figure 3: SEM of polystyrene gold nanoparticle 
 
4. CONCLUSION 
 It could be shown, that an arrangement of two static chip micromixers with a PTFE 
tube as residence unit is well suited for the emulsion polymerization process. 
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HIGH-TEMPERATURE MICROFLUIDIC  
SYNTHESIS OF SEMICONDUCTOR NANOCRYSTALS  

IN NANOLITER DROPLETS 
Emory M. Chan,1 A. Paul Alivisatos,1,2 and Richard A. Mathies1

1Department of Chemistry, University of California, Berkeley, CA 94720 
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ABSTRACT 
The high-temperature synthesis of CdSe nanocrystals in nanoliter droplets flowing in a 

perfluorinated carrier fluid through a microfabricated reactor is presented. A flow-focusing 
nanojet structure with a step increase in channel height reproducibly generated octadecene 
droplets in Fomblin Y 06/6 perfluorinated polyether. Droplets of cadmium and selenium 
precursors flowing through a high-temperature glass microreactor produced high quality 
CdSe nanocrystals while minimizing hydrodynamic dispersion and particle deposition. 

Keywords: droplet, microreactor, nanocrystal, two-phase flow 

1. INTRODUCTION
Reactions can be conveniently confined in nanoliter volumes through the use of 

droplets or emulsions. Recent advances in microfluidic technology allow for the 
manipulation and analysis of individual droplet nanoreactors.  Droplet-based nanoreactors 
are advantageous because droplets are physically isolated from the channel walls and from 
other droplets. For the high temperature synthesis of nanoparticles in microfabricated 
reactors[1], this encapsulation eliminates the problematic surface reactions and
hydrodynamic dispersion commonly observed with continuous flow schemes. Recently,
nanoparticles have been synthesized using gas-liquid[2] and liquid-liquid segmented flow 
microreactors[3], but such work has not combined liquid-liquid segmented flow with the 
high temperatures and anhydrous conditions required for high-quality nanocrystal growth.  
Here, we present the high-temperature synthesis of CdSe nanocrystals in nanoliter droplets 
flowing in a perfluorinated carrier fluid inside a microfluidic reactor system[4]. 
 
2. EXPERIMENTAL 

Our 1.7-!L microfluidic reactor (Fig. 1a), fabricated from borosilicate glass[5], flows 
droplets of precursor/octadecene (ODE) solution in a carrier fluid of Fomblin Y 
perfluorinated polyether (PFPE). The droplets are generated by shearing an ODE stream 
with PFPE in a flow-focusing nanojet structure (Fig. 1b), which is an extension of designs 
by Tan et al.[6]  The high viscosity and low interfacial tension of the high-boiling PFPE 
fluid result in a low ODE:PFPE viscosity ratio and high capillary numbers (Ca) that 
discourage droplet formation[7]. To prevent laminar flow at high Ca, a sharp increase in 
channel height from 45 to 90 !m is fabricated 400 !m after the head of the nanojet nozzle 
(Fig. 1b-e).  

CdSe nanocrystals are synthesized by flowing droplets of cadmium oleate, oleic acid, 
trioctylphosphine (TOP), selenium-TOP, and octadecene in PFPE carrier fluid through the 
serpentine reaction channel, which is heated to 240-300 °C from below using a Kapton thin 
film heater (Fig. 1b). Photoluminescence spectra are collected in a capillary flow cell[1].
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Figure 1. Microreactor channel design with droplet jet injector.  (a) Channel schematic. (b) 
Optical micrograph of nanojet during droplet generation at 1.5:8 !l/min ODE:PFPE. 
Octadecene is injected in the top channel, while the PFPE is injected in the side channels. 
(c), (d) & (e) Channel cross sections showing step dimensions. (f) Step-induced droplet 
formation at  4 !l/min PFPE and 0.10, 0.25, 0.50, 1.0, and 1.5 !l/min ODE. (g) Droplets in 
main channel at 1:2 !l/min ODE:PFPE. Scale bar = 500 !m. 

3. RESULTS AND DISCUSSION 
The microfabricated step in the droplet jet injector instigated the stable and 

reproducible generation of ODE droplets (Fig. 1b & 1f) with volumes from 30 pL to 5 nL. 
Droplet formation was observed at Ca up to 0.81, comparable to the highest reported 
values. Droplets remained stable as they flowed through the reaction channel (Fig. 1g), 
even at temperatures up to 300 °C.  

High-quality CdSe nanocrystals (Fig. 2a) with narrow absorption and emission spectra 
(Fig. 2b) were synthesized by flowing droplets of nanocrystal precursor solution through 
heated microreactors. Over a four-hour period, no visible deposition was observed on 
channel walls, and the peak wavelength of nanocrystal photoluminescence (PL) spectra, 
recorded for individual droplets output to a capillary flow cell, remained stable.  Fig. 3a 
shows PL time traces for the synthesis of 12 different sizes of nanocrystals with residence 
times of 4.9, 9.8, 19, and 38 s, at temperatures of 270, 280, and 290 °C, in a single four-
hour experiment.  These PL peak values, which increase with nanocrystal size, can be used 
to generate the kinetic growth curves shown in Fig. 3c. 

4. CONCLUSIONS 
These results demonstrate that our microreactor has the flexibility and stability needed 

to synthesize CdSe nanocrystals in discrete, nanoliter volumes over a wide range of 
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conditions, including residence time, temperature, Ca, and viscosity ratio. These 
capabilities should be useful in performing a wide variety of chemical and biochemical 
reactions where small reaction volumes, fine control over reaction conditions and 
temperatures, and isolation from container walls as well as from other reaction volumes are 
of critical importance.

Figure 2. (a) Transmission electron micrographs of CdSe nanocrystals synthesized in 
droplets of ODE in PFPE in a 290 °C microreactor. Inset: high resolution image of a 3.4 
nm-diameter nanocrystal. (b) On-line photoluminescence spectrum and off-line absorption 
spectrum of nanocrystals grown in droplets for 19 s at 280°C. 

Figure 3. Photoluminescence time traces of nanocrystal drops demonstrate how (a) 
peak wavelength (a) varies with total flow rate (b) at three different temperatures. (c) 
Kinetic growth curves can be obtained using the data from (a) and (b).
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ABSTRACT
 Herein we describe the first enantioselective enzymatic carbon-carbon bond formation of 
cyanohydrins performed in a microchannel with a significant increased reaction speed and 
enantioselectivity compared to synthesis on macroscale. 

Keywords: biocatalysis, enantioselective, enzymatic synthesis, multi-phase flow 

1. INTRODUCTION
 During the last decade there has been an increased interest in using enzymes for 
asymmetric synthesis and kinetic resolution to obtain pure enantiomers. Hydroxynitrile 
lyases (HNLs) catalyze the reversible addition of hydrogen cyanide to prochiral aldehydes, 
resulting in optically pure cyanohydrins (scheme 1). These cyanohydrins are versatile chiral 
building blocks [1]. The first HNL was discovered in almonds (Prunus amygdalus) and has 
been studied extensively. A significant advancement in optically pure cyanohydrin 
production was made by performing the enzymatic reaction in organic solvents immiscible 
with water, which suppresses the non-stereoselective addition of HCN (chemical 
background reaction) [2]. Multi-phase (inmiscible aqueous-organic liquid) flow systems to 
synthesize different classes of compounds are already published by several groups. Using a 
two-phase system, two main types of flow can be distinguished in the microchannel: the 
parallel flow and the plug flow stream. Both offer a highly efficient mass transfer due to the 
small internal distances in microchannels. These advantages of the microreactor inspired us 
to perform the enzymatic synthesis of cyanohydrins in a microreactor, and compare the 
reaction speed and enantioselectivity of the reaction with the conventional macroscale 
reaction. Different groups already described the enzymatic synthesis of cyanohydrins using 
a two phase system to increase the speed and enantioselectivity [3,4], and demonstrated that 
a well defined emulsion was required for an optimal result. Two phase systems are prone to 
plug flow when applied in microchannel, and could therefore be an excellent approach for 
the synthesis of cyanohydrins.  

Scheme 1.  General reaction scheme for the enantioselective formation of cyanohydrins 
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2. EXPERIMENTAL 
 The setup which was chosen for the microscale synthesis is schematically depicted in 
scheme 2. Microchips (size: 20 µm in depth, 120 µm wide. Internal volume: 1.33 µl)  were 
purchased from Micronit. (S)-HbHNL was kindly provided by DSM (Geleen, The 
Netherlands). Enantiomeric purities and conversions were determined on a Shimadzu 
CLASS-VP instrument, equipped with a Chiracel AD-H column. The enzymatic 
cyanohydrin production was performed both on macro- and on microscale under identical 
reaction conditions such as temperature and concentration of reagents. For all syntheses, 
two different mixtures were prepared. Mixture A (MTBE phase) containing 0.23 M (freshly 
distilled) aldehyde, 0.18 M anisole (internal standard) and mixture B (aqueous phase, 0.4 M 
citric acid buffer, pH 5.0) containing 0.23 M KCN, 10 % (v/v) (S)-HbHNL.
Macroscale experiment: 1 mL mixture B was added in a closed reaction vessel, the mixture 
was stirred vigorously, after which 1 mL mixture A was added (t = 0 min).  
Microscale experiment: Syringe I containing mixture A and syringe II containing mixture B
were mounted onto the syringe pump and connected to the microchip (scheme 2). Typical 
flow rates were: 4, 2, 1, 0.5, 0.25, 0.1 µL/min.  

All aliquots were directly quenched in 1 M HCl (100 µL), extracted with MTBE (200 µL) 
and injected for analysis. 

Scheme 2. Schematic representation of the microscale reaction setup. 

3. RESULTS & DISCUSSION 
 Benzaldehyde and 3-phenylpropionaldehyde were used as substrates. The conversion 
and enantiomeric excess during the reactions were analyzed and are depicted in figures 1 
and 2. Uncontrolled plug flow was observed in the microchannels during the reaction. 
Figure 1 clearly shows that an equilibrium of the reaction was reached, resulting in a 
maximum conversion of 60%. However, the enantiomeric excess decreased when reaction 
time progressed, due to the non-selective chemical background reaction. The reaction rate 
of the macroscale experiment was significantly lower compared to the microscale reaction,
which is probably due to the highly efficient emulsification of the two-phase system, which 
promotes the enzymatic activity and selectivity. This selectivity effect is even more 
pronounced for 3-phenylpropionaldehyde. 

4. CONCLUSIONS 
The enzymatic synthesis of two different cyanohydrins was successfully performed in a 

microreactor setup. These microscale reactions showed a higher enantioselectivity and 
reaction rate for both substrates compared to the corresponding macroscale experiments. 
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 Figure 1. Conversion and enantioselectivity of benzaldehyde. 

Figure 2. Conversion and enantioselectivity of 3-phenylpropionaldehyde.



KINETIC STUDY OF AN ON-CHIP ISOCYANATE
DERIVATIZATION REACTION BY ON-LINE 

NANO-ESI MS
M. Brivio, A. Liesner, R. E. Oosterbroek, W. Verboom, U. Karst, A. van den 

Berg and D. N. Reinhoudt
MESA+ Institute for Nanotechnology, THE NETHERLANDS 

ABSTRACT 
A high-throughput method is presented for the study of reaction kinetics by nano-

electrospray ionization mass spectrometry (nano-ESI MS). The reaction of propyl 
isocyanate (2), benzyl isocyanate (3), and toluene-2,4-diisocyanate (4) with 4-nitro-7-
piperazino-2,1,3-benzoxadiazole (NBDPZ) (1) to yield the corresponding urea derivatives 
(5) was carried out in a continuous flow glass microchip. Real-time monitoring of the 
reactions was done by nano-ESI MS. Rate constants of 1.6  104 M-1 min-1, 5.2  104 M-1

min-1, and 2.5  104 M-1 min-1 were determined for isocyanate 2, 3 and 4, respectively. 

Keywords: Microreactor, nano-ESI MS, reaction kinetics, real-time monitoring. 

1. INTRODUCTION 
Microreactors offer a good alternative to lab-scale equipment for the study of reaction

kinetics. They allow low reagent consumption and fast mixing [1,2] as well as a continuous 
flow operative mode and real-time analysis.[3,4] Microfluidic chips have been used to 
study kinetics of biochemical systems [5,6] on various time scales, mainly using optical 
detection techniques.[7] Due to the ease of fabrication and their compatibility with aqueous 
phase biological systems, polymers are the material of choice for the fabrication of chips in 
most of the studies reported in literature. However, polymer-based microreactors might be
less suitable for carrying out organic reactions. In this paper a chip-based nanospray 
interface [8] is used as a high-throughput platform to study the kinetics of the reaction of 
NBDPZ with isocyanates [9] (Scheme 1). 

Scheme 1. Reaction of NBDPZ (1) with propyl isocyanate (2), benzyl isocyanate (3), and toluene-2,4-
diisocyanate (4) to give the corresponding NBDPZ-urea derivatives (5). 

2.EXPERIMENTAL 
 Reactions were carried out in “two inlet” chips (Figure 1a), having various channel 
lengths (Table 1). “Three inlet” microreactors (Figure 1b) were used to perform control 
experiments and to study ion suppression phenomena. All microreactors were fabricated by
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standard glass processing [8]. NBDPZ (1) was synthesized and purified according to Karst 
et al. [9]. Isocyanates were purchased from Sigma Aldrich (Steinheim, Germany). On-chip 
reactions were studied by directly coupling the microreactor to a Micromass (Manchester, 
UK) LCT Electrospray time-of-flight mass spectrometer (ESI-TOFMS) and monitoring the 
decrease of the NBDPZ signal intensity at m/z = 251 in time upon reaction of NBDPZ (1)
with each isocyanate. Spectra were acquired in the positive ion mode at a capillary voltage 
ranging between 1.8 KV and 2 KV, at a sample cone of 35 V, and an extraction cone 
voltage of 2 V. The source temperature was kept constant at 100 °C and the cone gas flow 
between 80 and 90 L h-1.

Figure 1. Photographs of the (a) “two inlet” and (b) “three inlet” chips used to study reaction kinetics 
and ion suppression phenomena, respectively. All microchannels are 50 µm wide and 20 m deep. 

Table 1. Lengths (L) and volumes (V) of the microchannel in the “two inlet” devices and residence 
times at various flow rates. 

L = 7.1 cm L = 10.5 cm L = 19.1 cm L = 28.4 cm Flow rate
(nL min-1)

V = 71 nL V = 105 nL V = 191 nL V = 284 nL 

100 0.7 min 1 min 1.9 min 2.8 min 
80 0.9 min 1.3 min 2.4 min 3.5 min  
60 1.2 min 1.8 min 3.2 min 4.7 min  
40 1.8 min 2.6 min 4.8 min 7.1 min  
20 3.6 min 5.2 min 9.6 minn 14.2 mi  

3. RESULTS AND DISCUSSION 
Figure 2 shows the experimental reaction profiles for the on-chip reaction of NBDPZ (1)
with monoisocyanates 2 and 3 and diisocyanate 4, determined by ESI-MS by varying the 
total injection speed of the reagent solutions from 20 to 100 nL min-1. All reactions were 
carried out injecting on-chip equimolar (5  10-6 M) solutions of 1 and the corresponding 
isocyanate in acetonitrile. The experimental data were fitted to a second order kinetic model 
(Figure 2) using equation 1. Rate constants (Table 2) were determined by applying a least 
squares optimization routine. 

kt
AA 0][
1

][
1

        (1) 

[A] is the concentration of NBDPZ (1) at a given time, [A]0 is the initial concentration of 
NBDPZ (1), t [min] is the reaction time, and k is the reaction rate constant. The rate 
constants determined by chip-based continuous flow experiments are consistent with those 
determined using batch lab-scale procedures (see Table 2). 
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Figure 3. Reaction profile of the on-chip reaction of NBDPZ (1) with ( ) 2, ( ) 3 and ( ) 4, and 
corresponding fits to a second order kinetics model (solid lines). 

Table 2. Reaction rates determined by on-chip experiments (kchip) and lab-scale experiments (klab) and 
their ratio (kchip / klab).

Isocyanates Kchip (M-1 min-1) Klab (M-1 min-1) Kchip / Klab
2 1.6 × 10-4 4.2 × 10-3 3.8 
3 5.2 × 10-4 1.6 × 10-4 3.3 
4 2.5 × 10-4 5.6 × 10-3 4.3 

4. CONCLUSIONS 
This work demonstrates that continuous flow microfluidic devices provide a valuable tool 
to carry out and study reactions in a very efficient way, increasing process safety and
reducing both reagents consumption and sample handling. The small reaction volume, 
where reagents mix under laminar flow conditions at very short diffusion length scales, 
offers a high degree of reaction control contrary to macroscale turbulent systems. Using 
“three inlet” microreactors allows studying systematically both ion suppression phenomena 
and the effect of various parameters on sample ionization, which are all required to study 
reaction kinetics by ESI mass spectrometry in a justified way. 
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ABSTRACT
This paper presents a novel microchip-based cell response assay system for drug

discovery. This system consists of two section, cell culture section and  protein detection
section, which were integrated into a microchip. The microspheres attached with hepatoma
cell line HepG2 were captured in channels of the microchip, which lead to maintain
metabolic function of the cells with required cell number. Cell stimulus could easily be
achieved by introducing test compounds to the cell-immobilized channels, and secreted
apolipoprotein A1 (ApoA1) from the cells was detected in the same channel by enzyme-
linked immunosorbent assay (ELISA). By this system, the compounds that induce secretion
of ApoA1 were evaluated easier and more rapidly than by the conventional method.

Keywords: Apolipoprotein A1, Cell culture, Drug discovery, HepG2

1. INTRODUCTION
Microfluidic devices for cellular analysis have gotten much attention as new tools for

studies in the pharmaceutical industry. It is expected that cell-based microchip analysis
leads to efficient and cost-effective drug discovery screening system (i.e. small consumption 
of test samples and reagents, short analysis time, and so on). Recently, a lot of effective cell 
response assay in a microchip have been developed and showed promise for a variety of
cell-based analysis [1, 2, 3]. In this presentation, we succeeded in expanding the application 
of microchip-based cellular analysis for rapid and efficient evaluation of the compounds that 
affect the proteins secretion. The system can be helpful to discover the new potential drugs,
which enhance the therapeutically-valuable proteins (e.g. insulin secretion enhancer).

2. EXPERIMENTAL
Microchannels having both cell culture and detection zones were fabricated on a Pyrex

glass using conventional method. Figure 1 shows the fluidic architecture to allow for
immobilization of cells and antibodies. The HepG2 cells were incubated with collagen-
coated microspheres (108 µm avg. diameter) at 37 ºC over night. Cell-attached microspheres 
(Fig. 2(a)) were charged into the cell culture zone and incubated with temperature regulation 
achieved by a thermo electric heater (Fig. 2(b)). Culture media was introduced continuously 
and ApoA1 proteins secreted from the cells were trapped in the detection zone by anti-
ApoA1 antibody bound covalently to polystyrene microspheres (25 µm avg. diameter).
Dosing various concentrations of test sample prepared in medium was carried out with the
medium flow system. After the administration, reagents for the reaction of ELISA
(biotinylated antibody, streptavidin-peroxidase, buffer and substrate) were introduced
sequentially to the detection zone, and oxidized substrate was monitored with a thermal lens
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microscope (TLM). Consequently, a quantitative determination of ApoA1 secreted from the 
cell was realized by using our integrated fluidic system.

Figure1. Schematic view of integrated microchip system.

Figure 2.Microchip system (a) Cell attached bead (b) Overview.
3. RESULTS AND DISCUSSION

In order to confirm the feasibility of a newly constructed microchip, the secreted ApoA1
was detected in various number of the cells. As shown in Fig. 2, we observed the roughly
linear relationship between the number of the trapped cell number and the TLM signal. Fig.
3 shows the effect of the serum presence in medium on ApoA1 production. We observed
enhanced ApoA1 production in serum-free medium both by our integrated fluidic system
and conventional bulk system.

Next, ApoA1 production
effected by a compound is shown in 
Fig. 4. Our in-house compound,
which has ability to enhance the
secretion of ApoA1, was
introduced to the cell culture zone
continuously over night. As can be
seen from the result, the compound
caused dose-dependent ApoA1
production enhancement.

Figure2.  ApoA1 production by HepG2.
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4. CONCLUSIONS
This system is more convenient and efficient to determine the secreted proteins than

conventional assay in that many complicated and time-consuming procedures can be
ommited. Thus, rapid and precise analysis methods for the pharmaceutical compounds will
be developed on the basis of our integrated fluidic system.
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ABSTRACT
 A lateral aperture with a round profile ideal for patch clamping is created by isotropic 
dry etching through a silicon micropartition between two microchannels.  A special 
package design is introduced to establish an air-tight fluidic and electrical interface between 
the chip and the pipette holder of a commercial patch clamp amplifier.  The electrical 
resistance across the lateral aperture with a diameter of 7.5µm ranges from 0.5M  to 
0.7M .  Cells in suspension injected into the microchannel can be actively manipulated 
towards the lateral patch aperture by microfluidic flow control.  Nearby cells can be 
successfully trapped via suction applied through the aperture. 
Keywords: Patch Clamp, Microfluidics, Ion Channel, Drug Discovery 

1. INTRODUCTION 
 The patch clamping (Fig. 1a) is a golden standard for studying cellular ion channels, 
pore-forming proteins across cell membrane permeable to ions [1].  Known as a delicate 
and laborious method, the patch clamping can be transformed into a powerful high-
throughput assay by replacing patch pipettes with chips having an array of patch apertures 
[2].  In our design, unlike previous planar patch apertures (Fig. 1b), both recording 
electrolyte and cells can be contained on the chip substrate (Fig. 1c). 

 The motivation here is to create a lateral patch aperture in microchannels such that 
individual cells can be actively manipulated to the aperture by controlling flow in 
microchannels.  Advantages of the lateral patch clamping have been previously 
demonstrated on patch apertures micromoulded in silicone [3].  These apertures, however, 

(a) (b) (c) 

Figure 1: Schematics of the patch-clamp recording: (a) classical approach where a 
glass micropipette is used to patch a cell adhered to bottom of a Petri dish; and chip-
based approach where (b) a planar aperture, or (c) a lateral aperture is utilized to patch 
a cell suspended in a solution. 
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can only be formed when two substrates are bonded together.  Here, we demonstrate a 
lateral patch aperture that is monolithically-defined and self-forming in silicon.  As a result, 
a seamless and round aperture profile emerges when the substrate is etched through a 
special mask layout.  The aperture shape and size can be controlled by the mask layout 
design and etching process as detailed in [4]. 

2. THE PATCH-CLAMP CHIP 
 Characterization of the lateral patch aperture has been carried out with the chip shown 
in Fig. 2.  The aperture is located at the chip centre linking cell and recording 
microchannels beneath the silicon surface.  The channels are enclosed with a glass anodic 
bonding so as to sustain suction or pressure applied during testing.  Fluidic ports are 
defined through silicon via backside KOH etching to keep any obstacle away from 
microscope lens on top.  The silicon is insulated on both sides by a 5000Å plasma enhanced 
deposited TEOS film. 

(a) (b) (c) (d)

Figure 2: The silicon microfluidic chip for lateral patch clamping: (a) overall view 
10mm-by-10mm in size, (b) close-up view of the chip centre, (c) SEM view (scale bar: 
33.3µm) from a diagonal cross-section along the dashed line, (d) close-up view (scale 
bar: 3.33µm) of the lateral patch aperture about 7.5µm in diameter. 

3. THE CHIP PACKAGING
 A special package design has been introduced to meet the stringent requirements of the 
patch-clamp interfacing (Fig. 3).  These requirements include (1) avoiding air bubbles in 
the recording channel that may expand with the applied suction and hence create false G ,
(2) avoiding leakage between the fluidic ports that may lower the resistance and mask out 
any potential G , and (3) constantly maintaining the electrical access to the recording 
channel while the suction being applied.  The package achieves these criteria by taking 
advantage of a conventional pipette holder which can be directly plugged into headstage 
unit of a patch-clamp amplifier.  The pipette holder provides a means of introducing suction 
to the recording channel without interrupting electrical access.  The package is assembled 
step by step from acrylic-machined parts as schematically described in Fig. 3. 

4. RESULTS AND DISCUSSION 
 With the electrolyte solution filling the channels and no cells near the aperture, access 
resistance has been measured to be less than 1 M  (Fig. 4a).  This value is lower than that 
of a typical glass patch pipette and thus more favorable for low-noise recordings.  By 
externally controlling the flow, individual cell can be successfully brought near the lateral 
aperture such that gentle suction applied through the aperture can attract and trap the cell 
(Fig. 4b).  The apertures are currently 7.5µm in diameter and have to be fabricated smaller 
in order to attain G  seal. 

Recording
channel

Cell
channel Silicon

micropartition

Glass Cap 

Lateral patch 
Aperture
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Step 1: A pair of rubber o-rings with a stiff ferrule 
in between them passed along capillary 

Step 2: Capillary inserted into thorough-hole in 
base block with o-rings and ferrule inside recess

Step 3: Chip aligned and placed on o-rings while 
capillary ends slightly sticking out from recess

Step 4: Acrylic plate pressed against the chip as 
pin-holes aligned to pins anchored to the base

Step 2 Step 2
Step 3

Step 4

Step 5

Step 1Step 1
Step 2 Step 2

Step 3

Step 4

Step 5

Step 1Step 1

Step 5: Top piece screwed around the acrylic base 
to apply clamping pressure on the plate and chip

(b) (c) 

Figure 3: Packaging of the patch-clamp chip: (a) step-by-step assembly; (b) 
clamping during Step 5; (c) after connected to a pump and headstage amplifier. 

(a) (b) 

Figure 4: (a) The measured current waveform and electrical resistance (633 K )
across the lateral aperture in response to applied test pulse of 5mV amplitude and 
5ms duration (before the injection of cells). (b) Photomicrographs showing frame-by-
frame trapping of a nearby hepatocyte cell via suction applied through the lateral 
aperture.

Package

Headstage

Pump 



TOWARDS MOLECULAR SCREENING: RAPID HIGH- 
SENSITIVITY ANALYSIS AND ELECTROPORATION OF
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ABSTRACT
 The study of molecular interactions is essential in many fields of bioanalytical 
research, e.g. for drug screening and medical diagnosis [1]. In this work, a promising 
approach for high throughput screening of intermolecular reactions on a single-molecule 
level is demonstrated. Molecules are enclosed in lipid vesicles and analyzed by confocal 
fluorescence spectroscopy. The insertion of further compounds into the vesicles is 
facilitated by electroporation in a throughput mode. 

Keywords: drug screening, fluorescence spectroscopy, single-molecule spectroscopy, 
vesicles

1. INTRODUCTION
 Lipid vesicles are a versatile tool in micro- and nanotechnology, as they could be 
served as containers for transport and delivery of sample [2] and for conducting 
biochemical processes such as PCR [3]. Moreover, due to similarities in size and membrane 
composition they are simple models for cells and cell organelles. It has been shown before 
[4] that intermolecular reactions on a single-molecule scale could be analyzed by caging 
extremely small amounts of different reactants in single liposomes. However, in screening 
experiments, large entities of individual vesicles have to be studied and thus, appropriate 
fast and sensitive detection systems and manipulation tools are required [5].  

2. EXPERIMENTAL 
 The Poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) channels were 
imprinted from a nickel master, punched with holes for liquid supply and sealed with a 
glass plate. 
High sensitivity fluorescence detection of passing liposome vesicles was performed using a 
confocal setup described before [6]. In brief, the 488 nm line of an Argon ion laser (Laser 
Light, Berlin, Germany) was adjusted into an inverted microscope (IX71, Olympus) for 
excitation of the dye molecules. Fluorescence light is detected by avalanche photodiodes 
(CD 3017, Laser Components) for the wavelengths 500-550 nm (“green fluorescence”) and 
600-660 nm (“red fluorescence”) using respective band pass filters (purchased from AHF, 
Tübingen, Germany). Images were taken by a CCD camera (Orca, Hamamatsu) mounted 
on the ocular tubus of the microscope. 
Liposome vesicles were formed by extrusion (mini-extruder, Avanti Polar Lipids) with a 
polycarbonate membrane of 3 µm pore size. The membrane of the vesicles (DLPC, Avanti 
Polar Lipids) is stained with an orange-fluorescent lipid probe (DiI-C18, Invitrogen) at a 
concentration of 10-4 %.  During preparation by extrusion, an aqueous solution containing a 
low concentration of DNA fragments (66 bp, 10 nM) labelled with green-fluorescent dye 
(Rhodamine Green) is enclosed in the vesicles.  
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3. RESULTS AND DISCUSSION 
 The used PDMS/glass chip is fully adaptable to a confocal microscopy setup 
where the sensitive analysis based on fluorescence spectroscopy is facilitated. Due to the 
high signal-to-noise ratio, low dye concentrations down to the single molecule regime are 
sufficient to track the liposomes within the transparent microfluidic structures. In these 
experiments, the red fluorescence of the membrane dye is acting as a sensor to indicates a 
vesicle passing the detection volume. Whenever red fluorescence is detected, the intensity 
of the green fluorescence of the inserted stained DNA fragment is analyzed. In this way, 
the ratio of green to red fluorescence corresponds to the number of inserted DNA 
fragments (Figure1). 
To facilitate the insertion of further reactants by electroporation, the vesicles are exposed to 
an electrical field of up to 800 V/cm using the channel geometry shown in Figure 1 (left). 
The vesicles are analyzed after passing the merged channel section. To prove successful 
electroporation, a suspension of vesicles in an acidic buffer solution (pH 2) is analyzed. If 
the electrical field is switched on, the determined ratio of green to red fluorescence reduces 
due to insertion of protons that causes fluorescence quenching of Rhodamine Green, i.e. 
reduces intensity of green fluorescence intensity (Figure 2).  

4. CONCLUSIONS 
 The scheme could be transferred to any (fluorescent) reaction assay and offers, in 
combination with high-sensitivity spectroscopy, a promising tool for molecular screening. 
Furthermore, the design of the device allows the integration of further manipulations steps, 
e.g. for on-chip formation of vesicles and sorting modules.
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ABSTRACT 
This paper presents the development of a microscale glucose biofuel cell using an 

enzyme modified anode and a metallic catalyst on cathode.  The developed biofuel cell 
generates bioelectricity from the enzymatic oxidation of glucose by glucose oxidase on the 
anode and the reduction of oxygen by a palladium activated cathode to generate a 
maximum power density of 9.55 µW/cm2.  By employing a gold cathode activated with 
palladium, the necessity for an enzyme modified cathode has been eliminated.  Hence, the 
cathode fabrication process has been simplified while improving the overall biofuel cell 
performance.   

Keywords: Biofuel cell, glucose, electron mediator, palladium 

1. INTRODUCTION 
Biofuel cells generate electric power from the bioelectrocatalysis of naturally occurring 

materials by appropriate biocatalysts on an anode and cathode.  The biocatalyst materials in 
biofuel cells lack the natural ability to form electrical contact with the underlying solid 
metal electrode.  Therefore, biofuel cells typically use electron mediators, which function 
as electron relays between the solid metal electrodes and biocatalysts.  The usage of 
electron mediators is a relatively complex process and research is currently ongoing to get 
a deeper understanding into the detailed mechanisms of electron mediators.   

This paper presents an alternative approach to wholly enzymatic biofuel cells – devices 
where both anode and cathode are modified with biocatalysts and electron mediators.  In 
this work, an enzymatic anode is combined with a metallic catalyst (palladium) based 
cathode to catalyze the oxidation of glucose 
and reduction of oxygen respectively.  
Figure 1 describes enzymatic reactions at 
anode and catalytic reactions at cathode.   

The advantage of using a palladium (Pd) 
catalyst on cathode is that the reduction 
reactions on cathode occur by direct 
interactions between the reacting species and 
catalyst on cathode, instead of interacting 
through an electron mediator as in the case 
of enzyme-modified cathode.   

This effect coupled with the inherently 
high catalytic activity of palladium improves 
the cell efficiency and response [1].  The 
metallic catalyst also simplifies the cathode 
fabrication process as compared to the more complicated processes when using electron 
mediators.   

Figure 1. Enzymatic reactions at anode 
and catalytic reactions at cathode. 
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2. WORKING PRINCIPLE AND FABRICATION 
Glucose is oxidized to gluconic acid and oxygen by glucose oxidase at the anode and 

oxygen is reduced to water by the palladium activated cathode as described in Figure 1.  
The cathode was prepared by activating the surface of gold with palladium.  The activation 
bath consists of hydrochloric acid (HCl), tin chloride (SnCl2), and palladium chloride 
(PdCl2).  The Sn2+ ion reduces the Pd2+ to Pd, which is deposited on the gold surface [2].  
The remaining Sn2+ and Sn4+ are selectively removed from the substrate by subsequent 
treatment with HCl solution.   

The anode was prepared by 
roughening the gold surface with 
cystamine followed by the attachment of 
pyrroloquinoline quinine (PQQ), on 
which a glucose oxidase (GOx) 
monolayer was reconstituted [3].   

The palladium activated cathode and 
the enzyme-modified anode were 
incorporated into a polydimethylsiloxane 
(PDMS) chip with a flow cell for testing 
as shown in Figure 2.  To prevent 
contact between the two electrodes, a 
patterned PDMS spacer was inserted 
between the PDMS support layers.  The 
thickness of the spacer was varied to 25 
µm, 100 µm and 200 µm respectively, 

thereby defining the distance between the anode and cathode.  

3. RESULTS AND DISCUSSION 
The average thickness of the deposited palladium catalyst layer was found to be 25 nm.  

Figure 3 shows atomic force microscope (AFM) images of the palladium film.  The film 
shows a nanoscale grain structure.   

A fixed volume and concentration of a 
solution of -D-glucose was supplied to the 
biofuel cell using a syringe pump and the 
device was characterized for different load 
resistances at various electrode separations.  

By changing the thickness of the PDMS 
spacer, the gap between the electrodes was 
altered between 25 and 200 µm.  From Figure 
4 (a), it can be seen from the resultant current-
voltage curves that smaller separation of 
electrodes resulted in better voltage-current 
behavior and power.   

It is believed that the better current-voltage curves at shorter electrode separations are 
due to more interactions between the reacting species and the electrodes at shorter transit 
distances between anode and cathode.  This is further supported by Figure 4 (b) which 
shows an increase in the biofuel cell maximum power density when the electrode gap is 
decreased.  A maximum power density of 9.55 µW/cm2 was obtained from the developed 

Figure 2.  Schematic illustration of microscale 
biofuel cell using -D-glucose as fuel.

            (a)      (b)       
Figure 3. AFM images showing: (a) 
bare gold surface and (b) palladium 
grain structure.  

350 nm350 nm
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biofuel cell.  Thus, the use of palladium activated cathode enables the generation of electric 
power from the biofuel cell.  The action of palladium in reducing oxygen renders it a 
suitable to be used as a cathodic catalyst.   

       (a) (b)
Figure 4.  Biofuel cell characterization: (a) current-voltage curves of developed biofuel 
cell.  Electrodes with effective area of 2 mm2 were separated by 25, 100 and 200 µm 
respectively and incorporated in a flow cell with channel width 2 mm and (b) effect of 
electrode separation at a flow velocity of 3.3 µm/s and a glucose concentration of 5 mM. 

4. CONCLUSIONS 
The developed biofuel cell is a viable option to wholly enzymatic biofuel cells.  Its 

palladium activated cathode eliminates the necessity for an enzyme modified cathode, 
thereby simplifying the cathode fabrication process while maintaining the overall biofuel 
cell performance.  The stability of the cathode in flowing fuel conditions, coupled with 
harmless by-products, makes the biofuel cell suitable for applications in truly integrated 
microsystems, lab-on-a-chip systems, and even implantable biomedical microsystems.  

ACKNOWLEDGEMENTS 
The authors thank Mr. Raghu Ramachandran and Dr. Theda Daniels-Race of 

Department of Electrical and Computer Engineering at Louisiana State University for the 
AFM images.  This work was partially funded by Louisiana Board of Regents. 

REFERENCES 
[1] M. Arenz, T. J. Schmidt, K. Wandelt, P. N. Ross, and N. M. Markovic, “The Oxygen 

Reduction Reaction on Thin Palladium Films Supported on a Pt(111) Electrode,” 
Journal of Physical Chemistry B, Vol. 107, pp. 9813-9819, 2003.

[2] M. Paunovic, “Electrochemical Aspects of Electroless Deposition of Metals,” Plating,
Vol. 55, No. 11, pp. 1161-1167, 1968.

[3] E. Katz, A. Riklin, V. Heleg-Shabtai, I. Willner, and A. F. Buckmann, “Glucose 
Oxidase Electrodes via Reconstitution of the Apo-Enzyme: Tailoring of Novel 
Glucose Biosensors,” Analytica Chimica Acta, Vol. 385, pp. 45-58, 1999. 



A COMPLETELY AUTOMATED CELL-PRETREATMENT 
UNIT FOR PROTEOMICS AND  

A NOVEL COATING REAGENT FOR MICROSTRUCTURES 

Mari Tabuchi1, Fumiyo Tomita2, Naoto Hagiwara2, Hideya Nagata3,
Kazuyoshi Kobayashi2, Satoko Miki2, Katsuhiko Arai2, Takashi Ishiguro2,

and Yoshinobu Baba3,4

1The University of Tokushima, COE, JAPAN, 2Taiyo Yuden Co., Ltd., JAPAN,  
3National Institute of Advanced Industrial Science and Technology (AIST), JAPAN  

and 4Nagoya University, JAPAN 

ABSTRACT  
This paper reports the development of a completely automated cell-pretreatment unit 

for proteomics (PPP-01), which integrates all procedures from cell culture to denaturing 
of extracted proteins without any manual operation, having the advantage of no cell or 
protein loss.  This unit utilizes a fabricated microdevice that has a well designed 
micropore membrane, through which cell handling and protein extraction can be 
performed without centrifugation.  To reduce protein loss in this microstructure, we also 
developed a novel coating reagent, which coats well even for micro- and nano-scale 
structures, and completely suppressed the adsorption of proteins.  

Key words: coating, membrane, microdevice, proteomics,

1. INTRODUCTION 
The steps of cell-pretreatment; cell wash, protein extraction, and protein denaturing etc. 
are essential for proteome research.  However, these steps are usually performed by the 
handwork using centrifuge and pipetting, etc. in the laboratory.  This is the bottle-neck for 
proteome research.  Many microfluidic systems have been developed.  In contrast, to 
solve this problem, we have recently developed a non-microfluidic on-line pretreatment 
microdevice using microwell and innercup-system[1].  Although all steps were well 
integrated in the previous microdevice and the complicated centrifuge or pipetting was 
needless, manual operation of transferring of innercup was required yet.  In this time, we 
achieved a completely automated cell-pretreatment unit by sequentially mechanical 
operation. To achieve this, first, the membrane was precisely designed.  Second, to reduce 
the adsorption of proteins on the apparatus, we developed a new coat reagent, especially 
for the microstructures, such as micropores and microchannels.  The polysaccharide 
reagent was previously reported as one of the prospective coating reagents [2], where it 
was used as an additive to electrophoresis buffer that acts as a dynamic coating.  In this 
report, we used the reagent as a permanent coating, especially for microchannels or 
membrane filters that have micro- to nano-scale channels or pores, which are usually 
difficult to coat uniformly by conventional coating materials.  
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2. EXPERIMENTAL 
A microporous membrane (MCE; mixed cellulose ester, Advantic MFS, INC., Japan, 
average pore size is 5 m), polystyrene beads (average size is 8 m) was used in the 
membrane test.  The prototype of cell-pretreatment unit (PPP-01) was developed by Taiyo 
Yuden Co., Ltd..  The adsorption of proteins was observed by SEM (S-4800, Hitachi, 
Japan) at the conditions of 1kV and Pt-Pd sputtering coating method.  Protein analysis 
was performed by microchip electrophoresis (SV1100, Hitachi Electronics Engineering, 
Co., Ltd., Japan) and microchip (i-chip; Hitachi Chemical, Japan).  For new coating 
reagent, polysaccharide (extractin from seaweed) was used. 

3. RESULTS AND DISCUSSION 
A view of the prototype of new automated cell-pretreatment machine is shown in Figure 1.  
This includes a microdevice that has a precisely designed microporous membrane, 
through which the medium exchange, cell wash and protein extraction can be performed 
without any centrifugation.  All procedures are possible to be automatically manipulated 
by sequential programming. In the confirmation of performance of the membrane, the 
polystyrene beads are used. The objective size of beads was well hold on the membrane 
by microscopic observation (Fig. 2A), in contrast nothing passed through the membrane 
(Fig. 2B).  The adsorption of proteins was precisely observed by SEM.  The coated 
membrane suppressed protein adsorption at concentrations of 0.001-0.1%.  Since the new 
coating material is low viscosity (1 cP) and aqueous, the coating was successfully 
performed even onto the micropore membranes, without any clogging.  This coating 
material was also applied to microchannels (100 m width and 30 m depth).  The new 
coating suppressed protein adsorption better than no coating and the conventional coating.  
Finally, we analyzed a marker protein, stathmin (18kDa), using these systems resulting in 
a ten-fold increase in intensity and reducing the total analysis time by half compared with 
the conventional method using centrifugation. 

Figure 1. A view of the prototype of automated cell-pretreatment unit for proteomics 
(PPP-01). A magnified view of the microdevices used in the unit is presented at the 
bottom left.  
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Figure 2. Microscopic images of the performance of the microdevice; (A) beads held on 
the membrane, and (B) beads passed through the membrane. 

Figure 3.  Comparison of the peak intensity of electropherograms of marker protein, 
stathmin (18kDa) from the T-lymphoblastic cells, analyzed using (A) conventional 
method and (B) the new method.   

4. CONCLUSION 
We integrated all cell-pretreatment procedures in a unit (PPP-01).  The new unit and its 
novel coating reagent for microstructures will be useful for proteomic research.   

REFERENCES
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BULK TITANIUM MICROFLUIDIC NETWORKS FOR 
PROTEIN SELF-ASSEMBLY STUDIES 

E.R. Parker1, L.S. Hirst2, C.R. Safinya2, and N.C. MacDonald1,2

1Mechanical and Environmental Engineering Department and 2Materials Department 
University of California, Santa Barbara, USA 

ABSTRACT 
We report the use of a newly developed micromachining technique to fabricate microfluidic 
networks in thin titanium foils.  These devices are used to geometrically confine and align 
self-assembled protein systems for confocal microscopy and transmission x-ray scattering 
experiments.  X-ray attenuation can be easily reduced or eliminated from the thin foil 
devices by backside etching or through-etching the substrate.  A surface modification 
technique has been integrated into the fabrication process in order to minimize protein 
adsorption to the titanium.  These devices have been used to study both actin filament 
bundles and microtubules under physiologically relevant conditions.   

Keywords: bulk titanium, cytoskeleton proteins, microfluidics, surface modification

1. INTRODUCTION 
     The eukaryotic cell cytoskeleton is composed of a complex network of filamentous actin 
(F-actin), microtubules and intermediate filaments.  These systems are formed by the 
repetitive assembly of smaller protein subunits in the presence of associated proteins, which 
help to determine overall filament structure and function.  In order to study cytoskeletal 
filaments assembly in-vitro under physiologically relevant conditions, new strategies have 
been developed that utilize microfabricated devices to geometrically confine and align these 
systems both alone and in the presence of associated proteins.  These microfluidic devices 
can be used for both small angle x-ray scattering (SAXS) [1] and confocal microscopy [2].  
Each device consists of a network of microfluidic channels with widths and depths that 
approximate the persistence length of the protein system being studied.  Confining 
biomolecules in channels of this size induces alignment passively without damaging the 
delicate protein assemblies.  In turn, this controllable alignment allows for confocal 
imaging and x-ray scattering of highly-oriented samples.  Traditionally, these microdevices 
have been fabricated using silicon substrates.  We report the use of a newly developed 
technology, titanium bulk micromachining [3, 4], to fabricate microfluidic networks in 
titanium thin foils.  These titanium devices were found to be more robust than their silicon 
counterparts and can be fabricated such that x-ray attenuation is reduced or eliminated 
during SAXS experiments.  Both F-actin and microtubule self-assembly have been studied 
using this technique. 

2. EXPERIMENTAL 
     This application utilized two different channel designs shown in Fig. 1. The first design 
consisted of two reservoirs interconnected via a network of channels.  The second design 
used through-etched channels which acted to suspend the proteins in solution via capillary 
forces.  The process flow used to fabricate the reservoir-based microfluidic devices is
shown in Fig. 2.  The through-etched channel devices were fabricated in a similar fashion.  
Several channel width variations were used, including 2, 5, 10, and 20 m.  Prior to filling, 
the channels were coated with a thin layer of TiO2 followed by a polycationic PEG graft 
copolymer poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) [5] known to reduce 
protein adsorption to the titanium surface.  The cationic poly(L-lysine) backbone of PLL-g-
PEG adsorbs to the anionic TiO2 surface to form a comb-like structure, as shown in Fig. 2.  
This comb-like structure helped to eliminate protein-substrate interaction and contain the 
proteins in solution within the channels.  After the surface was functionalized with the PEG 
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coating, the channels were filled passively by capillary flow in order to minimize 
potentially damaging forces associated with more active filling mechanisms.   
     Two cytoskeleton protein systems, actin/ -actinin bundles and microtubules, have been 
studied using the bulk titanium microfluidic networks.  The actin system consisted of G-
actin (in monomeric form) polymerized to F-actin in KCl and bundled via the cross-linking 
protein -actinin in the channels.  The microtubule system consisted of tubulin polymerized 
in the channels at 37ºC and stabilized with taxol. 

Figure 1.  (a) Schematic showing both device designs, reservoir-based channels (top) and 
through-etched channels (bottom), (b) SEM of 5 m wide reservoir-based channels, and (c) 
SEM of 20 m wide through-etched channels.

Figure 2. Schematic outlining microfabrication process for the reservoir-based devices: (a) 
a TiO2 masking layer is deposited and patterned on a chemically mechanically polished 
titanium thin foil (25 m thick); (b) the Ti thin foil is deep etched using the Titanium ICP 
Deep Etch (TIDE) [4]; (c) the channels are sputter coated with a thin film of TiO2 to 
improve hydrophilicity and allow for treatment with PLL-g-PEG copolymer; (d) the Ti 
substrate is thinned by backside etching for transmission x-ray experiments; (e) the 
channels are coated with PLL-g-PEG to reduce protein adsorption; and (f) the channels are 
sealed with a PDMS cover and filled with protein solutions. 

3. RESULTS AND DISCUSSION 
     Confocal microscopy results of a self-assembled filamentous actin system are shown in
Fig. 3 for G-actin polymerized in the presence of -actinin, an actin cross-linking protein, to 
form actin filament bundles. The dual reservoir design allowed for the addition of 
controlled protein concentrations simultaneously or at intervals.  As shown in Fig. 3c, this 
made possible the study of real-time assembly dynamics for this system.  Microtubules 
have also been studied using the titanium microfluidic networks.  These experiments 
consisted of the in-situ polymerization of tubulin in the presence of GTP [2].
     Small angle x-ray scattering measurements on aligned self-assembled protein systems 
can be used to provide nanometer length-scale structural information. The titanium 
microdevices work particularly well for these experiments because in a transmission 
geometry, incident beam attenuation can be significantly reduced through backside etching 
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of the reservoir-based devices, or completely eliminated in the case of the through-etched 
channels. For this research, small angle x-ray scattering was performed at the Stanford 
Synchrotron Radiation Laboratory. 

Figure 3. Confocal fluorescence microscopy images of actin filament bundles formed in 20 
m wide reservoir-based channels: (a) bundles are formed consistently in the majority of 

the channels; (b) the bundles are easily studied using fluorescence microscopy and show a
complex branching network which is characteristic of the system; and (c) a bundle 
thickness gradient as a function of -actinin concentration is highly visible. 

4. CONCLUSIONS 
     Using recently developed micromachining techniques, microfluidic networks have been
fabricated using thin titanium foil substrates. These devices have been used to 
geometrically confine and align filamentous cytoskeleton protein systems.  These highly-
oriented samples are then studied using a combination of confocal microscopy and SAXS.  
Surface modification techniques have been integrated into the titanium device fabrication in 
order to minimize protein adsorption to the substrate.  Bulk titanium thin foils were found 
to be especially useful for this application because the devices can be easily backside-
etched or through-etched to reduce or completely eliminate x-ray attenuation from the 
device.  Bulk titanium thin foil technology offers a novel material platform for this and 
other microfluidic applications.  
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DEPOSITION AND PATTERNING OF THIN-FILM 
MATERIALS ON CURVED SURFACES USING 

MICROFLUIDIC METHODS 
Edgar D. Goluch, Kashan A. Shaikh, Kee Suk Ryu, Jack Chen, Jonathan M. 

Engel, and Chang Liu 
University of Illinois at Urbana-Champaign, USA 

ABSTRACT
 In this paper, we present a microfluidic technique that overcomes many of the limitations 
currently faced by photolithography-based approaches.  In-situ deposition can be used to 
produce precision patterns of thin-film materials (silver, gold, photoresist) on various 
substrates with a broad range of shapes, sizes, and curvatures in a rapid and straightforward 
manner.  The surface profile, mechanical gauge factor, and temperature coefficient of 
resistance for silver films has been characterized.  We also demonstrate, as applications of 
the method, the fabrication of strain gauges and hot-wire flow sensors.   

Keywords: Curved surfaces, Thin-film metals, Microfluidic patterning, Sensors 

 We present a protocol for patterning various materials in thin-films without the need for 
photolithography.  Patterns are fabricated by flowing the desired chemicals through 
predefined microchannels made of polydimethylsiloxane (PDMS) sealed against the 
surface of interest.  A schematic demonstrating the process is located in Figure 1. 

 While the practice of depositing silver using microchannels has been demonstrated 
previously [1, 2], we have expanded the method to include deposition of gold and 
photoresist as well as extended the applications.  We demonstrate the technique using metal 
resistors made of silver or gold.  The fabrication processes can be applied to curved 
substrates as well. The flexibility of the PDMS piece allows for enclosed channel creation 
on curled and rounded surfaces.  So far, resistors were patterned on glass and polyimide 
surfaces with radii of 4.40cm as shown in Figure 2. 

 The metal thickness as a function of mass flow rate and reaction time is characterized in 
Table 1 while surface profiles are shown in Figure 3.   Resistances for wires ranged from 
10-500  for a particular design with the average film thickness ranging from 300 to 
4000Å.  We have obtained the temperature coefficient of resistance (TCR) value by 
recording resistance at varying substrate temperatures.  The TCR value of the silver wires
fabricated with this process was determined to be 1970ppm/˚C, which is significantly lower 
than reported values for thin-film silver [3].  The finite TCR value establishes that the 
resistor can function as a temperature sensor.   

 Resistors were also tested as strain gauges.  The gauge factor was estimated to be 3.37 
for resistors fabricated on 100µm thick Kapton film (polyimide).  The estimation is 
experimentally obtained by measuring the resistance change while the polyimide substrate 
is curved by external forces.  The strain was calculated using the formula = t / (2r) where t 
is the thickness of the polyimide film and r is the radius of curvature of the substrate.  It is
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assumed that the thickness of the metal film is negligible compared to the polyimide film
thickness.

Figure 4 shows the temperature profile of a silver resistor patterned on a glass slide with
different levels of DC current applied to it. The resistors were then tested as hot-wire flow
sensors.  A resistive heater is biased and heated. The steady state temperature is dependant
on the rate of convective heat loss to the surrounding media, which is a function of the flow
rate.  Silver resistors were patterned on 100µm thick polyimide. PDMS flow channels were 
then secured over the resistors.  Water was flowed through the channels at various speeds 
using a constant flow-rate syringe pump while the resistance changed linearly with flow
rate within a given range.

We have also been successful at patterning photoresist, an insulating material that is
commonly employed in the fabrication of sensors and electronic circuitry. Figure 5
demonstrates that the photoresist maintains its properties using this patterning method as it
protected the gold surface when immersed in gold and chrome etchant after hard baking. 
After exposure to the etchants, the photoresist was removed with acetone leaving behind 
the patterned gold.

ACKNOWLEDGEMENTS
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Figure 1. Schematic showing the major steps for fabricating a metal resistor on a curved surface
along with photographs of each step.  (a) A mold with the desired design is fabricated.  The channels 
have been coated with gold to increase contrast in picture.  (b) A curved surface is wetted and the
mold is placed on the desired location.  (c) The mold is pressed against the surface to enclose the
channels.  (d) Commercially available electroless plating solution is flowed through the channels to 
deposit metal.  (e) Patterns of film remain after the mold is removed.

Figure 2. Silver resistors patterned on a glass beaker (a) and (b), and on a curved Kapton FPC-KN 
polyimide film (c) and (d).  In both cases the radius of curvature of the substrate is 4.40cm.
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Figure 3.  Height profile measured for two silver patterns made by flowing silver solution for (a) 6 
min versus (b) 10 min at 2 psi of pressure. 

Figure 4.  IR image of a 100 silver resistor with (a) 5 mA, (b) 7mA, and (c) 9 mA of current 
applied.

Figure 5.  Image of photoresist patterned on a gold surface using microfluidic channels (A) after hard 
baking and (b) after etching gold followed by photoresist removal with acetone. 

Table 1. Metal thickness as a function of reaction time and mass flow rate.
Applied Pressure 

(PSI)
Total Reaction Time

(Minutes)
Number of Flow

Direction Reversals 
Resistor Thickness

(Angstroms)
0 10 4 191
1 10 4 300
2 10 4 345
3 10 4 340
4 10 4 102
2 6 4 345
2 10 4 980
2 14 4 250
2 10 0 82
2 10 2 361
2 10 4 980
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LIPID BYLAYER FORMATION
BY CONTACTING MONOLAYERS
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Abstract
 This paper describes a novel and simple method to reconstitute a phospholipid bilayer 
vertically in a micro-fluidic channel, which will allow direct observation of membrane 
transport. We reconstituted a phospholipid bilayer by contacting two aqueous surfaces 
divided by organic solution containing phospholipids. Lipid monolayer is formed at the 
aqueous/organic solvent interface, and it becomes a bilayer spontaneously when in contact 
with another monolayer. We confirmed the formation of bilayer by measuring the 
membrane electric capacitance and the channel current through peptide ion-channels. 

Keywords: Cell membrane model, Lipid bilayer, Ion channel, Membrane transport 

1. Introduction
The basic structure of biological membranes is a phospholipid bilayer, and membrane 

proteins regulate transport of mulecures. The black lipid membrane (BLM) method is a 
technique used for constructing an artificial membrane for the functional analysis of 
membrane proteins (e.g., ion channels and transporters). However, in conventional bulky 
chamber setup, optical observation with large magnification and high sensitivity have not 
been possible for elaborate analysises of membrane transport. 

Here, we developed a new method for the reconstitution of planar lipid bilayer 
membranes vertically in micro-fluidic channels. Because phospholipids are amphiphilic 
molecules, a lipid bilayer is formed by contacting hydrophobic sides of two lipid 
monolayers formed at water/solvent interfaces. Utilizing micro channel allows an access of 
objective lens close enough to observe the interface of buffer and a bilayer to monitor the 
membrane transport across the bilayer. Micro channel system can also be used to apply 
pressure to facilitate bilayer formation. 

2. Method and fabrication
The bilayer formation method using cross-shaped channel is illustrated in Fig. 1. At first, 

one channel is filled with an aqueous solution. Organic solution containing lipid molecule 
is then introduced into another branch of channel that splits aqueous solution at the 
intersection (Fig. 1a). The monolayer of lipid molecule is formed at the interface between 
the aq. solution and organic solution (Fig. 1b). Next, two aq. solution surfaces are made in 
contact by infusion from the syringe pumps. When the distance between two monolayers 
becomes less than few Angstroms, it becomes a bilayer due to the van-der-Waals attraction 
[1]. Membrane proteins can be incorporated into bilayer structure for membrane transport 
experiments (Fig. 1c). Schematic diagram of bilayer formation device is shown in Fig. 2. 
Cross-shaped channel is machined with CAD/CAM modelling system on a PMMA 
substrate, and a thin PMMA plate is glued on the substrate to close the fluidic channel. The 
channel width and depth are both 0.5 mm. Two opposing inlet ports are connected to 
aqueous solution, and one port in crossing channel is connected to organic solvent 
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containing lipids. In this report, gramicidin peptide ion channel is used to demonstrate the 
transport of ion molecule. To detect the flow of ions (electric current), Ag/AgCl electrodes 
connected to a patch-clamp amplifier are inserted to two aqueous solution paths. 

3. Result and discussion
 Figure 3 shows the microscopic image of aqueous solution surfaces in contact. They do 
not fuse together due to the presence of lipid molecules on the surface. One of the 
advantages of this method is, even when bilayer breaks due to the unexpected perturbation, 
it is possible to flush the solvent and redo the procedure easily and quickly again.  

Since a lipid bilayer is a thin dielectric membrane, it works as a capacitor. Figure 4 
shows the capacitive transient current across the interface when 10 mVp-p rectangular 
signal is applied. The peak value dramatically increases at the onset of contact, and the 
capacitance is calculated to be 130 pF. By assuming the area of bilayer to be 0.5x10-4 cm2

(100 m x 50 m) form Fig. 3, the specific capacitance is calculated to be 0.26 F/cm2

which is in accordance with the value of BLMs reported elsewhere [1]. 
To further confirm it is a bilayer, gramicidin peptide channels, which opens along with 

the dimerization of monomers on each monolayer, is introduced into the aqueous solution. 
Figure 5 shows the time series of current across the bilayer with gramicidin when 63 mV is 
applied. After the interfaces contact together, the flow of K+ ions (current) gradually 
increases, which corresponds to expanding of bilayer area. Meanwhile, the current drops to 
zero when interfaces are separated. This result proves the existence of bilayer, since 
gramicidin let the current go through only when it is in bilayer.  

4. Conclusions
 We developed a lipid monolayer contacting micro-fluidic chip for the vertical 

reconstitution of lipid bilayers. The membrane made of two monolayers showed the 
specific capacitance identical to the BLMs, and gramicidin channels incorporated are 
formed. Thus, a membrane formed by this method was confirmed to be a lipid bilayer. In 
this report, we demonstrated the monitoring of membrane transport electrically using ion 
channels. With this method, the fluorescent imaging of the transport of molecules across 
the membrane would also be possible. 
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MICROSYSTEMS TO STUDY INTERACTIONS 
BETWEEN PLANT ROOTS AND THE ROOT ZONE 
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ABSTRACT  
The least understood aspect of plant sciences is root system physiology. To study the 

underlying biology of the root we are developing microsystem technologies with 
engineered local micro-environments in the root zone/rhizosphere, and have examined 
root responses to different material microstructures. Dwarf wheat plants were grown on 
porous ceramics (structural element = 10µm), phenolic foam (structural element = 1mm) 
and amorphous gel medium, and analyzed root morphology using digital image analysis. 
Roots from amorphous substrates were shorted and thicker, while roots on smaller 
structural elements tended to be smaller and thinner. We are using this information in the 
development of advanced root microenvironments 

KEYWORDS: rhizosphere, microfluidics, root. 

INTRODUCTION 
Tremendous challenges face plant and agricultural sciences.  In order to insure the 

stability of agricultural crop production for the world’s growing population we need to 
develop new research technologies to address specific problems that loom in the near 
future.  For example, 45% of the world’s total agricultural land, 5.8 billion hectares, is 
phosphorous deficient.  Phosphate fertilizer application remains the most effective way to 
increase crop productivity, but stocks of phosphate minerals used for fertilizer production 
will be sufficient for only 60 years at current rates of use.  Other problems that need to be 
addressed are those related to contaminated soils, soil pathogens, and drought which cause 
approximately 90% of total yield loss of field crops.  What all of these problems have in 
common is they relate to the plant root system and rhizosphere, which is the least 
understood and most challenging aspect of plant physiology to study.  

Root research is in is infancy compared to other disciplines.  The plant root system 
has been referred to as the “hidden half” because of limitations in analytical and 
quantitative techniques to viably study the biology of that portion of the plant [1].  Several 
laboratory controls of the growth environment had been performed based on traditional 3-
dimensional horticulture setup to see the influences of oxygen stress, water stress and 
mechanical stress [2].  We propose to develop a novel microsystem technology for 
advanced control and analysis of the local environment in root zone and rhizosphere with 
better temporal and spatial resolution.  Artificial growing conditions will allow improved 
monitoring and control of root activities with minimal disturbance, but may not reflect root 
behavior in the natural medium such as soil.  However, systematic analyses of the effect of 
root environment are crucial for a better prediction of root behaviors under variable and 
fluctuating environments.  

EXPERIMENTS 
These experiments were conducted with Dwarf wheat (Triticum aestivum L. cv. 

Yecora Rojo). For all of the experiments discussed below four samples of six plants (24 
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total) were grown for 12 days and the experiment was replicated three times with each 
species. The seeds were air-imbibed for 3 days before planting in order to synchronize 
germination. A modified half strength Hoagland solution [3] was made using deionized 
water and the pH of this solution was adjusted to 6.0.  

 Plants were grown on a porous tube plant nutrient delivery system (PTPNDS), 
phenolic phoam, and agar gel medium. The PTNDS was constructed [4] from a 2.1cm 
outside diameter hydrophilic porous ceramic filter tube (Millipore Co. Bedford, MA).  For 
the phenolic foam system Oasis Rootcube (Smithers-Oasis, Kent, OH) was cut into blocks, 
inserted into an aluminum support chamber (ASC) (9.8 cm x 4.1 cm x 6.5 cm inner 
dimensions) [5].  The modified Hoagland solution was used to make a 0.8% agar solution 
[6].  This solution was autoclaved and poured into containers (4.5 cm x 4.2 cm x 6.5 cm) 
made.  Each container contained 135 ml of autoclaved agar-nutrient solution and was 
allowed to solidify before planting. Plants were housed in small containers and aseptic 
culture was maintained in the presence of air flow (300± 11  ml  min-1), produced by 
aquarium air pumps (Penn Plax 1550), by the use of Nalgene micropore filters.  

Four samples of six dwarf wheat plants each were taken on 3 day intervals 
following initiation of the experiment. Each plant was carefully removed from the system 
to assure that intact root systems were available for analysis. Each root system was 

digitally scanned using a desktop scanner. The 
resulting images were analyzed on the basis of 
length and average width using Rootlaw 
software [7]. Lateral surface area was 
calculated using the standard formula 
describing surface area of a cylinder (2 l), 
and all of the data were analyzed utilizing two-
way ANOVA and by Duncan's multiple range 
test at the 0.05 significance level. 

CONCLUSIONS & FUTURE WORK 
Root system morphology exhibited some 

interesting changes in association with the 
microenvironment. During the entire 12-day 
period no differences in surface area occurred 
between treatments despite major differences 
in length and width during the same period 
(Figure 1).  On day 3 there was no difference 
in average root width, but on days 6-12 the 
porous tube and phenolic foam roots were 
significantly thinner than the agar system 
roots. Root length showed a similar trend, with 
no difference at 3 days, but by day 6 there were 
significant differences between the porous tube 
and foam systems, and the agar system. By day 
9 and 12 the foam and agar systems did not 
differ significantly, although the porous tube 
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and agar systems continued to differ statistically. 
This information will be used in the design 

of an overall plant growth microsystem being 
developed to monitor and control the root zone 
environment (Figure 2a).  A microfluidic 
substrate system is being fabricated to include a 
porous alumina wafer (the root zone) on which 
the plant will be grown, and an underlying 
channel network to provide nutrients and water 
(Figure 2b).  Direct control of the root zone 
environment is possible with the microsystem.  

The proposed microsystem is a new 
development for plant science research based on 
microfabrication/microfluidic technologies.  The 
microsystem could subsequently incorporate 
integrated microsensors arrays (either 
electrochemical or optical) to control the 
rhizosphere by in situ analysis.  Applications of 
this system will be broad across plant root 
research including: abiotic stress-physiology, 
biotic stress and plant pathology responses, 
symbiotic nitrogen metabolism, and “rapid 
prototyping” of phytoremediation technologies. 
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ABSTRACT
A surface plasmon resonance (SPR) immuno-sensor based on Ge-doped Si waveguide

platform was investigated in this report. Waveguide was fabricated by PECVD & MEMS
processes on Ge-doped silica (n = 1.492) and silica (n = 1.469). The measured wavelength
peak showed linearity changes from 624.93 nm to 754.46 nm due to refractive index from
1.36 to 1.418. Flow through interactions on waveguide sensors showed wavelength shifting
of 4.1, 3 and 2.2 nm for protein A, mAb and ALVs, respectively. As waveguide
immunosensor was integrated with simple lateral flow nitrocellulose membrane, SPR
dynamic interaction could also be monitored successfully.

Keywords: Plasmonics, Waveguide, Refractive index, ALV, Nitrocellulose membrane

1. INTRODUCTION
The successful development of home care or point of care medical devices really

depends on the used detection methods. Surface plasmon resonance (SPR) biosensor has
been extensively used for biomedical researches in the past decade [1], due to its features of
non-labeling, real time, and high sensitivity [2]. Integrated optical waveguide had been 
reported by J. Dostálek et.al. [3], they used one sensing area for intensity or interference
fringe changes. We have also reported a novel wavelength division multiplexing (WDM)
single silica optical waveguide sensors recently [4]. In this paper, we reported the uses of
fabricated SPR waveguide sensor, which integrates with a flow-through fluidic system or a 
nitrocellulose membrane, to detect the SPR changes due to biomolecular interactions.

2. THEORY
The interface between metal and dielectric materials may support charge density

oscillations, which are called surface plasmon. These occur at a different frequency to the
bulk oscillations and are confined to the surface and exponentially decay in both sides of 
the interface. The coupling condition for the surface plasmon resonance to occur is:

21

21

c
ksp (1)

Where kx, , 1 and 2 is the wave number of surface plasmon wave, frequency of electric
field along surface plane, dielectric constants of metal and dielectric layer, respectively.

From the above equation, when the dielectric constant of dielectric material on metal
layer is alternated, it could be detected by the variation of resonant angle of the incident
wave or the resonant wavelength. In this research a waveguide with gold sensing film was
used to be the SPR sensors. As sample was applied on the gold films, we would measure
the shifting of resonant wavelength and its intensity changes by a spectrophotometer.
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3. EXPERIMENTS
Waveguide fabrication 10 m of SiO2 and Ge-SiO2 was deposited on silicon wafer by
PECVD to be the cladding and core layer, respectively. Then the waveguide pattern was
defined by lithography, the rib shape was formed by BOE (buffer oxide etchant) etching.
After that the sensing area was defined by lithography, evaporated with 1 nm Cr and 50 nm
Au and lift-off process. The designed and fabricated waveguide is shown as in Figure 1.
Curvature structure at each end of waveguide was used to improve the coupling efficiency.

(a) (b)
Figure 1 Views of (a) designed and (b) fabricated SPR integrated waveguide sensors.

Immunoassay All reagents were prepared by deionized water. All used solutions for
biological samples and washing and rinse processes were phosphate buffer saline (PBS).
The measurement was made by a portable spectrometer (Ocean Optics, SD-2000) and two 3
axis optical fiber alignment stage, as shown in the schematic diagram of Figure 2 (a). The
Au sensing area for SPR signal was first immobilized by octal-alkylthiol with carboxyl end,
then the carboxyl group was activated by EDC (N-ethyl-N'-(3-dimethyl
aminopropyl)-carbodiimide hydrochloride)/NHS (N-Hydroxysuccinimide) and linked with
protein A. After mAb22 (monoclonal antibody) was captured by protein A, it could be used
to detect Avian Leukosis Virus J (ALV-J). The virus sample was delivered by a homemde
flow through fluidic system as shown in the Figure 2(b). To explore the feasibility of lateral
flow nitrocellulose membrane, which can be used for filtering and fluidic carrier, we also 
attached a lateral flow strip to the sensor chip as shown in the Figure 2(c) and detected the
SPR changes. 

(a) (b) (c) Nitrocellulose Membrane

Wave guide chip

Nitrocellulose Membrane

Wave guide chip

Figure 2 (a) Schematic diagram of measurement system. (b) Sample holder with 
fluidic handling (c) Lateral flow integration chip.

4. RESULTS AND DISCUSSION
Refractive index evaluation Glycerol/water mixtures of weight percentages varied from
20% to 60% were used to evaluate the sensing efficiency of waveguide device. The
wavelength shifting observed was shown in Figure 3. The changes of refractive indices of
glycerol solutions were from 1.36 to 1.428 by a refractometer and resulted in the changes of 
resonant wavelength from 624.93 nm to 754.46 nm, respectively.
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Figure 3. SPR spectral shift of glycerol/water
Immunoassay on waveguide. We have constructed a simple flow-through device to
evaluate the waveguide immunosensors for biomedical applications. In the flow through
processes, self assembly monolayer (SAM) linker, EDC/NHS, protein A, mAb22 and
ALV-J were infused into the waveguide sensor by fluidic adapter, sequentially. The changes
in the resonant peak positions due to molecular interactions were recorded and analyzed
off-line. Figure 4 showed the dynamic interactions of Au surface exposing to linker, Protein
A, mAb22, and ALV-J. Table 1 summarized the detail analysis of wavelength shifts of each
steps. It was found the immobilization, chemical activation and virus-antibodies interaction
processes could be monitored by the shifts of resonant wavelength. This waveguide
immunoassay could be used to detected interactions of biological samples, especially for
refractive index of biological solution which is closed to water and difficult to be detected
in traditional technologies.
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Figure 4. SPR sensorgram of ALV- mAb22.
Immunoassay integrated with nitrocellulose lateral strip To facilitate the application of
waveguide immunosensors in clinical diagnosis and reduce the cost, a nitrocellulose strip
for antibody transportation was simply attached to the sensor surface where active region of 
Au film has been immobilized with mAb22, as illustrated in Figure 2 (c). The interaction of
ALV-J to mAb22 is shown as in Figure 5. The flow of virus particles to gold sensing area
can be detected by intensity changes. The reaction gradually stabilized to a plateau in 4 
minutes.
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Table 1. SPR peak shifts due to ALV/mAb22 interactions.

Component Concentration Shift
Linker octal- alkylthiol 20 M 0.6 nm

Activator (EDC/NHS) EDC: NHS= 4:1 (400 mM/100 mM
Protein A Protein A 0.1 mg/ml 4.2 nm

Ab mAb22 6 g/ml 3 nm
Ag ALV 2.2 nm

y = 0.269Ln(x) + 0.5949
R2 = 0.9648
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Figure 5. SPR Intensity changes due to ALV-J captured by immobilized mAb-22. 

5. CONCLUSION
In this report the immunoassay processes of ALV-J and mAb22 were successfully

demonstrated in Ge-doped Si waveguide SPR sensors with flow through process and
nitrocellulose lateral flow. With further minimization and optimization of light source and
detector, we are working toward portable total analysis system now.
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BI-DIRECTIONAL OPTICAL FLOW SENSOR FOR 
ONLINE MICROFLUIDIC MONITORING 
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ABSTRACT
 A novel bi-directional drag force flow sensor using a laser interferometer combined with 
a micromachined structure is reported.  Based on a simple principle of momentum transfer, 
the on-chip sensing element could be made compact in size and compatible with other 
functional microfluidic components.  Therefore, the proposed flow sensor has a great 
possibility for online monitoring of integrated microfluidic devices, for which existing flow 
sensors have not been readily applicable. A fast response capability and a wide linear 
dynamic range up to 85 µl/min with the lower detection limit of 0.3 µl/min were 
successfully demonstrated through experiments. 

Keywords: Flow sensor, drag force, laser interferometer, bi-directional flow 

1. INTRODUCTION
 Integration of various functional microfluidic components is a clear direction to address 
the growing demands for sophisticated fluidic devices from biological, pharmaceutical, 
medical and chemical analysis and synthesis application fields.  In order to realize 
integrated microfluidic systems, in situ flow rate sensors suitable for integration are 
essential.  However, existing flow sensors have difficulties to be applied in integrated 
devices.  Flow sensors based on thermal principles have an inherent problem of thermal 
insulation to avoid cross talks when arranged in densely packed formats.  Optical principles 
including the laser Doppler frequency shift velocimetry require addition of tracer particles
into the flow, causing troubles with particle sensitive components, e.g. valves.  As the 
direct momentum monitoring principles, the drag force flow sensors based on piezoelectric 
probes and bending optical fibers have been reported [1].  In this work, we propose a new 
flow sensing principle based on the momentum transfer of fluid, where the displacement of 
a compliant element is detected by a laser interferometer with high accuracy.  Because of 
the simplicity of device structure and fabrication process, our approach is advantageous 
over other methods for online flow monitoring of microfluidic systems, from the viewpoint 
of technological readiness. 

2. PRINCIPLE
 A schematic drawing of the flow sensor 
is shown in Figure 1.  The sensing element 
is a small plate suspended by hinges at the 
mouth of a through-hole where the fluid 
flows either upward or downward.  The 
vertical displacement of the sensing plate 
due to the drag force is detected by an 
externally located laser interferometer.  The Figure 1. Schematic drawing of proposed

flow sensor and its operation principle.
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flow rate is derived from this displacement, based on the correlation between these 
quantities.  In the measurement of bi-directional flow rate, the sign of the displacement 
corresponds to the flow direction. 
 The sensitivity and the response speed of this flow sensor depend on the resolution and 
the sampling rate of the laser interferometer, respectively.  In this work, a commercially 
available miniature laser interferometer (DS-80, Canon Inc., Japan) was adopted for 
detecting the displacement of the sensing plate.  We chose this product because of its 
remarkable compact size (47mm × 38mm × 19mm), as well as the ability of static 
displacement measurement realized by the Michelson-type principle.  Its nominal 
resolution of distance measurement is 0.08 nm and the sampling rate is 500 kHz.  The 
sensitivity will also be improved by optimising the design of the sensing element.  For 
example, increasing the flexibility of the hinges is important to produce a large 
displacement.  Decreasing the gap around the plate will be effective to increase the drag 
force.  However, it will also increase the pressure loss caused by the insertion of the sensor.  
In our prototype device, the gap width was determined to make the opening area around the 
plate the same as the nominal cross sectional area of the main flow channel, in order to 
avoid the distortion of the flow pattern. 

3. EXPERIMENTAL 
 For fabrication of the prototype micro 
channels with flow sensing elements, a SOI 
(Silicon On Insulator) wafer (1.75µm / 
0.5µm / 450µm) -based process was adopted.  
Figure 2 shows a photograph of the finished 
prototype chip and the detail (Scanning 
Electron Micrograph) of a sensing element.  
The entire flow channel was encapsulated 
by anodic bonding with two glass wafers on 
each side of the SOI wafer.  The chip was 
mounted on a microfluidic socket [2] for 
connection to the conventional tubing.  
Figure 3 shows the main assembly of the 
experimental setup.  The interferometer was 
mounted on a 5-axis stage and its 20µm
beam spot was aligned at the center of the 
sensing plate.  Experiments were performed 
using De-Ionized (DI) water under the room 
temperature condition. 

4. RESULTS AND DISCUSSION 
 The result of the calibration measurement 
is shown in Figure 4.  Steady flows with 
various flow rates were generated by a 
syringe pump.  Commercial thermal mass 
flow sensors (LF-210 and LF-310, STEC 
Inc., Japan) were used to obtain the 

Figure 2. The prototype (4 micro channels) 
mounted on the microfluidic socket [2]. 
Upper right: SEM image of a sensing element
(size of the plate = 150µm × 150µm, width of
hinges = 6µm, width of gaps = 20µm.). 

Figure 3. The experimental setup.  The size of
the interferometer head was 47mm × 38mm ×
19mm.  Alignment was aided by a digital 
microscope from under the chip. 
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reference flow rate.  The result shows a linear response of the sensing plate displacement in 
a flow rate range covering up to the max examined value; 85 µl/min.  The lower limit of 
detection was 0.3 µl/min.  Through a series of measurement runs, the sensor showed an 
excellent stability and reproducibility. The positive correlation of the output with the flow 
rate of both directions was also confirmed.  Figure 5 shows an example of dynamic 
response of the prototype flow 
sensor.  A stepwise varying flow 
load including direction switching 
was generated by a peristaltic tube 
pump.  The fine vibration was 
caused by the rotation of the tube 
pump actuator and was clearly 
recorded by the sensor, showing 
its potential for the fast response 
capability. 

5. CONCLUSIONS 
 A flow sensor principle using a 
laser interferometer and a micro-
machined structure was proposed, 
and its bi-directional function and 
fast response were confirmed by 
experiments. 

Because of the small footprint 
size and the compatibility to the 
standard MEMS process, the new 
sensor has a potential for online 
flow rate monitoring of integrated 
microfluidic systems.  
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ABSTRACT
We here present, what is to our knowledge, the first incorporation of a microstructured

optical fiber (photonic crystal fiber, PCF) in a lab-on-a-chip. The presented experimental
results describe the coating of the inside of the PCF with a bio-sensing film, and performing 
a DNA-immobilisation experiment. The chip has a sample volume of just 10nL and a total 
internal volume of 0.3µL. PCFs are rods penetrated in the rods' axial direction by a
periodic, microstructured array of small capillary tubes (figure 3). 

Keywords: photonic crystal fiber, biomolecule detection evanescent wave sensor,
optical characterization.

1. INTRODUCTION
Previously, it has been shown that a PCF can be used as a sensor for detection of

DNA-molecules ([2]), these experiments however, were performed with non-integrated
PCF's (which are quite fragile) and our approach is much more versatile. Electromagnetic
(light) waves traveling through the fiber will seek to be confined inside the glass, as this has 
a higher refractive index than the aqueous holes. But due to the wave nature of
electromagnetic waves some percentage of the wave will travel in the holes and thereby
probe the contents of the holes (evanescent wave sensing). Therefore the system acts as a
kind of “liquid core waveguide". We use this fact as the basis for our chip design.

Figure 1: Lab-on-a-chip with
integrated photonic crystal  fiber. 
The optical fibers are horizontal 
and the vertical lines are capillary 
tubes. The PCF is situated between 
the capillary tubes with multimode
fibers at each end.
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2. PRINCIPLE
We make use of the evanescent wave sensing properties of a photonic crystal fiber with a 

large hole in its center (figure 3). This large hole (Ø 17 µm) is surrounded by 232 smaller
holes of 2.25µm in diameter. Between these small holes there is a small core (insert b in
figure 3) and the fiber thus has approximately 232 cores which constitutes an ensemple of
micro fiber sensors. At 650nm wavelength 6.5% of the light intensity penetrates the fiber's
holes, which makes the fiber quite sensitive as an optical sensor.

16mm PCF is integrated into a CO2-laser machined PMMA chip (figure 1) ([1],[3]). Each
end is connected with a capillary tube and large-core multimode fiber. The capillary tube is 
made of silica and has an inner diameter of 50µm. The PCF and the multimode fiber have
similar core sizes (62.5µm and 65µm) but light coupled into the surrounding glass in the
PCF is highly lossy and does not disturb the optical measurements. The chip's total inner
volume is ~0.3mL.

3. EXPERIMENTS
The experiments performed are the immobilisation of Cy3 labelled single stranded DNA-

oligo molecules on a DNA immobilising complex inside the holes of the PCF. 
A streptavidin complex is immobilised on the glass surface. The fiber is then washed with
phosphate buffered saline (PBS). Biotin with a single stranded DNA-oligo string is then
immobilised onto the streptavidin and washed with PBS. The whole procedure is performed 
with the PCF positioned inside the chip. Two sets of experiments are performed: the
immobilisation of complete mismatch DNA-oligo, followed by immobilisation of complete 
match DNA-oligo in the same chip. 

4. RESULTS AND DISCUSSION
The results of the two experiments described above are presented in figure 4. The two

results are clearly distinguishable. The test volume of the chip is 0.3µL, however only 10nL 
of this volume is constituted by the internals of the PCF, while the main contribution comes 
from the fiber/fiber/tube intersection. One cannot ignore the peak coming from the
mismatch DNA. This peak originates from the viscous biomolecule solution clogging the
2.25µm tubes of the PCF. Other immobilisation complexes could reduce this problem, also
fibers made of polymers promise for a simpler chemistry 

Figure 2: A PCF with multimode
fibers at each end. The cores of 
the fibers are similar in size. The
PCF in the middle has a 
microstructure in its center 
(shown in figure 3).
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5. CONCLUSIONS
The results indicate that photonic crystal fibers can be successfully integrated in a lab-

on-a-chip and that this  is a sensitve sensor element. This will allow for the integration of
PCF's along other, existing lab-on-a-chip components giving rise to new technologies and
applications of lab-on-a-chip technology.
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Figure 4: Absorbance after the penetration of 
the DNA mismatching and matching aqueous 
solutions with following washing. The 
absorbance is calculated in both cases from the 
initial reference spectrum.

Figure 3: Facet of our photonic crystal  fiber. 
The outer diameter of the  fiber is 125µm,
and the large and small holes are 17 and 
2.25µm respectively in diameter.



DEVELOPMENT OF HYBRID DETECTION SYSTEM
FOR SIMULTANIOUS DETECTION OF THERMAL

LENS AND FLUORESCENCE SIGNALS
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and Takehiko Kitamori2,3
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3The University of Tokyo, Japan

ABSTRACT
We developed a sensitive and small detection system which can measure both

fluorescence and thermal lens signals at the same time. In the detection system, the object
lens has three functions (irradiation lens and condenser lens for fluorescence measurement
and object lens for thermal lens measurement). As a result, it became very easy to change
the measurement position on the chip. The detection system here had good performance.
The limit of determination was 4.7x10-9 mol/L and 4.4x10-9 mol/L respectively.

Keywords: thermal lens, fluorescence, micro detection, SELFOC micro lens

1. INTRODUCTION
Smart integration of a glass micro chemical chip system, ultra high sensitive

quantitative analysis, and compact detection devices are essential in -TAS. Fluorescence
detection is one of the most popular methods because of its high sensitivity, but it cannot
be applied to non-fluorescent chemical substances.  Zhenhua Liang et. al. reported the
hybrid detection system for both fluorescence and absorbance detection[1]. Although
absorbance detection is a useful method, because of its wider applicability, it is not so
highly sensitive especially in case of microchip detection due to its short path length.
Recently, we have developed the micro thermal lens detection device ( -TLD)[2], and 
showed it can be applied to the high sensitive detection on non-fluorescent substances. For
this project, we developed a smart micro detection system which can apply both
fluorescence and thermal lens measurement for wider applicability.

2. HYBRID DETECTION SYSTEM
Generally, fluorescence measurement needs two lenses (an irradiation lens and a 

condenser lens). In this case, the equipment becomes large as we have to set up two lenses
at a suitable angle, and it is very difficult to accurately align two lenses of which focal
points should be in the middle of the channel. In order to solve these problems, we put
three functions together in one lens. At first, we designed the optical setup to combine two
functions (irradiation lens and condenser lens for fluorescence measurement) into one lens, 
and we also chose optical fiber as an optical propagation route. As a result, it became very
easy to change the measurement position on the chip, since we used only one lens and an
optical fiber. Secondly, this lens has the third function being the object lens for thermal
lens measurement.
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 Figure 1 shows the optical setup and Figure 2 shows the photographs of the device.  As
mentioned above, the object lens in Figure 1 has three functions.  A SELFOC micro lens 
(SML as shown in Figure.3) was used for this enabling positioning at any point on the chip 
because of its compactness and cylindrical shape.  Once the object lens was fixed on the 
chip, optical 
alignments were not 
necessary any more[3]. 
The excitation and 
probe beam were 
emitted by laser diodes 
and propagated in the 
optical fiber to 
objective lens.  The 
fluorescence collected 
by the objective lens 
was propagated by the 
optical fiber and 
divided at the optical 
multiplexers to the 
detecting device. 
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Fig.1 Schematic diagram of hybrid detection system 

Fig.3 Feature of the SML 
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Fig.2 Photographs of optical Multiplexer (left) and object lens (SML, right) 
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3. RESULTS AND DISCUSSION
To evaluate this system, the

intensity of the thermal lens signal
and fluorescent signal by the
concentration of dyes (Ni
phthalocyanine tetrasulfonic acid,
4Na salt for thermal lens
measurement, Cy5 for fluorescent
measurement, respectively) were
measured. Figure 4 and 5 show the
calibration curves. The limit of 
determination was 4.4x10-9 mol/L
and 4.7x10-9 mol/L respectively. As
shown here, this system had good
performance.  Consequently, the
system developed here will be used 
more widely in the future.
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DEVELOPMENT OF NOVEL 
NON-CONTACT AND IN-SITU MICROFLOW SENSOR

USING FLOWING THERMAL LENS 
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ABSTRACT
 Newly developed flowing thermal lens microflow velocimeter, in which photothermally 
produced local refractive index change was used as a tracer of micro flow, enabled non-
contact and in-situ measurement of flow inside a microchemical chip. Characteristics of the
flow sensor were investigated. 

Keywords: Flow sensor, GRIN microlens, IR absorption, Thermal lens effect 

1. INTRODUCTION
A sensor to monitor flow velocity in a microchannel is one of essential components in 

microchemical systems. However, flow sensors suitable for microfluids are rare. Because 
the target is so small, disturbance caused by sensing can be a serious problem. Some 
sensors can be applied to microfluids, but non-contact and in-situ measurement inside a 
microchemical chip is difficult. Hence flow rate measuremnts in microchemical systems 
have been usually done with sensors attached to tubes outside microchemical chips.  

Recently we have proposed a novel microflow velocimeter, in which photothermally 
produced local refractive index change (thermal lens) was used as a tracer of time-of-flight 
flow velocimetry [1]. This “flowing thermal lens micro flow velocimeter” enabled non-
contact and in-situ measurement of flow inside a microchemical chip with negligible 
disturbance to the microflow.  

Because microchemistry has diverse applications, flow rate range used in microchemical 
systems is quite wide. In the present work we investigated characteristics of the newly 
developed flow velocimeter to expand its dynamic range.  

2. THEORY
 When excitation beam is focused in a liquid sample, absorbed photon energy produces 

temperature gradient around the focus point. Because refractive index of liquid depends on 
temperature, the temperature gradient acts as an optical lens (thermal lens). Thermal lens
can be optically produced and detected in-situ and without contact to the liquid. And most 
importantly, if the wavelength of excitation beam was chosen to coincide with an 
absorption band of the solvent,  thermal lens can be produced without adding anything to 
the liquid.     
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To use thermal lens effect in flow
measurement, excitation and detection 
points of the thermal lens are separated 
(Fig.1). Thermal lens produced in a 
microchannel with a excitation beam 
pulse drifts downstream and reach the 
detection point, where arrival of the 
thermal lens is detected as optical path 
change of the probe beam. Flow rate v
can be calculated from distance 
between the excitation and detection 
points d and time required for the 
thermal lens to travel between the two 
points t as equation 1.   

v
dt (1)

If excitation beam pulses are periodically 
irradiated with frequency f and synchronous 
component in probe beam signal change is
extracted with a lock-in amplifier, phase shift  in 
the lock-in amplified signal would become like 
equation (2). 

v
dftf 122 (2)

This is the fundamental equation of the flowing 
thermal lens micro flow velocimeter. When 
frequency f and distance d are fixed, flow velocity 
can be obtained from observed value of .
Parameters f and d play important role in the 
flow velocimeter.  

3. EXPERIMENTAL 
 To make size of the flow velocimeter small, 
we utilized optical fibers and Selfoc™ GRIN 
microlenses to focus excitation and probe beams 
and fabricated two types of flowing thermal lens 
micro flow velocimeters with d = 60 and 500 m, 
respectively. Fig. 2 shows structure of the sensor 
with d = 60 m.  Two optical fibers for the 
excitation and probe beams were bundled in a 
capillary and coupled with a Selfoc™ microlens. 
Center of the two beams were 60 m apart from 
each other at about 1.2 mm from the end of the 
microlens. The microlens was clamped by acrylic 

Figure. 1 Mechanism of flowing thermal lens 
microflow velocimeter. 

Figure. 3 Experimental setup

Figure. 2 Structure of a flowing thermal 
lens microflow velocimeter. 
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holders and connected to an arm fixed on an X-Y stage. Z-position of the microchip was 
modified with a translation stage. The microflow velocimeter was equipped to a glass 
microchip (Fig. 3). The microlens was aligned to a straight microchannel (200 m wide, 90 

m deep), and water was introduced at variable flow rates. Excitation beam wavelength of 
1480 nm was used, because water has an IR absorption band around 1470 nm. Wavelength 
of the probe beam was 785 nm. 

4. RESULTS AND DISCUSSION 
 Effect of modulation frequency f was 
investigated using the sensor with d = 500 

m (Fig.4). Linear correlation between 
reciprocal of flow velocity and the phase 
shift can be seen for all the f values, and 
principle of the flow velocimeter was 
confirmed. Masurable flow rate range shifted 
higher with large f and lower with small f.
Using this dependence on f, we could shift 
the dynamic range of the flow sensor. 
However, volume flow rates below 25 

L/min could not be measured even with low 
frequencies. 
   Next, effect of distance d was examined. 
Fig. 5 shows flow rate dependence of phase 
shift in lock-in amplified signal with the flow 
velocimeter of distance d = 60 m. Phase 
shift  could be measured with flow rate
down to 0 L/min.  With f = 127 Hz, the 
lowest detection limit was 4 L/min 
considering 2  as the experimental error. 
With higher modulation frequencies, there 
existed regions where phase shifts decreased 
with decreasing flow rates. The phenomena 
imply that there was some contribution from 
normal thermal lens effect. Detailed physics 
of the phenomena has yet to be investigated.   

5. CONCLUSIONS 
 By using thermal lens as a tracer, non-contact and in-situ measurement of flow velocity 
inside a glass microchemical chip became possible. By adjusting modulation frequacy and 
distance between the excitation and detection points, dynamic range of this flowing thermal 
lens micro flow velocimeter could cover flow rate range from 4 to 300 L/min. Flow rates 
typically used in microchemical systems were measurable with this novel flow velocimeter.  
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Figure. 4 Flow rate dependence of phase shift 
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GEOMETRICAL EFFECT OF GOLD NANOPARTICLES 
ON ENHANCED SENSITIVITY OF SURFACE 

PLASMON RESONANCE IMAGING
T. Kang, S. Hong, S. K. Kang, J. Moon, S. Oh and J. Yi

School of Chemical and Biological Engineering, Seoul National University, San 56-1,
Shilim-dong, Kwanak-gu, Seoul, 151-744, KOREA

ABSTRACT
In this study, shape-dependence of Au nanoparticles coated on Au thin film for the 

amplified surface plasmon resonance response is reported. 

Keywords: Geometrical effect, Nanoparticle, Self-assembled monolayer, Surface plasmon 
resonance

1. INTRODUCTION
Surface plasmon resonance (SPR) measurement is an evanescent wave technique

possessing maximum sensitivity on a noble metal surface and characterized by an
exponential decay of sensitivity with the distance from the surface [1]. Surface plasmon 
resonance (SPR) is a general method for the detection of chemical changes occurred on the 
surface of a thin noble metal film. As a result of the generality of this technique, SPR has 
proven to be useful for the characterization of a wide variety of chemistries (biochemistries) 
and as a complementary technique for other analytical methods. However, often the
sensitivity of the SPR device is limited by small shifts in Θp and (∆R/R)p. An effort to 
overcome the limitations of conventional SPR imaging has been recently reported by Lyon 
et al [2]. They used spherical Au nanoparticles as a signal amplifier in SPR imaging and 
reported that the spherical Au nanoparticles enhance the magnitude of ∆Θp, and at the same 
time, introduce an additional change in (∆R/R)p. It is well known that these nanoparticles 
have their own localized surface plasmons (LSP) due to the collective oscillations of their 
conduction electrons. It has been suggested that additional surface plasmon polaritons (SPP,
substrate Au film) – localized surface plasmon polaritons (LSP, the spherical Au
nanoparticles) interactions are responsible for the above-mentioned enhancement in the 
sensitivity of the Au nanoparticles based SPR device. 
To our knowledge, however, no clear proof about the geometrical effect (shape-dependence)
of Au nanoparticles has been reported so far. 

2. THEORY
the theory of Maxwell and Garnett was employed here on the basis of neglecting the 

possible anisotropy of Nanoparticle-loaded layer.
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3. EXPERIMENTAL
The synthesis of Au nanoparticles with controllable shapes has been extensively studied. 

Spherical and rod-like nanoparticles were prepared by Frenz method and seed-mediated
method, respectively. SPR substrate was prepared by the sequential thermal evaporation of 
a thin adhesion layer of Cr (5 nm) and Au (50 nm) layer. The Au thin film were modified with 
1,6-hexanedithiol (HDT), which produced a self-assembled monolayer. Each Au coated 
substrate with the HDT monolayer was immersed for 12 hr into the solution containing the 
spherical Au nanoparticles or Au nanorods. SPR measurements were carried out using a 
home-made instrument [3]. 

Figure 1. Representative TEM images of as-made spherical Au nanoparticles (left) and Au nanorods 
(right). Bars correspond to 200 nm and 500 nm, respectively.

Figure 2. SPR contour plots for (A) HDT-Au thin film, (B) Au nanorods-HDT-Au thin film, and (C)
spherical Au nanoparticles-HDT-Au thin film. Inset (B) corresponds to SEM image of the surface of

Au nanorods-HDT-Au thin film.

4. RESULTS AND DISCUSSION
Adsorption of the Au nanoparticles on the surface of the Au film results in dramatic and 

shape-dependent shifts in surface plasmon angle and minimum reflectance. The direction 
and extent of these enhancements are largely dependent on the geometry of the Au 
nanoparticles. These phenomena can be successfully explained by the calculation (Cohen’ s 
theory, Maxwell-Garnett theory) of the effective medium dielectric constants of a layer 
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comprised of the Au nanoparticles and dielectrics. From the in situ SPR kinetics 
measurements, it is observed that the shape of the Au nanoparticles has a critical role in the 
kinetics of signal change. 

5. CONCLUSIONS
The findings herein suggest that the selection of the Au nanoparticles shape improves 

both sensitivity and kinetics of SPR imaging.
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SURFACE PLASMON RESONANCE SENSOR 
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Abstract 
This paper reports a single-mode waveguide surface plasmon resonance sensor made of 
optical polymers.  Polymer-based fabrication techniques introduce the design flexibility 
and low processing cost of sensor chips, which are strongly expected in the developments 
of point-of-care chips and lab-on-a-chip. 

Keywords: Waveguide, Surface Plasmon Resonance, Polymer, Biosensor 

1. Introduction  
Waveguide SPR (surface plasmon resonance) sensors have been proposed as a novel 
sensing technique integrating SPR and optical waveguide [1] which offers many 
advantageous features such as small dimensions, high potential for integration with other 
optical components, multichannel sensing and so on. In the previous studies, the devices 
have been fabricated by the ion exchange in glass substrates [2, 3] or by grinding optical 
fibers [4].  Because the refractive indices of waveguides in these methods were limited by 
substrate materials, thin dielectric overlayers on the sensing surface were necessary to 
optimize the sensing range, though they may decrease the sensitivity and make the 
fabrication process complicated.  By using optical polymers as waveguide materials in this 
study, we have demonstrated that the sensing ranges can be tuned only by the adjustments 
of the refractive indices of polymer materials.  

2. Experimental 
Figure 1 shows the schematic illustration of the sensor chip.  TM-polarized light 
(wavelength, 635nm) is focused and coupled into the waveguide.  The cross-sectional size  
of the core is 3 m×3 m and the length of the interaction core on which Au layer (thickness, 
35nm) is deposited is ca. 3 mm.  The sensor chips were fabricated by a replica-molding 
fabrication process (Figure 2).  To optimize the sensor sensitivity without any tuning 
dielectric overlayers, a sensing characteristic to the sensed medium was tuned by the 
adjustment of waveguide polymers’ refractive indices. 
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Figure 1.  Schematic illustration of a 
sensor chip and its cross section. 

Figure 2.  Replica-molding fabrication 
process of waveguide SPR sensors. 

3. Results and Discussion 
Two sensor chips were fabricated with the 
refractive indices listed in Table 1.  The 
transmission gain to the liquid samples with 
different refractive indices was measured for 
these chips.  The transmission gains for the 
two chips have very similar minima with those from the numerical simulation based on Transfer Matrix 
Method [5] (Figure 3).  Although the experimental sensing characteristics were broadened by the noise 
factors such as a stray light, the data indicates that the sensing ranges could be adjusted as consistent with 
the simulation results. 
Subsequently, one of the sensors was demonstrated to detect proteins in a solution.  Since the refractive 
index of a buffere solution (20mM Na-Pi, pH7.2) used in the experiment was close to that of water 
(n=1.33), Chip 2 was chosen for measurement.  After the modification of the gold sensing surface with 
mercaptopropionic acid (MPA) to form a self-assembled monolayer (SAM), a fibrinogen solution 
(1mg/ml) was allowed to flow over it.  The increase in the transmission power has been observed due 
to the adsorption of fibrinogens on the sensor surface (Figure 4).  The noise fluctuation level in this 
experiment was about 1.0 % and the effective resolution to detect the bulk refractive index changes was 
8.9×10-5 RIU without controlling temperature.  

4. Conclusions 
We have fabricated the polymer-based waveguide surface plasmon resonance sensor by a 
replica-molding process.  The refractive indices of waveguide polymers were able to be controlled to 
optimize the sensing range.  The effective resolution to detect the bulk refractive index changes was 
8.9×10-5 RIU.  This sensor was successfully demonstrated to detect a protein absorbed onto the sensor 
surface.  Furthermore, a polymer-based replica-molding process can provide disposable low-cost 
sensors. 
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ABSTRACT
 This paper is intended to first introduce new methodology related to portable immuno 
detection system. The micro scale fluidic device, which is utilized for pretreatment and 
immunoassay reaction, was developed with PDMS substrate. The pH ISFET and the 
reference temperature sensor were developed with CMOS technology. The integration of 
these two independent devices resulted in the full portable immunosorbant device.  

Keywords: ISFET, bead cage, immunosensor, AFP, CMOS integration 

1. INTRODUCTION
 Our system consists of a bead cage reactor and a CMOS integrated biosensor as shown 

in Fig. 1. The bead cage reactor was presented at the 
other conference [1]. The results of the bead cage 
reactor are shown in Fig. 2. The bead cage reactor 
showed a simple and easy antibody coating method 
applied to beads by flow-through avidin biotin 
complex technology in a microfluidic device with a 
minimized sample consumption. However, it needed 
confocal microscope which disturbed full portable 
microTAS. 
Therefore, we 

developed a CMOS integrated biosensor and tried to 
integrate the biosensor and the bead cage reactor. The 
bead cage reactor facilitates the antibody coating, 
antigen binding and enzyme linking in the application of 
the electrochemical sensing method [2]. The CMOS 
biosensor consists of ISFET (ion selective field effect 
transistor) biosensor and temperature sensor for 
detecting pH which is the byproduct of enzyme reaction. 
The main focus here is that enzyme linked immunoassay 
is possible with pH ISFET in nanoliter micro reactor. 
Even though the generated protons which are the 
product of ELISA reaction have small quantities in the 
application of low diluted antigen detection, they can 
affect the pH level enough in that nanoliter volume of 
reactor.

 Figure 1. System schematics (a) (b)

(c) (d)

Figure 2. Confocal 
microscope images for 
different AFP concentration 
(a) 284 ng/ml (b) 568 ng/ml (c) 
1.4 ug/ml (d) 2.8 ug/ml
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2. DESIGN AND CMOS FABRICATION
 Temperature sensors; 
In this study, six lateral BJTs were connected 
serially to maximize the temperature 
sensitivity. The change of base-emitter 
junction voltage as temperature is multiplied 
by the six number of serial BJTs. The 
temperature output was converted to the 
frequency output to differentiate output 
signal information of temperature and pH by 
the VCO (voltage controlled oscillator). The 
result is shown in Fig. 3.

ISFET (Ion selective field effect transistor)
system;
The same or even better results can be obtained 

by using two ISFETs with different pH-
sensitivity, such as a SiN gate ISFET in 
combination with a SiO gate ISFET. [3] There 
is a difference potential between the SiN gate 
ISFET and MOSFET that has the polysilicon 
gate with same gate geometry of SiN gate 
ISFET. That result is differentially amplified 
again with the result of the SiO gate ISFET 
(REFET). In this process, the ISFET gate is 

biased by the Pt pseudo reference electrode and the noise signal in pseudo electrode is
removed by the common input characteristics of differential amplifier. Fig. 4 shows the 
final test result of pH sensor system. Hystresis phenomenon occurs during this test on the 
pH. The maximum pH error between two pH tests was found to be about 10 mV, i.e., a 
difference of about 0.21 pH. However, immuno test used the pH decreasing effect detecting 
the proton generation between enzyme and enzyme oxidase. 

 CMOS fabrication; 
N-well, 1-poly and 1-metal CMOS process of ISRC (inter-university semiconductor 
research center) in SNU was adopted and modified at the back-end process for ISFET 
fabrication. The sensing dielectrics was deposited between ILD (inter-layer dielectric) and 

IMD (inter-metal dielectric) layer. 

3. INTEGRATION 
For the thin space layer between the bead cage and 

CMOS biosensor, the anti-adhesion layer (tridecafluoro-1, 
tetrahydrooctyl-1-tricholorosilane) was spin-coated to the 
silicon wafer. This prevents the thin PDMS layer from 
tearing when the space layer is peeled off. Therefore, 
PDMS was spin-coated by the thickness of 20 um after the 

anti-adhesion layer coating and baked on a 75  hot plate. A thin PDMS sheet was 

Figure 3. Test results of the temp. sensor

Figure 4. Test results of ISFET

Figure 5. Fabrication result
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punched through it with 1 mm diameter in which the reacted enzyme product can react with
the sensing surface of the ISFET, and then, diced and peeled off. First, the bead cage 
PDMS sheet and space layer was bonded irreversibly after O2 plasma treatment. Then, the 
bead cage that was bonded with the space layer was bonded to the PDMS around the 
CMOS biosensor again without performing the plasma treatment as shown in Fig. 5. By 
doing so, CMOS biosensor can be reused by washing it after the test. After the antigen 
diagnosis test was performed with beads in the bead cage, the bead cage part was separated 
from the CMOS biosensor. The PDMS fluidic part was used as a disposable device and 
CMOS biosensor was used as a reusable device. 

4. RESULTS AND DISCUSSION 
 After filling the 15 um polystyrene beads in 
bead cage, the antibody flowed and reacted with 
the beads. Subsequently, the biotinylated antigen 
flowed and bound to the antibody while GOD 
(glucose oxidase)-avidin conjugate flowed and 
reacted with the biotin of the biotinylated antigen. 
After this reaction process, glucose solution 
flowed and reacted with the GOD on beads. 
Hydrogen was generated by glucose-GOD reaction. This was detected by the ISFET. The 
reaction sequence is shown in Fig. 6 and the test result of alpha feto protein is in Fig. 7. 

5. CONCLUSIONS 
 In this work, a new type of immunoassay 
system that can be used as a portable diagnosis 
system by utilizing an integrated signal processing 
circuit was proposed. It took about 20 minutes to 
produce a full recipe of protein patterning. We 
successfully diagnosed the AFP from 10-8 to 10-6

g/ml which is over the desired range of AFP 
concentration in clinics in general.  
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ABSTRACT
In this paper we report improved fabrication process for the enclosed SU-8 electrospray 

ionization (ESI) tips. Shape and size of the tip and microchannel have been explored
according to results from mass spectrometric measurements. Stable electrospray from SU-8 
tips has been demonstrated reproducibly with both pressure driven and electroosmotic
flows. Tips have been characterized by signal-to-noise ratios and stability of total ion 
current (TIC). Also the reproducibility of the analysis has been tested. 
Keywords: SU-8, Mass spectrometry, Electrospray ionization 

1.  INTRODUCTION 
Large effort has been used to bring electrospray ionization (ESI) to microchip format 

because it enables sensitive detection of analytes [1, 2]. The main problem has been in 
fabrication of enclosed, accurately defined tip-shaped ESI-chips from easily patternable 
materials such as polymers. Many polymeric chips lack accurately defined tip structure or 
they are open to air [3], making integration difficult. We have recently reported fabrication 
of electrospray ionization tips from SU-8 [4]. We have now improved the fabrication 
process and optimized tip geometry based on ESI-performance. 

2.  EXPERIMENTAL 
Our electrospray tips are free-standing polymeric microchips fabricated fully of SU-8. 

Patterning of the tips is done completely by lithography and therefore the tip shape is 
accurately defined. Fabrication process consists of patterning of three layers of SU-8. 
Fluidic inlets are patterned to the first layer. Second layer contains the microfluidic 
channels. Third layer of SU-8 is used for a novel adhesive transfer bonding technique. This 
is done by applying SU-8 on thin polymer sheets that can be peeled off from top of SU-8 
without affecting bonded SU-8 layer. This makes fabrication of the tips cheaper and faster
compared to method we have published earlier [4]. We have also integrated platinum 
electrodes inside our free-standing SU-8 chips by lift-off and sputtering. 

3.  RESULTS AND DISCUSSION 
Our ESI chips have been tested using either pressure driven or electroosmotic flow (EOF) 

for sample transport. Both methods show reproducible and stable ESI-performance. With 
electroosmotic sample transport stable ion current (RSD <5 %) is produced over the 
timescale of 10 minutes, whereas with pressure driven flow stable ion current is maintained 
for over an hour, as shown in Figure 3. Background seen in the mass spectrum (b) with
pressure driven flow originates probably from epoxy glue used to attach fluidic connectors.  
In Figure 3 (d) there is clearly lower background when EOF is used only and there are no 
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additional materials besides SU-8 in contact with the sample. Flow rates in the 
microchannels have been estimated based on applied pressures and based on our EOF-
measurements in the channels. Optimal flow rates are below 1 l/min, while applied 
spraying voltages are on the order of + 2-2.5 kV (relative to the counter plate) for a 12 mm 
long microchannel. 

(a)     (b) 
Figure 1. (a) SEM- picture of the tip of the released microchip. Channel size of 50*50 m is 
ending at the corner of the microchip. (b) Fluidic reservoir of the microchip. The 
microchannel for ESI begins from the wall of the reservoir. 

(a)     (b) 
Figure 2. (a) Optical microscope picture of tip with narrowing channel. (b) Tip with
microchannel on the side of the tip. 

Different tip designs have been tested in order to optimize the performance of the tips. A 
narrowing channel and a tip with channel on the side of the tip edge are shown in Figure 2. 
These variants have been tested and compared with straight and symmetric channels and 
tips. Tips with narrowing channels and standard tips show most reproducible performance 
in ESI. The narrowing channel increases the speed of liquid just before the outlet of the tip 
causing uniform spray. In standard tips similar effect can be seen in formation of Taylor 
cone at the end of the tip. Size of Taylor cone was about 10 m in width even in 
microchannels with 200 m channel widths. Microchannel at the side of the tip edge did not 
produce as stable ion current as the others. Microchannel size has been optimized based on 
the MS results and the best performance was achieved with microchannels of 50*50 m
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cross-section or larger (up to 50*200 m). RSD values were approximately 10 % for 50x50 
m channels and down to 2-3 % for larger ones. Microchannel sizes have been tested in the 

range of 10*10 m - 50*200 m. 
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(c)      (d) 
Figure 3. (a) Total ion current (TIC) and extracted ion (455.2 amu) current, and (b) a 
summed mass spectrum (10 scans) for pressure driven flow of 1.5 l min-1. Channel cross-
section was 100*50 m. Sample solution contained 1 M verapamil [M+H]+=455.2. 
Figures (c) and (d) represent the corresponding data from 50 *200 m channel with EOF 
as sample transport method. 5 M verapamil [M+H]+=455.4 was used as a sample. In 
both cases solvent was methanol-water 4:1 with 2.5 mM ammonium acetate (NH4Ac) and 
applied spraying voltage was +2.5 kV. 

4.  CONCLUSIONS
ESI-emitters fabricated of SU-8 showed stable electrospray both with pressure driven 

flow and with EOF. However, timescale for stable spray is in the range of ten minutes for 
EOF and correspondingly hours for pressure driven flow. Our new fabrication method 
enables easy fabrication of complex separation systems. Together with stable and 
reproducible performance of the tips, successful integration of separation systems with ESI 
is foreseen in the future. 
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AERODYNAMIC FOCUSING FOR TIPLESS
ELECTROSPAY INTERFACING
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ABSTRACT

A new concept for mass spectrometry coupling of microfluidic with flat electrospray
ports was developed. Electrospray was initiated directly from the channel openings on the
edge of the tipless multichannel polycarbonate microdevice. The formation of the unstable
droplets at the electrospray openings was eliminated by air stream from an external
nebulizer. The air flow spatially focused and directed the electrospray plume into the
sampling orifice of the mass spectrometer.

Keywords: Electrospray, Mass spectrometry coupling, Aerodynamic focusing

1. INTRODUCTION

Typically, a fine pointed hollow needle serves as the electrospray (ESI) emitter. Needles
with submicron tip radius can be easily prepared from glass or fused silica tubing using a
pipette puller. While preparation of the capillary emitters is straightforward, the
microfabrication of fine electrospray tips is more demanding. This is especially true for the
case where the ESI tip is an integral part of a more complex microfluidic system for sample
preparation and/or separation. Inserting standard capillary emitters into the junction
channels microfabricated in the body of the microfluidic device is possible; however, such
an approach is less desirable for practical applications. Several approaches have been
developed with the most promising techniques utilizing deep reactive ion etching in silicon
[1], plasma etching or laser ablation in polyimide [2,3]. In the earlier works, direct
electrospray emission from the droplet formed at the exit of the microfluidic channel has
been demonstrated [4,5]. It has been found that the droplet formation is spatially unstable
and leads to excessive dead volume. Integration of a pneumatic nebulizer directly on the
microdevice solved some of these problems; however, it also added system complexity [6].
Recently, there is a renewed interest in the ESI generation from the flat surfaces for
applications as diverse as the MS coupling [7] and space transportation [8]. It was
recognized that the droplet size and surface wetting may be minimized by selecting
sufficiently hydrophobic material for the microdevice. In this work we have explored the
use of an external pneumatic nebulizer for coupling with the flat surface ESI exit ports
prepared in the polycarbonate microdevices.

2. RESULTS AND DISCUSSION

The interface was constructed as an external part attached to the sampling orifice of the
mass spectrometer. Both the stainless steel and plastic materials have been tested for the
fabrication. External pump, connected to the interface, was used to create air stream to carry
the ESI plume to the MS sampling orifice. The flow rate of the air stream was an order of
magnitude higher than the air intake into the mass spectrometer resulting in spatial focusing
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inside the conical internal cavity of the interface body. Additional experiments were
conducted with a setup consisting of a focusing cavity made of electrically insulating
material sandwiched in between the stainless steel face plate and mass spectrometer
sampling orifice. Electric potentials applied between the conducting surfaces were varied in
the range of +/- 4 kV; however, with only a little effect on the ion transmission. These
experiments indicated that the air flow was the dominant transport mechanism in the
interface. Basic properties of the system were mathematically modeled and characterized
using ESI/TOF-MS measurements of peptide and protein samples. The scheme of the
system is in Fig. 1.

Figure 1. Scheme of the ESI microdevice with the external pneumatic nebulizer.

Depending on the experimental conditions the nebulized ESI action created sample flows of
50 -300 nL/min from the rectangular 20 x 50 µm channel openings. Both the theory and
experimental results indicate that the use of the external nebulizer can significantly simplify
the design of the microdevice without scarifying the ESI/MS performance.
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ABSTRACT 
 In this paper we present the first micromachined viscosity detector suitable for coupling 
to conventional, commercially available polymer separation systems. The µ-viscometer 
(viscochip) has a reduced dead volume compared to conventional viscometers. It is shown 
that this results in better chromatographic resolution.  

Keywords: viscosity detector, separation systems, GPC/SEC, polymers 

1. INTRODUCTION 
 In this paper we present the first micromachined viscosity detector suitable for coupling 
to conventional, commercially available polymer separation systems (GPC/SEC). In Gel 
Permeation Chromatography the mass distribution of a polymer sample is determined by 
separation of the different masses, followed by detection by one or preferably more 
detectors, such as refractive index (RI), light scattering (LS) and viscosity detectors. 
Viscosity detection is based on sensitive measurement of the specific viscosity change sp,
produced by the dissolved polymers. Since small viscosity variations must be measured, a 
differential technique is applied using a Wheatstone bridge (figure 1) [1]. 

Figure 1: a polymer viscosity peak from a separation column will be absorbed by the 
delay volume in one branch, thus unbalancing the bridge. The specific viscosity sp is 
given by the pressures DP and IP: sp = 4DP/IP

 The only comparable micro-device in literature has been presented at µTAS 2002 by the 
same author [2]. This was however developed specifically for a micromachined 
hydrodynamic chromatography system. For this system, operating a detection volume two 
orders of magnitude smaller than the current viscochip, a micromachined differential 
pressure transducer had to be employed, which limited resolution and thus practical use. 
This paper presents a device in which conventional pressure transducers are applied.  
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2. SYSTEM DESIGN 
The most commonly used detector configurations in a 3-detector system are shown in 

figure 2. All detectors have 1.0 ml/min as their optimum flow rate. As the typical detection 
volume is 8 µl for an RI, 8 µl for a LS and 30 µl for a viscometer, it is clear that the 
viscometer has the largest extra-column contribution to peak broadening. Narrow peaks are 
important as these are necessary for accurate determination of molecular weight distribution 
in GPC. Compared to a stand-alone viscometer the situation is worse in configuration A, 
where the RI and LS detectors add additional peak broadening to the viscometer signal. 
Circumventing this by splitting the flow as in configuration B means RI and viscometer do 
not run at an optimum flow rate, thus reducing system performance. 

Figure 2: The most commonly used 3-detector configurations. In A the RI and LS 
detectors add peak broadening to the viscometer signal. In B the flow is split, meaning 
both RI and viscometer run at a flow rate below their optimum. 

 In figure 3 therefore the conventional viscometer has been replaced by a glass-glass 
Wheatstone bridge viscochip, with a detection volume of 2 µl. Designed for an optimum 
flow rate of 0.1 ml/min, the split flow setup allows all detectors to be run at near-optimum 
flow rates. Additionally, the ratio of detection volume to flow rate – which can be seen as 
an averaging time, decreasing system resolution – is improved using the viscochip: 1.2 
seconds instead of 1.8 seconds. 

Figure 3: Using a viscochip, the detector configuration from figure 2B can be adapted 
giving a near-optimum flow rate through all detectors.

3. RESULTS 
 The effect on system chromatographic resolution is shown in figures 4 and 5, for both the 
viscochip and a conventional viscometer. Signal input for all detectors was the same by 
using a flow split. For a broad standard (figure 4) there is virtually no difference in peak 
shape, demonstrating the performance of the viscochip. For narrow polydispersity material 
(figure 5) the viscochip peak width in figure 5 is more than 20% narrower than for the 
conventional viscometer connected as in figure 2A, giving a much more realistic peak 
shape. The results demonstrate the improvement in performance of the viscochip compared 
to conventional viscometers at 1.0 ml/min, and also its capability for miniaturised GPC 
systems running at 0.1 ml/min, which is desirable for continuous process monitoring. 
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Figure 4: Response to a broad polystyrene polymer standard. Signals from a viscochip (1, 
running at 0.1 ml/min), and a conventional viscometer (running at 1.0 ml/min) are shown, 
the latter both as a single detector (2) and behind a RI and LS detector (3) as in figure 2A.  

Figure 5: Setup as for figure 4, using a narrow 195 kDa PMMA standard. The viscochip 
trace clearly has the smallest peak width. The small difference between 1 and 2 will be 
larger for a viscometer running at 0.6 ml/min as required in figure 2B.  

4. CONCLUSIONS 
 A micromachined viscosity detector was presented, suitable for coupling to GPC/SEC 
systems, showing reduced band broadening compared to conventional viscometers. 
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ABSTRACT
X-ray fluorescence (XRF) is a powerful method for elemental analysis.  XRF enables

us nondestructive elemental analysis at ambient air pressure.  In addition, simultaneous
multi-elements analysis is possible by using an energy dispersive x-ray detector. We have
studied the possibility that XRF is applied to elemental analysis in chemical microchips.
For this purpose, chemical microchips that had an analytical region for XRF were newly
designed and made.  Furthermore, new XRF methods, such as grazing-exit XRF and micro-
XRF, were applied.
Keywords: x-ray fluorescence, multi-channels 

1. INTRUDUCTION 
Although x-ray fluorescence (XRF) has several merits; however, its sensitivity is not so 

high due to high background intensity.  Grazing-exit x-ray fluorescence (GE-XRF) is one
of the options to improve the sensitivity [1].  In GE-XRF, x-ray fluorescence emitted from
the sample surface is measured at small take-off angles less than 1 degree as shown in Fig. 
1 (a).  Therefore, the surface sensitivity is drastically improved, in addition, background 
signals emitted from the inside of the sample are decreased.  As a result, a signal to noise
ratio is improved especially for analysis of materials on the surface.

We have also used micro
x-ray fluorescence ( -XRF)
method [2] for chemical
microchip. Although it is
difficult to analyze micro
region by a normal XRF, we 
have developed -XRF
instrument by using a
polycapillary x-ray lens [2].
It is possible that the primary
x-ray beam is focused in a

size of several tens micrometer. In our setup, the obtained beam diameter was about 40 
micrometers.  This beam size is comparable with a channel size in chemical microchip, as 
shown in Fig. 1 (b).  This indicates that -XRF is useful for analysis for chemical
microchip.

(a (b
Micro x-rayPrimary x-ray 

X-ray
fluorescen

Figure 1. Experimental ideas for grazing-exit
XRF (a) and micro-XRF (b).

2. MICROCHIP FOR GE-XRF AND RESULTS
Experimental setups for both GE-XRF and -XRF have been described elsewhere [1,2].

An energy dispersive x-ray detector (silicon drift detector; SDD) was used for the purpose
of simultaneous detection of multiple elements.
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An analyzing region was 
especially designed on the
microchip so that a sample
solution was dried and
concentrated in a suitable area
corresponding to the size of 
the primary x-ray beam.
When GE-XRF is applied, it is 
important that the sample
solution be dried into a 
homogenous film on a flat
substrate.  Therefore, we
designed a special microchip,

as shown in Fig. 2.  This microchip has a 
multi-channel system.  Therefore, the
sample solution was almost automatically
pumped due to capillarity.  Each channel
has a diameter of about 100 m and leads
to open grating type multi-channels, where
the sample solution was dried.  As shown 
at the left side of Fig. 2, the multi-channels
have dimensions of 1-5 m in height and 
10 m in width.  We expected that the 
sample solution would be enlarged in the
multi-channels due to capillarity.  In GE-
XRF, background intensity in the XRF
spectrum was reduced at grazing-exit
angles. Figure 3 shows the relationship
between the x-ray fluorescence intensities
(Cu K  and Fe K ) and the concentrations 
of the standard solutions. Good agreements

were obtained with correlation coefficients of 0.994 and 0.991 for Cu and Fe, respectively.
This result suggests the possibility of semi-quantitative analysis of microchips by GE-XRF. 

3. MICROCHIP FOR -XRF AND RESULTS
Our -XRF instrument is equipped with a polycapillary x-ray lens, which consists of

more than several million capillaries.  This x-ray lens enables us to obtain an x-ray
microbeam with a diameter of 50 m.  This diameter corresponds to the diameter of the
channel; about 100 m in the microchip.  Therefore, a direct analysis by -XRF of the 
solution in the channel is reasonable.  After the sample solution is dried, an analysis of the
residue is required for trace elemental analysis by XRF.  Thus, we attempted to concentrate
the analyte in a small hollow region (400 m in diameter), which is shown in Fig. 4.  The 
sample solution in the channel was trapped in the hollow and dried by local heating.  To
concentrate the sample efficiently, small polystyrene beads (10 m in diameter) were 
packed in the hollow.  A mixed solution of CuSO4 (1.09 g/L, 17.3 mM) and CdCl2 (1.94 
g/L, 17.3 mM) was introduced into the microchip.  The total input volume was 23.8 nL, 

Concentrated
sample

X-rays

EDS

a

X-ray
fluorescence

b

a - b cross section 

10 m
15 m

5 m

Edge

Figure 2. Drawing of microchip designed for
GE-XRF analysis. 
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Figure 3. Relationship between x-ray
fluorescence intensities (Cu K  and Fe 
K ) and concentration of standard
solutions that were introduced into the
microchip.
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which included 25.9 ng Cu and
46.1 ng Cd.  The mapping results
obtained for Cu, S, Cd, and Cl are 
shown in Fig. 5. Every element
was nearly observed 
homogeneously at one location.
Some of the polystyrene beads 
overflowed from the hollow due

to the movement of the solution.
However, it was confirmed that the
analyte was present and
concentrated on the polystyrene 

beads.  This suggests that concentrating the analyte on polystyrene beads is effective and 
the -XRF method could be applied for the analysis of microchips.

Figure 4. Small hollow produced at end of 
channel on microchip for -XRF analysis.
Optical microscope image (left) and 3-D image

Figure 5. X-ray elemental maps of Cu and Cd, measured
at the hollow on the microchip.
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ABSTRACT

A new technique to measure protein conformational changes using a micro-force sensor

and protein films was developed. Application of this technique on calmodulin (CaM)

enabled us to monitor Ca
2+
induced conformational changes in real time. The apparent

dissociation constant of Ca
2+
/CaM was 790 nM. Furthermore, conformational changes

were detected with a peptide fragment corresponding to the CaM binding region of the

CaM-dependent protein kinase II and some CaM antagonists.

Keywords: conformational change, electrospray, mechano-chemical method, protein

interaction

1.INTRODUCTION

Recently, methods detecting biomolecular interactions were developed such as surface

plasmon resonance and quartz microbalance. In these methods, association of effectors and

biomolecules was measured as changes of mass. In most cases, these associations follow

conformational changes of the biomolecules. We have developed a method to detect

mechanical property changes of a micro protein film induced by ligand binding [1, 2]

(Figure 1). In the method, a micro force sensor detects changes of tensile force and/or

stiffness of the protein film. In this report, CaM is used to demonstrate that the

mechanical property changes of the CaM film treated with Ca
2+
and other ligands have

relevance to the conformational changes of CaM induced by these ligands [3].

2. EXPERIMENTAL

CaM films were made with electrospray method. Protein solutions (2mg/ml, 5-8!l) were

sprayed from a glass capillary under 2-3kV voltages between the capillary and the target.

The target was covered with a glass mask having a 0.4 x 0.8 mm window. During the spray,

the mask was charged up, and CaM molecules were accumulated under the window. After

the spray, molecules were cross-linked with glutaraldehide. This made the film
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freestanding. The film was hooked and placed in a small chamber, and was immersed in

test solutions. One of the pins was connected to a force sensor, and the other was supported

through piezoelectric actuator.

Figure 1. Experimental design

Figure 2. Tensile forces produced by a

CaM film immersed in a series of Ca
2+

buffer solutions and EGTA wash.

3. RESULTS AND DISCUSSION

When Ca
2+
solutions (Ca

2+
-EGTA buffer) were applied to the CaM film, Ca

2+
quickly

increased the tensile force, which reached a plateau (Figure 2). When Ca
2+
ions were

washed out by EGTA, the increased force was quickly diminished. The intensity of

maximum forces depended on the Ca
2+
concentration, and the KD value was 790nM. After

Ca
2+
binding, CaM changes its conformation and activates the target molecule. CaM

dependent protein kinase II (CaMKII) is one of the CaM-activated enzymes. CaMKII

fragment 290-309 (CaMKIIf) is the CaM binding site of CaMKII. When 10!M CaMKIIf

was applied, the CaM film developed a substantial force, although very slowly (Figure 3).

With CaMKIIf, Ca
2+
quickly increased the tension of the film. Apparently, the binding of

CaMKIIf increases the Ca
2+
affinity of CaM. Some CaM inhibitors also produced force on

CaM films. W-7 is one of such inhibitors. Interestingly, when Ca
2+
produces a force of

the CaM films, W-7 increases the force further (Figure 4). W-7 is known to makes the

CaM structure more compact after it binds to the Ca
2+
-CaM [4]. W-5, a structurally related

compound of W-7 but a weak CaM inhibitor, has no or little effect on CaM films (Figure 4).

Thus these results are a direct demonstration that force changes of CaM films are closely

coupled with CaM conformational changes.
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Figure 3. Tensile forces produced by

10!M CPKIIf with and without Ca
2+
. Figure 4. Effect of a CaM inhibitor W-7 and a

related compound W-5

4. CONCLUTIONS

In this paper we have showed the originality and uniqueness of the MC method.

Combined with the electrospray deposition method, it is widely applicable to many fields of

protein research. It also provides a screening system for pharmaceutical and clinical

diagnostic drugs.
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RAPID AND SENSITIVE SINGLE-BASE MISMATCH 
DETECTION BY A POWER-FREE PDMS MICROCHIP 
WITH SURFACE PLASMON RESONANCE IMAGING 

Yasunobu Sato, Kae Sato, Kazuo Hosokawa, and Mizuo Maeda
Bioengineering Laboratory, RIKEN, JAPAN

ABSTRACT
 This paper reports a gold nanoparticle (GNP)-based DNA analysis for single-base 
mismatch detection using surface plasmon resonance (SPR) imaging. This method detects 
target DNA as low as 100 fmol in several minutes and shows an all-or-none discrimination 
of a single-base mismatch without temperature control. This approach is suitable for point 
of care devices which offer rapid diagnosis of DNA mutations. 
Keywords: DNA detection, gold nanoparticles, power-free pumping, surface plasmon 
resonance imaging 

1. INTRODUCTION
 The usage of GNPs for DNA analysis is commonly adopted in a sandwiched manner at 
the surface of sensors [1]. Our system differs from the sandwich type and is based on a 
non-cross-linking (NCL) manner which triggers GNP aggregation at high salt 
concentrations [2] (Figure 1). Because the NCL method shows extraordinary selectivity for 
terminal mismatches, rapid SNPs typing after single-base primer extension is possible 
without time-consuming analysis such as mass spectrometry [3]. Although the mechanism 
of the phenomenon is not fully understood we speculate that there exists a specific 
interaction between the two complementary DNA duplexes [3]. We recently conducted the 
NCL analysis in a power-free PDMS microfluidic device and observed GNP deposition 
onto the substrate under a microscope [4]. This paper will show the improvement of the 
detection limit of the system using SPR imaging, which is a surface sensitive optical 
technique that detects the change in refractive index at the surface of a gold thin film. 

2. EXPERIMENTAL 
 A colloidal solution of GNPs with a diameter of 15 nm was purchased (BBInternational, 
England) and was used for preparing DNA conjugated GNPs (DNA-GNP). Single-stranded 
5’-hexylthiol modified 15mer oligonucleotide probe was immobilized onto the surfaces of 
GNPs as described elsewhere [2]. Sequences of the DNAs are shown in Figure 1. The 
colloidal GNPs were dispersed into 10 mM phosphate buffer (pH 7) with 0.1 M NaCl and 
0.01 wt% Tween-20 to make a stock solution of DNA-GNP carrying 2 µM of DNA probes. 
Prior to the analysis on the microchip, DNA-GNP was mixed with equimolar 15mer DNA 
target. They were allowed to hybridize for 2 h at room temperature (ca. 25 °C). The 
microchip was fabricated with a surface-patterned PDMS chip and a gold-deposited glass 
substrate. The microchip was degassed in a vacuum chamber, and was placed on top of the 
prism of an SPR apparatus (2D-SPR04A from NTT Advanced Technology Corp., Japan). 
The analysis was started by dispensing 3 L aliquots of the hybridized sample and 3 L of 
2 M NaCl into the reservoirs. Figure 2 illustrates the Y-shaped channel which delivers the 
solutions by the power-free pumping mechanism [4]. SPR images were taken at the 
beginning of the reaction (0 min) and at 5 min. A differential image was created by 
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subtracting the 0 min image from the 5 min image using image analysis software. The 
concentrations of DNA-GNP and DNA target were varied from 1 µM to 16 nM, and the 
reflectivities of a rectangular region in the microchannel were averaged to plot a calibration 
curve.

3. RESULTS AND DISCUSSION 
 The dispensed samples were spontaneously introduced and formed a stable laminar flow 
by the power-free pumping. Figure 3A shows the raw SPR images of the deposition of 
DNA-GNP hybridized with its complementary target (DNA-G). A few minutes after the 
samples merged with NaCl solution, an increase in intensity gradually appeared at the 
interface between the streams. Figure 3B shows the differential image. The significant 
increase in intensity shows the deposition of DNA-GNP hybridized with DNA-G on the 
surface of the gold substrate where refractive index increases. In contrast, in Figure 3C, no 
deposition was observed with the DNA targets having terminal single-base mismatches 
(DNA-A, DNA-C and DNA-T). There are two possible interpretations for the deposition: 
(1) the gold substrate specifically adsorbs the GNPs with fully-matched duplexes, or (2) the 
gold substrate non-specifically adsorbs the GNPs, and then the adsorbed ones attract/repel 
others by the same mechanism in a bulk solution [4]. The results show that the microfluidic 
device enabled efficient deposition of GNPs as sensitive signals for DNA mismatch 
detection. 
 Rapid detection with a small amount of genomic DNA is essential for SNPs typing, 
therefore the lower detection limit of the developed system was tested. Figure 4 shows the 
reflectivities dependent on the concentration of DNA targets. The lowest concentration that 
could be detected was 32 nM. This gave a total of 96 fmol of DNA targets, because the 
injection volume was 3 µL. In our previous report [4] we showed the detection of a 6 µM 
DNA target. Therefore the current method shows a 200-fold improvement in the sensitivity 
of DNA detection. 

4. CONCLUSIONS 
 We have proposed a sensitive single-base mismatch DNA analysis which exploits the 
advantages of the NCL aggregation method and microfluidics. The deposition of DNA 
conjugated GNPs hybridized with its fully complementary DNA target was observed by 
SPR imaging under ambient temperature. The detection limit was improved by the method 
and the strategy of using SPR imaging to the analysis of single-base mismatch turned out to 
be promising for rapid, sensitive and reliable typing of human genetic variations.
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Figure 2. Layout of the power-
free PDMS microfluidic device 
and the SPR imaging apparatus. 
Channel dimensions: 100 µm 
(width) × 25 µm (height) × 6.5 
mm (length). 

Figure 3. SPR differential images (5 min) showing 
the deposition of DNA-GNP hybridized with various 
DNA targets (1 µM). 

Figure 4. Plot of SPR reflectivity as a function of 
logarithmic concentration of DNA targets. Error 
bars indicate SD (n=3). 

Figure 1. Concept of NCL GNP-based DNA analysis and sequences of DNA. 
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RAPID, PARALLEL-THROUGHPUT, MULTIPLE

ANALYTE IMMUNOASSAYS WITH ON-BOARD

CONTROLS ON AN INEXPENSIVE, DISPOSABLE

MICROFLUIDIC DEVICE
K.E. Nelson, J. O. Foley, A. Mashadi-Hossein, P. Yager

University of Washington, USA

ABSTRACT

We describe a method to conduct rapid (<20 minute) competitive homogeneous

immunoassays on a disposable microfluidic device coupled to a Surface Plasmon Resonance

(SPR) imaging instrument. This method can detect multiple unlabeled low molecular weight

(<500 Da) analytes at low nanomolar concentrations simultaneously in a single fluid sample

and includes run-time controls for each analyte. This method is designed to use on-chip

preconditioned human sample fluids for point-of-care diagnostic testing.

Keywords: Immunoassay, point-of-care testing, Surface Plasmon Resonance

1. INTRODUCTION

Microfluidic devices are well suited for low cost point-of-care diagnostic testing due to

their low sample and reagent volume requirements, speed, and potential for a high level of

automation. Immunochemical methods are among the most widely used in today’s

centralized clinical laboratories and now there is a relatively small but growing number of

reports that describe methods for conducting immunoassays in microfluidic devices [1-3].

Most of these devices require sophisticated manufacturing and/or imaging techniques, and

there are relatively few that can conduct multiple tests at once on a single sample. We present

a novel microfluidic competitive immunoassay format that can quantitatively measure

multiple analytes simultaneously in a single sample using SPR imaging. The device geometry

is similar to the “T-sensor” previously described by our group in that it utilizes the inter-

diffusion of molecules across a laminar interface created by the convergence of distinct fluid

streams in a microfluidic channel [4,5]. Whereas the T-sensor has mainly been used to study

interactions between molecules in the bulk phase, the method described in this report includes

a region on the surface of the microfluidic channel some distance downstream of the fluid

inlets designed to selectively capture molecules, specifically antibodies, from the bulk onto a

SPR conducting surface. Upstream of this binding surface, a gradient of antibody/antigen

complexes is established in the bulk fluid by interdiffusion of antigen from one stream into

the adjacent antibody stream. The dimensions of this gradient are determined by, among

other things, the diffusion coefficient of the antigen and its concentration in the sample

stream. The surface sensitivity of SPR is used to discriminate between selectively captured

antibodies and the antibody/antigen complexes that cannot bind to the sensing surface.

2. EXPERIMENTAL

The devices used in these experiments are made from standard borosilicate glass

microscope slides coated with 45 nM gold. The microfluidic channels are defined using laser-

cut 0.1 mm thick Mylar® sheets and PMMA caps. The device geometry used to carry out the

immunoassays in these microchannels is schematically illustrated in Figure 1. There are three

input streams: 1) a sample solution containing the analyte, 2) a center stream containing

antibodies to the analyte, and 3) a reference solution containing a known concentration of
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analyte. The input streams are pumped using off-chip positive displacement pumps at 30

nL/sec each. As they flow down the first section of the channel the analytes in the sample

diffuse into the antibody stream, thereby generating a gradient of antibody/antigen complexes

transverse to convective flow. This gradient is then interrogated by a region on the channel

surface that has been previously modified with surface-bound analytes analogous or identical

to those in the sample stream. Antibodies that arrive at this location with at least one

unoccupied binding site can bind to the immobilized antigens. The rate and distribution of

antibody accumulation to the binding region reflects the relative concentrations of the antigen

and antibody in the input streams. The reference stream, which may contain a known amount

of analyte or a blank, provides a calibrated response for each device.

Figure 1: Schematic illustration of the Interdiffusion Immunoassay (IDIA). A concentration-

dependent gradient of rapidly-diffusing analyte from the sample stream (shown in grey) into

the antibody stream (center) results in a region of antibody/antigen complexes transverse to

flow that are not capable of binding to the antigen immobilized on the surface binding region

of the channel. The distribution of intensity in the SPR image correlates with the

concentration of analyte in the sample.

3. RESULTS

Experimental data illustrating the operation of this assay are shown in Figure 2. The

imaging conditions were such that a small difference in contrast between the antibody and

sample and reference streams led to the grey band in the center of the blocked (upper) region.

This band delineates the region of the channel occupied by the antibody stream. Within the

binding (lower) region however, antibody accumulated on the surface only in the left half of

the center stream.

The remainder of the molecules occupying the center portion of the channel contained

antibody/antigen complexes that did not bind to the substrate. This horizontal line profiles

shown in Figure 2b plot the image intensity in the blocked and binding regions, illustrating

how the image data can be analyzed by comparing the fractions of the channel occupied by
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antibodies in solution and those capable of binding to the surface. As shown in Figure 2b, this

method can readily detect a 17 nM cortisol concentration using 36 uL of sample and generate

ample signal within 20 minutes.

Figure 2: SPR image data (2a, left) illustrating the assay response to 17 nM cortisol.

Convective flow is from top to bottom at 90 nL/sec (total – 30 nL/sec/input stream). Anti-

cortisol antibody was present in the center stream at 25 nM. The upstream areas of this

channel have been blocked with PEG thiol. Line profiles (2b. right) calculated at rows 215

and 465 illustrate the difference in width between the antibody stream and the portion of the

stream that contained antibody/antigen complexes. In this case, the difference in width is

caused by diffusion of cortisol into the antibody stream and preventing their adsorption to the

BSA-cortisol conjugate immobilized on the binding region.

5. CONCLUSIONS

We have described a novel SPR-based competitive immunoassay method conducted in a

microfluidic device. This method is capable of detecting ~10 nM concentrations of low

molecular weight analytes in a sample stream in less than 20 minutes. This method can be

easily extended to assay multiple analytes simultaneously in a single sample by patterning

additional capture antigens transverse to flow in series in the sensing area and including

antibodies to these additional analytes in the center stream. Provided that the antibodies used

in the center stream do not cross-react with the antigens in the sample, each patterned region

will generate an independent IDIA outcome and control.
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SOFT LITHOGRAPHY-BASED NANO-WELL SERS
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Biomolecular Nanotechnology Center, Berkeley Sensor& Actuator Center, Department of
Bioengineering, University of California-Berkeley, Berkeley, CA 94720-1774, U.S.A.

ABSTRACT
We developed soft lithography-based nano-well surface-enhancement Raman scattering

(SERS) substrates with sub-1 pM detection sensitivity, which can be useful for label-free
genomics, proteomics, or environmental monitoring biosensors. We batch-fabricated pillar-
like nanostructures on a silicon wafer (i.e. master) [1] to replicate the complementary nano-
well structures using polydimethylsiloxane (PDMS) by soft lithography, and deposited Ag
thin film on the nanostructured PDMS. A glass substrate is used as an optical window and
to form microfluidic channels integrated with the Ag/PDMS nano-well substrate. SERS
spectra of the Rhodamine 6G (R6G) and adenosine molecules in microfluidic channels are
detected on the nano-well SERS substrates with only 300 µW excitation power. The
Raman scattering signal enhancement on the Ag/PDMS nano-well SERS substrate is more
than 107 times higher than that on the smooth silver layer on PDMS. The present
successful label-free detection of sub-picomolar level adenosine molecules is important to 
future studies of low concentration nucleic acid reactions such as hybridization,
denaturization, nuclease, and transcription in microfluidics. The monolithic integration of
the Ag/PDMS nano-well in microfluidics promises the label-free detection of single-
molecular level biochemical reactions in multiplexed aqueous environments.
KEYWORDS: DNA Bases; Nanomolding; PDMS; SERS
INTRODUCTION

Most current SERS substrates are colloidal Ag or Au nanoparticles and they are widely
used in the free-solution based chemical and biomolecule detections and also in
microfluidics. Nanoparticle assembly monolayer on silicon and polymer are also used as
SERS substrate on chip; however the sample preparation of such substrates requires
significant serial manual efforts and thus hinders their applications on large-scale integrated
microfluidic biochips. The nontransparent SERS substrates such as nanoporous silicon
have limited applications in transmission microscopy although they can be potentially
batch-fabricated and integrated. It is worthwhile to note the Ag thin-film on smooth
PDMS as a semi-transparent SERS substrate has been investigated at sub-mM
concentration level and also integrated with microfluidics; however the surface
enhancement effect is low in comparison with nanoparticle “hot spots”. In contrast, our
method enables the monolithic large-scale integration of reproducible SERS substrates on
microfabricated biochips. Our semi-transparent SERS substrates on PDMS chips are
compatible with both transmission and reflection microscopy system. The sensitivity of our
substrate approaches to the single-molecular-level sensitivity from the nanoparticle “hot
spots” [2].
EXPERIMENTS AND RESULTS

The PDMS chip with the active SERS substrates, Ag nanowells, was stacked on and
bond with a cleaned glass slide with predefined microfluidic channels as shown in Fig. 1a.
The reagent solutions were introduced into the microfluidic channel from the inlet and
extracted out from the outlet (Fig. 1b). The microfluidic channel has a portion in contact
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µm

with the Ag/PDMS nanowell area and other portions in contact with the smooth Ag/PDMS
area. Due to the semi-transparency of the Ag/PDMS substrate, the condition inside the
microfluidic channel can be visualized by a conventional transmission-mode inverted
microscope, which also leaves ample space for external fluidic control unit mounted on the 
microfluidic chip such as connectors and tubing. A 300 µW 785 nm laser beam was focused
on the Ag/PDMS surface by a 40x microscopy objective lens and the back-scattered Raman
signals of molecules within the detection volume are collected by the same objective lens.
Fig. 1c and 1d show the phase-contrast optical micrograph and the SEM image of the Ag-
deposited nanowell structures on PDMS, respectively. The pattern of the Ag/PDMS
nanowell area follows the patterns of the silicon nanopillars area defined by
photolithography. In order to keep the integrity of the nanoscale structure on PDMS during
peeling off process, the silicon nanopillar was firstly salinized with an anti-stiction agent
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichloro-silane (C6F13CH2CH2SiCl3) in a chemical
vapor deposition chamber before casting PDMS (Fig. 1e). The PDMS layer was cured in
room temperature and peeled off after complete solidification. The PDMS chip is treated
with 10-second 10W oxygen plasma for surface cleaning and bonding with glass chips.

Fig. 1 SERS biomolecular detection in an integrated microfluidic chip. (a) Schematic diagram of the integrated
chip and imaging system. The PDMS SERS chip with Ag/PDMS nano-wells is stacked above a glass microfluidic
chip. A 300µW 785nm laser beam passes through the glass chip and is focused on the Ag/PDMS nano-well
SERS substrate. The SERS signal is analyzed by a spectrometer as the biomolecules are flowing in the
microfluidic channel. (b) Close-up diagram of the area where the on-chip SERS detection occurs. (c) Bright field
microscopy image of a 50µm-in-width 20µm-in-depth microfluidic channel. A part of the channel is in contact
with smooth Ag/PDMS and another part of the channel is in contact with Ag/PDMS nano-wells. A focused laser
spot is illuminated on the Ag/PDMS nano-well substrate inside the channel. (d) Scanning electron microscopy
image of the Ag/PDMS nano-wells. (e) Fabrication of Ag/PDMS nano-well SERS substrates. First, A monolayer
of anti-stiction molecules are evaporated on the surface of the silicon wafer with nanopillars; second, a 2-mm thick
PDMS layer is spin cast on the silicon wafer; the PDMS is cured in room temperature and peeled off from the
silicon wafer; at last, a 20-nm-thick Ag thin-film is deposited uniformly on the entire PDMS surfaces.
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1mM Rhodamine 6G (R6G) solution was loaded into the microfluidic channel and the
Raman spectra (Fig. 2a) were acquired when the laser spot was focused on the nanowell
area and smooth Ag/PDMS area respectively. The integration time of spectra acquisition is
only 1 second. A huge difference of Raman signal was observed on two different
substrates. Almost all the characteristic Raman peaks of R6G molecules are distinctive in
the spectrum taken on the Ag/PDMS nanowell structures, while only a few peaks such as
1183, 1366, and 1509 cm-1 peaks are barely distinguishable in the spectrum taken on the
smoothed Ag/PDMS surface. In a control experiment using a smooth PDMS substrate and
a smooth glass substrate without Ag coating, no Raman peaks from 1mM R6G molecules,
but those from the PDMS or glass substrate are visible in the spectra. Besides of chemical 
molecule R6G, we also used the same method to detect biomolecule adenosine which is 
directly related to the adenine base in nucleic acids and the metabolic compound ATP etc.
Fig. 2b shows the Raman spectra of adenosine molecules in different concentrations from
10 fM to 1 µM, the Raman spectrum after copious washing, and the Raman spectrum of 10
µM adenosine molecules on the smooth Ag/PDMS substrate. By comparing the 735 cm-1
peak intensity of 1 pM adenosine molecules on the nanowell area and that of 10 µM
adenosine molecules on the smooth Ag/PDMS area, the Raman enhancement factor of the
Ag/PDMS nanowell is at least 107 times higher than that of the smooth Ag/PDMS
substrate.

Fig. 2 (a) SERS spectra of 1 mM R6G molelcules in a microfluidic channel taken from the Ag/PDMS nano-well
substrate (red) and the smooth Ag/PDMS substrate (black). The integration time is 1 sec. (b) SERS spectra of
from 0 M (water), 10 fM to 1 µM adenosine molecules taken from the Ag/PDMS nano-well SERS substrate and
the Raman spectrum of 10 µM adenosine molecules taken from the smooth Ag/PDMS substrate. The integration
time is 10 sec. No background Raman peaks from PDMS is observed.

CONCLUSION
In conclusion, we have developed the robust fabrication method of silver nanowell

SERS substrates by soft lithography, which allows mass production of identical SERS
active sites on economical polymer substrates. The demonstrated detection of sub-
picomolar level adenosine molecules might enable the similar single-molecular sensitivity
like metallic nanoparticle “hot spots”. The large-scale monolithic integration of the
Ag/PDMS nanowell in microfluidics promises label-free detections of biochemical
reactions in multiplexed aqueous environments.
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ULTRA-RAPID MELTING CURVE ANALYSIS ON
BEADS FOR HIGH-THROUGHPUT GENOTYPING OF
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ABSTRACT
This report describes a rapid solid-phase melting curve analysis method based on

dynamic allele-specific hybridization (DASH) for single nucleotide polymorphism (SNP)
genotyping. Beads with DNA duplexes are immobilized on the surface of a microheater
chip. SNP on PCR products were scored, illustrating the sensitivity and robustness of the
system. Single-bead detection and multiplexing were performed with a heating rate more
than 20 times faster than conventional DASH. Hence, analyses that took more than
15 minutes could be performed in less than 1 minute, enabling ultra-rapid SNP analysis.

Keywords: Beads, DASH, Microheater, Single nucleotide polymorphism

1. INTRODUCTION
The analysis of the variation among individual genomes is currently an area of

intense investigation. One of the most common forms of genomic variation is single
nucleotide polymorphism (SNP). Dynamic allele-specific hybridization (DASH) is a
method that uses the principles of allele-specific oligonucleotide hybridization but without
the optimizations normally associated with this technique [1]. We have previously reported
on a miniaturized DASH based on monolayers of beads immobilized on chips with
integrated heaters and sensors [2-3]. The principle of our bead-based DASH is shown in
Figure 1. Using the bead-based platform, we demonstrated the potential of dramatically
miniaturizing the DASH technology. In this work, we have further developed our bead-
based platform. The improvements have enabled the following: analysis of PCR products
illustrating the sensitivity and robustness of the system, detection of single beads enabling
multiplexing, and a heating rate of 60° C/min enabling ultra-fast SNP analysis.
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Figure 1. The principle of bead-based DASH. (1) Beads with target DNA-probe duplex immobilized
on the surface of a chip are dynamically heated while tracking the fluorescence. (2) Tm is visualized
as a peak in the negative derivative of the melting profiles.
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2. EXPERIMENTAL
PCRs were performed to generate ~60 bp fragments that were in turn conjugated on

beads. Allele-specific dyed probes were hybridized and microcontact printing using a
PDMS stamp was employed to create monolayers of beads on the surface of a chip with
integrated thin-film microheaters and temperature sensors. The chip consisted of three to
five individually addressable surface areas of 500×500 µm² and was fabricated by standard
semiconductor techniques. The DASH procedure, involving heating of the DNA duplex,
was performed and the denaturation process was monitored in real time with a microscope.

3. RESULTS AND DISCUSSION
The principle of bead-based DASH is shown in Figure 1. Beads containing DNA

duplexes are allowed to self assemble on the surface of a chip by immobilization based on
microcontact printing. The chip is steadily heated while continually monitoring
fluorescence. A rapid fall in fluorescence indicates the melting temperature Tm, and this is
visualized as the negative derivative of the fluorescence change with respect to
temperature. Figure 2 shows results from a melting curve analysis of a PCR product at
heating rates of 4° C/min (slow) and 15° C/min (fast). The Tm (temperature difference of
Tm of matched and mismatched samples) was higher than 6° C in both cases, thus ensuring
high discrimination.

a b

30 40 50 60 70 80

0

0.2

0.4

0.6

0.8

1

Match
Mismatch
Hetero

30 40 50 60 70 80

0

0.2

0.4

0.6

0.8

1

Match
Mismatch
Hetero

Figure 2. Melting-curve analysis of PCR product with C/A variation at the SNP position. The heating
was 4° C/min (a) and 15° C/min (b). The peaks represent the melting temperature (Tm). The Tm
between matched and mismatched samples was 6° C in case (a) and 7° C in (b), thus enabling
unambiguous SNP scoring. 

To avoid bleaching, the microscope had a shutter closing between each picture.
However, the intensity of the light source from the microscope introduced background
noise by heating up the microheater chip every time the shutter opened. The bleaching
effect of the detection system was therefore evaluated and an optimized heating rate of
60° C/min was chosen to avoid bleaching and reduce the background noise by keeping the
shutter open during the dynamic heating. Figure 3 shows results from experiments
comparing heating rate of 4° C/min and the optimized 60° C/min. As can be seen in
Figure 3b, a smooth and clear melting curve profile is obtained. Higher Tm was also 
obtained for the higher temperature ramping rate, thus improving the discrimination power.
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Figure 3. Results of slow (4° C/min) (a) and very fast (60° C/min) heating (b) heating of an
oligonucleotide sample. The Tm was 6° C for the slow and 8° C for the fast heating rate.

Multiplexing of individually addressable beads based on size was tested to explore the
full potential of the bead-based system. 6 and 10-µm beads were conjugated with matching
respective mismatching DNA duplexes and randomly immobilized on the chip surface. An
area of 50×50 µm² was chosen for the single-bead analysis. As shown in Figure 4, almost
identical melting profiles were obtained for the different bead sizes. This indicates that
multiplexing based on single-bead analysis produces accurate signals.
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Figure 4. (a) Microscope picture of a heater covered with two types of beads. The inset shows a
50×50 µm² area where six beads were selected for analysis, three of each type; (b) the negative
derivative of the six beads as well as of the entire 50×50 µm² area.

4. CONCLUSIONS
A novel bead-based melting-curve analysis for genotyping is presented. Multiplexing

and single-bead detection were enabled with a total analysis time of less than 1 minute.
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ALLOCATION DEPENDENCE OF NANO-PILLARS
FOR DNA ELECTROPHORESIS SEPARATION

Ryo Ogawa1, Akio Oki1, Shingi Hashioka1, Noritada Kaji2,
Yoshinobu Baba2, and Yasuhiro Horiike1

1 National Institute for Materials Scienc, 1-1, Namiki, Tsukuba 305-0044, JAPAN
2 Nagoya University, Furo-cho, Chikusa-ku, Nagoya City, 464-8603, JAPAN

ABSTRACT
Different allocations of nano-pillars were investigated for DNA electrophoresis

separation. The square allocation shows that DNA was extended and moved straight
without disturbance of pillars, but DNA entangled around pillars in the case of the tilt
allocation. The tilt allocation allowed us to separate DNA of 10 kbp and 38 kbp by their
sizes, whereas square allocation demonstrated one broad peak alone. The separation in the
tilt nano-pillars pattern is considered to result from the sieving effect for different sizes of
DNA. These results suggest that any disturbance is necessary for electrophoretic separation
of small size DNA.

Keywords: DNA Electrophoresis, DNA Separation, Nano-Pillar

1. INTRODUCTION
Fast DNA sequencing is necessary for the tailor made therapy and the genomics drug

discovery in the near future. To realize the goal, the speed of DNA separation should be
improved over 109 times than the present. Recently a channel filled by nano-pillars of 500
nm diameter and 500 nm spacing instead of an usual gel enabled us to achieve
electrophoresis separation in 25 sec for DNA (48.5 kbp) and T4 DNA (165.6 kbp), and
furthermore the tandem arrangement of nano-pillars regions allowed to separate smaller
DNA of 10 kbp [1].

This paper reports fabrication of nano-pillars in a channel that has different nano-pillar
allocations and an important indication to reveal the mechanism of DNA separation by
applying different allocations of nano-pillars for DNA electrophoresis. This work is
expected to provide adequate nano-pillar structure so that different sizes of DNA are
separated quickly and distinctly.

2. EXPERIMENTAL 
 The fabrication method of nano-pillars was reported already by our group [1]. Briefly,
500 nm-diameter holes pattern was delineated by a EB lithography on a posi-type resist 
spin-coated on a quartz plate. Ni was electroplated at holes and then after resist removal,
pillars were fabricated by a dry etching using Ni mask. The diameter and the height of the
nano-pillar were 500 nm and 4 µm, respectively. In this study, fabrication issues of
irregular thickness of electroplated Ni pillars, narrowing of gaps among pillars due to
resputtering of Ni pillars and unreliable bonding of 130 m thick quartz covering plate on
the pillar fabricated quartz plate were overcome.

For acquiring the electrophoresis behaviour of single molecule DNA in nano-pillars, T4
DNA with 166 kbp was stained with intercalating fluorescence dye of YOYO-1 and the
behavior within nano-pillars was observed by a fluorescence microscope, where the applied
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electric field was 25 V/cm.
Electrophoresis separation of 38 kbp and
10 kbp DNA obtained by digestion by
ApaI was investigated by cross-injection
into the nano-pillar regions, where the
applied electric field for electrophoresis
was 100 V/cm. The fluorescence intensity
was observed at a point where was 500

m distant from the entrance to the pillar
region.

3. RESULTS AND DISCUSSION
The pillars were allocated at a square

pattern and a tilt pattern, shown in Figure
1. A center-to-center distance between
pillars was 600 nm.

Figure 2 shows a series of photographs
that demonstrate conformation changes of

DNA which enters from no pillars region to pillars region. Figure 3 shows detail movement
of DNA in pillars region. Behaviors in square and tilt patters were compared. The square
pattern shows that as soon as DNA entered to the pillar region, it was extended and moved
straight without the disturbance of pillars. In the case of the tilt pattern, however, DNA

(A) (B)

Figure 1. Allocation patterns of nano-pillars
for (A) square pattern and (B) tilt pattern.
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Figure 2. DNA (T4 DNA: 166 kbp)
electrophoretic behavior for square (A) and
tilt (B) allocations when DNA enters from
no pillars region to pillars region.
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Figure 3. DNA (T4 DNA: 166 kbp)
behavior for square (A) and tilt (B)
allocations in nano-pillars.
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Figure 4. Electric field simulation for
square (A) and tilt (B) allocations in
nano-pillars.
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entangled pillars and could not move
straight. Figure 4 shows electric field
distributions for both allocations. The
square pattern demonstrates strong electric
field between pillars. This electric field is
considered to enhance the DNA
electrophoretic velocity. Thus DNA in the
square pattern could pass through nano-
pillars in faster than that in the tilt pattern.
Indeed, when the velocity was estimated
for chosen 30 DNA molecules, DNA
velocities in square and tilt patterns was
26.95 m/sec and 15.21 m/sec,
respectively.

The resul was shown in Figure 5.
Opposed to the different velocities of
single molecules of T4 DNA for two pillar
allocations, the electrophoretic velocity of
digested DNA did not depend on
allocations of pillars. However, the square
pattern showed only one broad peak,
while the tilt allocation revealed the
separated double peaks probably due to 10
and 30 kbp DNA within 20 sec as
mentioned in the reference [1]. The
separation found in the nano-pillars of tilt

allocation is considered to result from the sieving effect for different size of DNA.

4. CONCLUSIONS
These results suggest that any disturbance is necessary for electrophoretic separation of

small size DNA. According to the result, nano-pillars of tilt allocation fit to the size-based
separation of DNA, and nano-pillars of square allocation contribute mainly to straight 
extension of DNA in nano-pillars, whereas they are presumed to have poor separation
ability. The combination of square and tilt allocations is expected to lead to the control of
separation and conformation of DNA in nano-pillars. Further work will make clear
adequate allocation, size, gap and combinations of nano-pillars to separate efficiently DNA
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FEMTOLITER REACTION CHAMBER FOR
SINGLE-MOLECULE STUDIES OF BIOLOGICAL

REACTIONS
Hiroyuki Noji

Institute of Industrial Scientific Research, Osaka University, Japan.

ABSTRACT

We developed micron-sized reaction chambers that had volumes in the range of a

few femtoliters. Due to the extremely small volume, very small amount of chemical

product molecules generated by a single enzyme molecule was detected by entrapping and

concentrating them in a chamber. Reaction efficiencies of a molecular motor, F1-ATPase, 

were also measured at the single-molecule level. These experiments certify the large

potential of the chamber for high throughput and high sensitive analysis.

Keywords: Single Molecule Detection, PDMS, Molecular Motors, Microchamber

1. INTRODUCTION

Single-molecule detection of biological reactions has been achieved mainly with

elaborate optical microscopic techniques that limit observation volumes to reduce

background noise [1]. An alternate approach is physical confinement of biomolecules in

an extremely small volume like femtoliters. In such a small volume, even for a single

molecule of conventional enzymes with a turnover rate of 10 /s, it is possible to accumulate

catalytic product molecules up to micro molars within 1 minute. Thus, simple reduction

of working volume should enable single-molecule detection of biomolecules. However,

one needs to overcome three main difficulties for downsizing of working volume: (i)

evaporation that becomes very severe at the nanoliter level if the water droplets are not

isolated from air, (ii) well-defined, preset positioning of the droplets in order to facilitate

observation, and (iii) precise control of the dimensions and monodispersity of the reactor

volume. In this presentation, I shall talk about the development of the smallest reaction

chamber array from a silicone elastomer, polydimethylsiloxane (PDMS), using

conventional microfabrication techniques and demonstrate single-enzyme assays using
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conventional fluorescent reaction kits [2]. We also undertook the challenge of revealing

the fundamental coupling efficiency of a molecular motor, F1-ATPase, using this technique

[3].

2. RESULTS AND DISCUSSIONS

Microfabricated PDMS sheet was prepared using conventional microfabrication techniques

(Fig. 1a). To introduce a sample solution inside the cavities, a droplet was sandwiched

between a microscope slide and the fabricated PDMS sheet, resulting in homogeneous

distribution due to capillarity. This step distributes a buffer solution among independent

reaction vessels (up to 105 per mm2), with each of them containing a few femtoliters of the

liquid solution. In the case of enzymes, the chamber allows the trapping of both the

proteins and their own substrate/products in the same chamber. Because of the extremely

small volume, a minute quantity of enzymatic products is sufficient for attaining detectable

concentration, and we can therefore expect to directly detect the individual activities of

isolated single enzymes.

We have demonstrated this idea using -galactosidase and horseradish

peroxidase (HRP) as model enzymes. A fluorogenic commercial activity assay mixture

was distributed over the whole array of 30 fL containers. After closing the containers, the

fluorescent intensity was measured simultaneously in approximately 300 chambers by using

a microscope. When the enzyme solution was diluted down to a ratio close to 1:1 per

chamber, it appeared that the brightness in the array was not homogeneously distributed

Figure 1. An electronmicroscopic image of a PDMS chambers with micron holes on its surface (a)

and a fluorescent image showing enzymatic activities of -galactosidase single molecules (b).

a b
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(Fig. 1b). More precisely, the intensity was quantized among a few discrete levels: dark,

medium, and bright chambers were easily distinguished. Statistical analysis confirmed

that each fluorescent intensity corresponds to 0, 1, 2, and 3 enzymatic activities. Thus,

single-enzyme detection was achieved using a simple and logical experimental setup.

We then turned to the more challenging experiment of a molecular motor protein,

F1-motor. F1 is a rotary motor protein which hydrolyzes three ATP molecules to make a

one turn of the rotation of the central rotary shaft (Fig. 2a). It was expected that when F1

is forcibly rotated in the reverse direction, it can reversibly synthesize ATP molecules at a

ratio of three to one turn. However, the estimated number of synthesized ATP molecules

generated by a single F1 molecule is extremely small. When the motor is turned at 10 Hz

for 1 min, the estimated number of ATPs was calculated to be only 1800 molecules, which

is approximately 3 ATPs per turn. In order to detect such a small amount of chemical

output, we enclosed single F1 molecules in femtoliter chambers and rotated reversely using

magnetic tweezers (Fig. 2b, Fig. 3). After the release of the magnetic field, the F1

molecules showed faster rotation, reporting the amount of synthesized ATP as their speed

increased. The total amount of synthesis was determined from the increment of the rotary

speed after the motor was released from the external magnetic field. It was revealed that

the motor is designed to couple the mechanical energy input into chemical out put with a

high efficiency, i.e., approaching 100%.

Figure 2. Crystal structures viewed from the top and the sides (a), and a schematic image of

magnetic tweezers (b). The F1-motor has the subunit composition of The catalytic

centers of ATP hydrolysis/synthesis are located in the three subunits, and the central subunit

rotates in the anticlockwise direction during ATP hydrolysis. To push the motor in the direction

of ATP synthesis, a magnetic bead was attached to the subunit and rotated in a clockwise

direction under the influence of a rotating external magnetic field.

a b
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3. CONCLUSIONS

In the above two sets of experiments, the feasibility of single molecule detection using the

femtoliter chamber was demonstrated. The experimental setup and logic are so simple

that the chamber would be compatible with a wide variety of detection methods, for

example, PCR or fluorescent correlation spectroscopy (FCS).
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ABSTRACT
The use of shear-driven flow for performing chromatography in a circular micro-channel

has been demonstrated. Previously, we presented the concept of introducing sample plugs
into a circular, shear-driven flow [1]. In this paper, we present an improved sample
injection geometry, stationary phase coating and developed Fourier Transform detection
methods. Injection of a sample plug into a circular micro-channel followed by driving the
sample through the channel, using shear-flow induced by a rotation stage is demonstrated.
A possible separation of two Coumarin dyes is presented using this system.

Keywords: Shear-driven flow, circular chromatography

1. INTRODUCTION
Shear-driven flow has previous been demonstrated by Desmet et al. to be highly suitable

for achieving rapid chromatographic separations in micro-fluidic channels [2]. High
pumping rates are possible with very little band broadening. Shear flow has also been
proposed for circular chromatography as no pressure of voltage gradient is required.
Circular chromatography is a means of overcoming the finite column length imposed by
pressure or voltage limitations and Fourier Transform detection techniques may also be
applied to circular systems to improve signal to noise. In this paper we describe an
improved setup for shear-driven circular chromatography applications using Fourier
Transform detection and present a possible separation of two Coumarin dyes using the
system.

2. THEORY
Shear-driven flow may be induced in a micro-channel in which the top or bottom wall

may be moved relative to the channel. It has been shown that when the channel width is
much greater than the depth, a linear flow profile is established and the mean fluid velocity
is simply half the speed of the moving wall [2].

wallm uu 2/1 (1)

When the depth of the channel is small, diffusion occurs quickly between the top and
bottom channels walls. Hence, very little band broadening can be achieved in a separation
system so long as the speed is small compared with the diffusion time.

3. EXPERIMENTAL
The ability to introduce a sample plug into the circular channel and maintain a closed

separation column after injection must be achieved. The design we present here is
described in Fig. 1. The bottom chip contains a 1mm wide, 15µm deep, donut-shaped,
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separation channel etched into a glass substrate (Fig.1.3). The diameter of the channel is
17mm, giving a total channel length of 53.4mm. A 1mm wide injection channel crosses the
separation channel at right angles. The top structure consists of a metal stationary bar,
which remains fixed during the rotation of the bottom plate and is attached to a cylindrical
PTFE block. The cylindrical block contains an identical channel to that in the glass chip to
allow shear flow when the bottom channel is coated with stationary phase. It also contains
two holes, allowing fluidic connections to be made to the injection channel in the bottom
plate. The stationary phase coating procedure has previously been described [3]. It is a
photo-polymerisation process of methyacrylate with stock RP-HPLC beads. Figure 2
shows a SEM image of the coated glass channel. For detection, an epi-florescent
microscope was used. The fluorescent light at 520nm from the Coumarin dyes could be
detected using a photomultiplier tube. Data from the PMT was acquired using a PICO
analogue-digital converter connected to PC. Fast Fourier Transform of the time domain
data was achieved using the Matlab software package.

Figure 1. Schematic representation of device assembly and injection system. (1) Metal bar and
cylindrical block with injection ports. (2) Complete assembly showing injection flow. (3) Bottom
chip containing injection channel and circular separation channel with stationary phase coating. (4)
Enlarged view of structure on the bottom face of the injection block. (5) Enlarged view of bottom
chip structure. Injection flow and shear induced flows are depicted by the arrows.

Figure 2. SEM image of the stationary phase coating inside the circular chip.

4. RESULTS AND DISCUSSION
Figure 3(a) shows a cyclic chromatogram from an injection of one Coumarin dye into

the circular channel without stationary phase coating. The period of rotation is 44 s. The
signal appears every 88 s (half the rotation speed) as expected from shear-flow theory [2].
Little band broadening is observed even after the 4th round. Figure 3(b) shows data
obtained from a fully retained sample in which the channel was coated with stationary
phase and the mobile phase ratio is methanol:water (30:70). Peaks appear every 44
seconds as expected. Figure 4 show FFT data of a chromatogram in which a mixture of
1 mM Coumarin 153/307 was injected into the channel coated with stationary phase. In the
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1/88 Hz frequency region, two peaks are observed showing the possible separation of the
two Coumarin dyes.

(a) (b)
Figure 3. (a) Data for a non-retained sample plug. (b). Data for a fully retained sample plug.
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Figure 4. FFT plot. Two peaks are observed at the 0.0113Hz (1/88s) frequency region.

5. CONCLUSIONS
An improved setup for shear-driven circular chromatography has been demonstrated

using Fourier Transform detection. A possible separation of Coumarin dyes has been
observed in the frequency domain, although this result needs to be confirmed. High
pumping rates at uniform speeds are attainable with this system with very little heat
production. Typical pumping rates of up to 1.423 mm/s ±2 µm/s were used in experiments
although much higher rates >14 mm/s are also possible.
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SCANNING TEMPERATURE GRADIENT FOCUSING
FOR SIMULTANEOUS CONCENTRATION AND

SEPARATION OF COMPLEX SAMPLES
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Malliaris, and Wyatt N. Vreeland
National Institute of Standards and Technology, USA

ABSTRACT
Temperature gradient focusing (TGF) [1] has been demonstrated to provide very high

resolution separations in very short microfluidic channels [2]. However, one potential
drawback to TGF and other counter-flow gradient focusing methods [3-6] is the limited
peak capacity; only a small number of analyte peaks ( 2-3) can be simultaneously focused
and separated. For many applications, it is necessary to separate and quantitate a large
number of components from a complex sample mixture. In this paper we report on a new
method that can be used with TGF to provide separations with both high resolution and
high peak capacity in short microfluidic channels.

Keywords: Temperature Gradient Focusing, Separations, Amino Acids

1. INTRODUCTION
Briefly, TGF works by balancing the electrophoretic motion of an analyte against the

bulk flow of buffer through a microchannel or capillary. A temperature gradient is applied
along the length of the channel and a buffer with a temperature-dependent ionic strength is
used to create a corresponding gradient in the electrophoretic velocity of the analyte.
Consequently, the bulk flow velocity and the electrophoretic velocity will sum to zero only
at a single point along the gradient and all of the analyte will move toward that zero
velocity point where it will accumulate or focus.

2. EXPERIMENTAL 
 Samples were fluorescently labeld with 5-carboxyfluorescein, succinimidyl ester (5-
FAM, SE) according to the following procedure: aspartame, Asp-Phe, Asp, and Phe
solutions (10 mmol/L each) were prepared in 100 mmol/L sodium borate buffer, pH 8.0.
Diet soda samples were degassed, boiled for 10 min, and then buffered to pH 8.0 with
sodium borate. 5-FAM, SE was dissolved in dry DMSO at a concentration of 100 mmol/L.
A volume of 990 L of each sample solution was combined with 10 L of 5-FAM, SE
solution, and the resulting solutions were shaken in the dark for 3 hours. Samples were
diluted 10,000 times into 1 mol/L Tris-Borate (TB) for TGF, and 1,000 times into 25
mmol/L sodium borate for CE.

The microfluidic device used for TGF was a fused silica capillary embedded between
polycarbonate sheets. The capillary device was thermally and mechanically anchored to
two copper blocks, which were spaced 5 mm apart and regulated at two different
temperatures to form a linear temperature gradient in the capillary. The capillary was
connected at one end to a polypropylene sample reservoir and on the other end to a waste
reservoir. High voltage was applied to the sample reservoir while the waste reservoir was
grounded. The counterbalancing bulk flow was primarily due to electroosmosis, but was
adjusted by precisely controlling the pressure applied to the waste reservoir. TGF
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separations were visualized using
fluorescence microscopy. All TGF
separations were performed in buffers
composed of 1 mol/L Tris and 1 mol/L
boric acid (1 mol/L TB).

Capillary electrophoresis (CE) was 
performed on a commercial CE system
with LIF detection. A 75 m i.d., 50 cm
long fused-silica capillary was used and
thermostated at 30 °C. Before use, the
capillary was coated with poly-N-
hydroxyethylacrylamide [7]. Separations
were carried out in 50 mmol/L pH 8.5
sodium borate buffer at –22 kV. The
sample was prepared by dilution in 25
mmol/L pH 8.5 borate buffer to facilitate
sample stacking, then introduced into the
capillary by electrokinetic injection for 5
seconds at -10 kV. The capillary was
rinsed for 5 minutes with running buffer
between each run.

3. RESULTS AND DISCUSSION
The new method reported here is

implemented by ‘scanning’ the bulk flow
rate over time, sequentially focusing
different ranges of analytes. The scanning
is accomplished by controlling the
pressure applied to the microchannel. The focused analyte peaks are detected as they pass a 
fixed detection point near the end of the gradient zone, giving a signal vs. applied pressure
plot that is similar to a conventional chromatogram. The scanning TGF method was
demonstrated using samples of diet soda containing aspartame (aspartyl-phenylalanine
methyl ester) and its degredation products aspartyl-phenylalanine (Asp-Phe), aspartic acid
(Asp), and phenylalanine (Phe). The samples were labeled with 5-FAM, SE to facilitate
fluorescence detection. The scanning TGF results were compared with CE results obtained
with the same samples using a conventional CE apparatus. To facilitate peak identification,
samples of pure aspartame, Asp-Phe, Asp, and Phe, were also labeled and separated with
both CE and scanning TGF. Figure 1 shows the resulting electropherograms and TGF scans
for those pure samples as well as a blank buffer sample (to identify free dye peaks).
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Figure 1. a. CE electropherograms of (from
bottom to top) blank buffer (hydrolyzed 5-FAM,
SE giving two free dye peaks), Asp, Phe, Asp-
Phe, and aspartame. Note that there is a
significant Asp-Phe peak in aspartame
electropherogram. CE conditions given in the
text. b. Scanning TGF data for the same samples
(in the same order). TGF conditions: 3 cm long
capillary, 30 m id, gradient 20 °C to 80 °C over
5 mm, -3000 V. The applied pressure was
scanned from 1400 Pa to 0 Pa at a rate of about
180 Pa/min. The intensity was monitored as a
function of the applied pressure at a fixed point
near the end of the gradient zone.
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text. b. Scanning TGF data for the same samples
(in the same order). TGF conditions: 3 cm long
capillary, 30 m id, gradient 20 °C to 80 °C over
5 mm, -3000 V. The applied pressure was
scanned from 1400 Pa to 0 Pa at a rate of about
180 Pa/min. The intensity was monitored as a
function of the applied pressure at a fixed point

ear the end of the gradient zone.n

The same analysis was then performed on diet soda containing aspartame. The soda was
boiled for 10 minutes to increase the fraction of degraded aspartame, and then it was
labeled following the same procedure used for the pure samples. The results are shown in
Figure 2. The CE electropherogram shows a large peak for aspartame, a relatively small
peak for Asp-Phe, and two small blips that may or may not be peaks at the times
corresponding to Asp and Phe. A fast TGF scan (Figure 2(b), bottom curve) gave
essentially the same result. However, with the scanning TGF method the scan could be
repeated with the same sample at a slower scan rate (Figure 2(b), top curve) to improve the
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detection limits and verify the presence of the Asp and Phe peaks.

4. CONCLUSIONS
There are a number of advantages to this new TGF method. First, it gives an increased

peak capacity as a large number of analytes can be sequentially focused and detected.
Second, because a constant scan rate effectively injects and focuses each analyte for a
controlled amount of time, separations are more repeatable and quantitative. Peak areas
(which are proportional to the sample concentration) have a typical reproducibility of 10%
or better. Third, it simplifies the detection scheme required for the technique, making it
compatible with single point LIF and UV absorbance detection typically used with CE.
Arguably, the most important advance offered by scanning TGF is the ability to adjust
detection limits as needed by changing the scan rate.
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Figure 2. a. CE electropherogram of boiled diet
soda sample. Conditions given in text. b.
Scanning TGF data for the same sample. The
bottom curve is a fast scan (180 Pa/min). The top
curve is a slower scan of the same sample (30
Pa/min) The aspartic acid and phenylalanine were
below the detection limit for the fast scan (and
CE), but could be detected with the slower scan.
The samples were labeled with 5-FAM, SE for
fluorescence detection. TGF conditions same as in
Fig. 2.
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CONTINUOUS PI-BASED SORTING OF PROTEINS AND
PEPTIDES IN A MICROFLUIDIC CHIP USING

DIFFUSION POTENTIAL
Yong-Ak Song and Jongyoon Han

Massachusetts Institute of Technology, Department of Electrical Engineering and
Computer Science and Biological Engineering Divison

ABSTRACT
A novel continuous pI-based sorting technique has been developed for proteins and

peptides. It can continuously process samples at a relatively high flow rate of 10 L/min
and requires no ampholytes. The electrophoretic field required for the separation of
biomolecules is generated by the diffusion of different buffer ionic species in-situ at the
laminar flow junction. Using this diffusion potential, a pI-based separation of proteins and
peptides has been successfully demonstrated. The resolution of the sorting technique and its
efficiency were characterized by fluorescence intensity measurement, as well as by 2D
protein gel electrophoresis.

Keywords: Diffusion potential, protein separation, transverse IEF, continuous free-
flow electrophoresis 

1. INTRODUCTION
Isoelectric focusing (IEF) is a widely used fractionation technique for this purpose,

either as a part of protein 2D gel electrophoresis or as a standalone fractionation technique.
There have been several attempts to adopt IEF into microchip format, either by
miniaturizing capillary IEF directly [1] or as a continuous-flow format to obtain high
throughput [2, 3]. In either case, IEF separation on chip requires carrier ampholytes buffer,
which will interfere with downstream analysis. In this work, we developed a simple
microfluidic chip that can sort biomolecules based on pI values (equivalent to IEF) in a
simple buffer system, utilizing the diffusion potential at the laminar flow junction. Yager et
al. previously demonstrated the migration of fluorescein through the liquid junction using
the diffusion potential [4], but a separation of two species was not explicitly demonstrated
as in this work.

2. THEORY
The diffusion potential or liquid junction potential can be generated between two

solutions of the same electrolyte at different concentrations. It is calculated as follows:

2

1log)(
c
c

F
RTtt (1)

In case of c1/c2= 200 of NaCl solution, the diffusion potential is = 0.22*25.69mV*log
(200/1) = 13mV. While this is relatively small, it can produce a significant electrical field
across a thin laminar flow liquid junction. The molecules streaming far away from the
junction region can be transported toward the junction region, and then get trapped as
shown in Figure 1.
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3. EXPERIMENTAL
All experiments were performed in microfluidic channel made of polydimethylsiloxane

(PDMS) (Sylgard 184, Dow Corning Inc., Midland, MI). The separation channel was
100~200 m wide, 1000 m long and 20 m deep. The pressure-driven sodium phosphate
buffer at different pH values enters the channel through 1/16-in. Teflon tubing. Four IEF
markers (Sigma-Aldrich, St. Louis, MO) with pI’s of 5.1, 5.5, 6.2 and 7.2 were used for the
experiment. As protein samples, recombinant GFP (BD Biosciences, Palo Alto, CA) and
FITC-labeled ovalbumin (Molecular Probes, Eugene, OR) were used.

4. RESULTS AND DISCUSSION
Using the hydrodynamic focusing, the sample flow was focused in the center of the

channel while the two sheath buffers were used to focus the sample flow. Figure 1 A)
shows a schematic of the diffusion-potential-driven separation with the corresponding
potential profile. According to this potential profile, the negatively charged pI marker 5.1
migrates to the middle of the channel, while the positively charged pI marker 7.2 migrates
to the outer boundaries of the sample flow. As result, three stacking lines can be seen in the
separation channel.

Figure 1. Schematic view of the pI-based sorting process, a) separation of two pI markers with pI
values of 5.1 and 7.2 using diffusion potential at a concentration difference of 100 and at a flow rate
of 5 L/min, b) separation of GFP and FITC-labeled ovalbumin in a sample buffer with pH 5.0 at a
concentration difference of 500 and at a flow rate of 9 L/min.

The same approach was also applied to a separation of two proteins, GFP (pI ~4.9,
5 g/mL) and FITC-labeled ovalbumin (pI ~5.1, 5 g/mL). In a 1 mM phosphate buffer with
pH 5.0, the negatively charged GFP is focused in the middle of the channel, while the
positively charged ovalbumin is stacked at the boundaries of the sample flow, Fig. 1 B). To
characterize the efficiency of the sorting process, the fluorescence signal intensity across 
the channel was measured in case of pI marker 6.2. It shows a single peak in the center of
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the channel which indicates a high efficiency of the sorting process, Fig. 2. The sorting
resolution pI was determined to be within ~0.1 pH units, Fig. 3. The sorting efficiency of
this device has also been checked by protein 2D gel electrophoresis.

Fig. 2 Fluorescence intensity of pI marker 6.2 in a pH 5.5 sample buffer at a flow rate of 5 L/min

Fig.3 Characterization of pI resolution. When the sample buffer pH was 5.25, the molecules were
focused in the middle of the channel (a) and focused on the right side of the channel (b) at pH 5.35

5. CONCLUSIONS
A novel continuous pI-based separation technique has been developed using the

diffusion potential. It was achieved by using two or three buffer flows with different ionic
strengths. Using the diffusion potential simplifies the design of the device drastically and
allows simple integration with downstream detectors. A high throughput of the proteomic
sample preparation at a typical flow rate between 1~10 l/min allows a high economic
viability.
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OPTOFLUIDIC MICROSCOPE
-A MINIATURE MICROSCOPE ON A CHIP

Xin Heng1, David Erickson2, Demetri Psaltis1, Changhuei Yang1
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2Cornell University, Ithaca, NY, 14853
ABSTRACT

We study the performance of an on-chip optical microscope (namely, optofluidic
microscope, OFM) by using it to image two types of micro-organisms - Chlamydomonas
and C elegans. By defining a nanohole array pattern underneath microfluidic channel, the
transmission image and the geomerical structure of the biological sample that travels across 
the micro channel can be reconstructed with high resolution.

Keywords: Optofluidic microscopy, Microfluidic transport, Nano-photonics

1. INTRODUCTION
The developments of microfluidic technologies and the appearance of new applications

of microfluidics in life science and chemistry research[1] have been rapid during the past
decade. The concept of a multifunctional lab on a chip is becoming more and more
promising due to the state of the art fabrication technology and masterly manipulation of
fluid flow at micron or even sub-micron level. However, the optical analysis in
microfluidics still relies on the use of a benchtop microscope or a spectro-phtometer, thus
limiting the miniaturization of the lab on a chip and its ultimate compactness.

By defining a nanohole array on an opaque
film that is sandwiched between a micro
channel and a linear array chip, a truly 
portable microscope on a chip can be built.
We call this implementation – an optofluidic
microscope(OFM).

In this paper, we will show images of two
model animals - chalmydomonas and C.
elegans, that are acquired with our OFM
prototype.

2. METHODS
Fig. 1(b) shows an overview of

fabrication and assembly procedures. We
begin by depositing an opaque metal layer
(Au or Al) on ultraclean glass substrate.
Next, a slanted nanohole array is patterned on
PMMA 495 by E beam lithography (Leica
VB6) and transferred onto metal layer by dry
etching or ion milling (e.g. Fig1.(c) is a SEM
photograph of two adjacent holes drilled in
aluminum film. The hole diameter is about 300nm). A Microfluidic channel is aligned with
the nanohole array so that it fills the full width of the micro channel (Fig. 1(d)). Fig.1 (a)
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Fig.1: (a) First OFM prototype VS. a US quarter; (b) Schematic of
fabrication and assembly; (c) SEM picture of two adjacent holes drilled on
Aluminum film (89nm thick) with hole diameter approximately 300nm; (d)
Microscope picture of the slanted nanohole array aligned across the full
width of the micro channel
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displays our OFM prototype that has a size comparable to a US quarter. The fabrication of
the microfluidic circuitry is accomplished by replica molding with PDMS.

Microfluidics is utilized to transport the biological sample across this nanohole array 
region, while individual nanohole takes a fine line scan across the sample. The optical
resolution of this nanohole based system is determined by the hole’s size in near field[2].
That is to say, nanoholes of diameter about 50nm would be able to deliver an optical
resolution about 50nm if the sample can be successfully brought into sufficient proximity 
with the nanohole plane. Even in a far field regime, the size of the nanohole still plays a
significant role in determining the hole array’s resolving ability. A simple optical
diffraction calculation[3] shows that with a coherence source at =532nm, nanoholes of
diameter about 300nm can deliver a resolution of similar dimension as the hole size when
the sample is about 5 microns away from the nanohole plane.

On the micrometer scale, fluid flow and sample transport can be accomplished with
numerous techniques, among which pressure driven flow, electrokinetic transport and
discrete droplet translation via electrowetting are commonly applied (see a comprehensive
review article by Stone et al. [4]). While the geometry of the multilayer OFM device can be
defined with a very high accuracy, its microscopy performance will also be limited by the
vertical and horizontal stability of the targets. The pixel size of the image in the direction
vertical to the flow direction would be decided by adjacent hole’s separation projected onto
that direction. In the case of C. elegans experiments, the channel width is 50 micron, and
about 100 holes fill the entire cross
section of the channel, therefore, the
pixel size in this direction could be as
small as 500nm. The pixel size in the
direction of fluidic flow is proportional
to target’s moving speed and the linear
array’s acquisition time. For example, if
the target flows at 0.5 mm/sec across 
ths nanohole array, and the detector
functions at 5KHz, then the resolution
in this direction can be as high as
100nm.

3. EXPERIMENTAL RESULTS 
 Two test objects are examined in our
current experiment setup –
Chlamydomonas and C. elegans.
Chlamydomonas is a single-cell green
alga, roughly spherical in shape and
ranging from 10-20 m in diameter; it
has been widely used to study the
physiology and genetics of
photosynthesis due to its large population size and short generation time. Driving a
microscopic Chlamydomonas across the micro channel is relatively easy; a large population
of samples are dropped into the sample reservoir and a syringe pump iniates the flow by
pulling fluid from the waste reservoir. Once the microflow is initiated, the pump is turned
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Fig. 2 (a) Experimental setup for C. elegans where the stage is
tilted toward the ground; (b) Experimental setup for
chlamydomonas imaging and the OFM chip is laid horizontal
to ground; (c) transmission time traces of two individual holes.
Green curve represents the case where that particular hole was
not covered by any part of Chlamydomonas and red curve
represents the hole that indeed took a line scan cross the sample
as it passed by
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off and the samples in the channel are driven by pressure difference between sample
reservoir and dump reservoir. Fig. 2 (b) shows the experimental setup for chlamydomonas
imaging where an inverted microscope and a Princeton Instruments Spec-10 100 CCD
camera is used to test this initial prototype. Note that this setup should not affect the super
resolution but it does not make for a portable device. The reconstructed chlamydomonas
image is shown in Fig.3(a) as compared with a real chalmydomonas at Fig.3(b). The fine
structure has yet to be reconstructed simply because the sample flowed at ~ 0.74 
mm/second which renders a pixel size at about 1.57 micron in flow direction. A better
construction of microflow control is under investigation and elimination of this
undersampling problem is accomplishable.

Comparatively, C. elegans is a far more interesting animal model not only because its 
genome possesses high similarity with that of human being, but also because its simple
structure is amenable to lab research.

In our experiment, we use C. elegans of a diameter about 20µm and of a body length
approximately 250-300µm. Experiment setup like Fig.2(a) is taken where the stage is tilted
almost upright and the worms flow downstream by gravity. The long channel (length over
1.5cm) ensures that the worms reach a steady speed when they pass the region of nanohole
array. In constructing Fig 3(C), one
worm passed by the region of interest
at about 1.57mm per seond which
gives a pixel size in flow direction at
about 3.4 micron. As compared with
real worm image (Fig.3c ), the body
shape and dimension of the worm is
replicated successfully although the
undersampling issue limits the quality 
of the image and a real fine resolution
image is not regenerated at this time.
Currently, we are working out a
relationship between transport speed
and the stage’s tilting angle. At the
same time, some other solutions such
as KOH, and BSA are tested so that
we can get the best microflow control
platform.

If the body geometry of the
cC.elegans at different stages or with different mutations can be accurately rendered, it can
give a very active contribution to studing C. elegan’s developments. Later on, when C.
elegans’ organ is intentially tagged with fluorophores like GFP, a fluorescence OFM
microchip can be built up to quantify the integrated fluorescence level with a very high
throughput.

4. CONCLUSIONS
In this paper, the design of a multilayer OFM device is explained and successfully

replicated by using nanofabrication techniques. OFM’s operating principle is confirmed
with two testing objects. More work has been undertaken for a better control over the

10µm10 µm

(c) (d)

30 µm

(a) (b)

Fig. 3 (a) Reconstructed image of an individual chalmydomonas
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Princeton instruments Spec10-100). The top part is the micro
channel’s wall.
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sample transport rate. OFM device has a very important application in high-throughput
sample imaging.
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ABSTRACT
An implantable and dual functional needle-type microprobe (500 m o.d.) composed of a

microdialysis probe and 13 optical fibers was designed and constructed (combo-
microprobe). This combo-microprobe is capable of in vivo neurochemical delivery/analysis
and photoenergy transmission /detection. The combo-microprobe was implanted into
anesthetized rat brains and was used to simultaneously observe the cerebral ischemia-
induced increase in extracellular glutamate concentration, which was performed by the
microdialysis perfusion and analysis; and the increase in blood brain barrier permeability,
which was performed by the optical fibers to monitor the extravasated fluorescent
nanospheres. This combo-microprobe can be applied to various in vivo biomedical
investigations in the future.

Keywords: implantable microdevice, fiber optics, microdialysis, fluorescent
nanospheres, anesthetized rat, cerebral ischemia

1. INTRODUCTION
Implantable microdevices have been intensively developed for diagnostic, monitoring,

and delivery purposes in living subjects, including the applications toward central nervous
system (CNS). For example, microdialysis probe can be implanted into brain and serve as a
minimally invasive method for the sampling and monitoring of extracellular neurochemicals
such as the excitatory amino acid glutamate; as well as serve as a tool for the delivery of
therapeutic drugs. It is a common tool for in vivo investigations on brain disorders,
including cerebral ischemia. Implantable fiber optics can be used for in vivo monitoring of
the extrinsic and intrinsic fluorescent dyes or markers. For example, it had been used to
monitor the extravasation of pre-administered fluorescent nanospheres due to the increased
blood-brain barrier permeability following cerebral ischemia [1]. Never before has it been
attempted to integrate these two techniques together such that simultaneously fiber optic
probe can provide channels for the photoenergy transmission/detection; while microdialysis
can be used for the neurochemical delivery/analysis in a specific organ under physiological
stimulation.
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A schematic view of this microprobe is showed in Figure 1, which was composed of a
microdialysis probe in the center, and surrounded by 13 optical fibers, with diameter of 50
m each. Together they were catheterized into a thin wall stainless steel tube with an outer
diameter of ~500 m and inner diameter of ~350 m. The stainless steel tubing provided a
4mm length opening at both sides of the distal end, allowing dialysis membrane and the
optic-fibers exposure to the surrounding tissue interstitial fluid.

Series of in vitro characterizations for the combo-microprobe were performed where
measurements of fluorescent intensity and microdialysate were taken either individually in
solutions consisted solely fluorescent nanospheres with various concentrations (Figure 2A);
or solely glutamate with various concentrations (Figure 2B); or simultaneously in
heterogeneous mixed solutions of nanospheres and glutamate with various concentrations
(Figure 2C). The combo-microprobe was then implanted into the cortex to monitor the in
situ extravasation of pre-administered fluorescent nanospheres (2.6x1014 nanoshperes / ml x
1 ml) from the cerebral vasculature, and the level of glutamate following the cerebral
ischemic insults (Figure 3). Models of ischemic insult were described else where [1].

3. RESULTS AND DISCUSSION
The optical fibers and the microdialysis probe in the combo-probe showed linear dose-

dependent responses when the combo-probe was placed in nanosphere solutions alone
(Figure 2A), glutamate solutions alone (Figure 2B), or mixed solutions of both nanospheres
and glutamate (Figure 2C). These results demonstrated the functionality of the combo-
probe.
The combo-probe was implanted into anesthetized rat brain and employed to monitor the

extravasation of pre-administered fluorescent nanospheres from the cerebral vasculature,
and to monitor the extracellular glutamate concentrations following the cerebral ischemic
insult, (Figure 3). An immediate increase of the fluorescent intensity was detected from the
extravasated fluorescent nanospheres (continuous line), as well as an increased glutamate
level (dotted-line) was observed following the cerebral ischemia.

4. CONCLUSIONS
To our best knowledge, this is the first implantable microdevice capable of

simultaneously monitoring the in vivo dynamic changes of blood-brain barrier permeability
and extracelluar glutamate accumulation following the cerebral ischemia. The technique
can be a powerful tool investigating the efficiency of site-specific nanosphere drug delivery,

Figure 1. (A) Schematic drawing
for the design of the combo-
microprobe. (B) Fiber optic array.
(C) Side view of the 4 mm window.

2. EXPERIMENTAL
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as well as real-time on-site evaluation of the endogenous or exogenous compounds as result
of the specific physiological stress / changes.
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Figure 3. The combo-microprobe implanted
into the anesthetized rat brain to simultaneously
monitor the extravasation of pre-administered
fluorescent nanospheres (continuous line) from
cerebral vasculature, and the level of glutamate
(dotted line) following the ischemic insults.
N is the time point for injection of
nanosphere solution. L is the time point for
cerebral ligation.

Figure 2(C). in vitro simultaneous
measuring of nanosperes and glutamate. A is
5 M glutamate + 1.625 x 1012 nanospheres /
ml, B is 25 M glutamate + 3.25 x 1012

nanospheres / ml, C is 50 M glutamate + 6.5
x 1012 nanospheres / ml, and D is 100 M
glutamate + 1.3 x 1013 nanospheres / ml

x 1011 Nanoparticulates / ml
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ABSTRACT
Thermal lens microscope (TLM) is a kind of absorption spectrometry with a sensitivity

of single molecules in fL detection volume. In this paper, we report a newly functionalized
TLM for selective and sensitive detection of chiral samples. We developed a circular
dichroism (CD) thermal lens microscope by light phase modulation. We verified the basic
principle and achieved two orders higher sensitivity than CD spectrometer.

Keywords: thermal lens microscope, circular dichroism, non-fluorescent molecules

1. INTRODUCTION
Microchip systems have been mainly applied in analytical fields, but systhesis on

microchip is also significant and under development in medical and fine-chemical fields.
For medical fields applications, one of the problem is rack of a sensitive chiral detector for
high throughput synthesis and screening of enantiomeric drugs. Previously, we have
reported a development of a thermal lens microscope (TLM) for sensitive detection of non-
fluorescent samples, and TLM has been proved to have comparable sensitivity to LIF
method and wide applicability to spectrophotometric method.[1] In addition, we reported a
TLM with ultraviolet excitation and a portable TLM for a practical use.[2] However, the
basic function was limited to quantitative detection of concentration, and selective chiral
detection was not achieved. In this presentation, we extended the functions of TLM for
selective and sensitive detection of non-fluorescent chiral samples for the first time by
circular dichroism (CD) and polarization modulation of excitation beam: CD-TLM. We
reported the details of CD-TLM system and evaluation of the performance. Two orders
higher sensitivity was achieved than CD spectrophotometer. The applicability of CD-TLM
was verified.

2. EXPERIMENTAL
The principle of CD-TLM is illustrated in Figure 1. Compared with intensity

modulation in previous TLM (Figure 1(a)), phase of linear-polarized excitation beam (532
nm, 100mW) was modulated at ~1 kHz with an electro-optical modulator (pockells cell)
and a function generator, and the left- and right-handed circular-polarized beams were
generated (Figure 1(b)) periodically. The excitation beam was focused to sample in a
microchannel (250 m wide ×100 m deep) by an objective lens (NA 0.2), and each
circular beam generated thermal lens effect (TLE) periodically depending on CD of the
sample. A probe beam was coaxially introduced to the sample and was converged by TLE.
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The probe beam passed through a pinhole, and the change of the transmittance by TLE was 
measured with a photodiode connected to a lock-in amplifier. The amplitude corresponds
to difference of concentration between the enantiomers, and the phase corresponds to
chirality of excess enantiomer. Consequently, the amplitude and phase of the lock-in
amplifier was utilized for selective and quantitative detection of chiral samples. Aqueous
solutions of [( )Co(en)3]3+I3

- complex were used as samples.
(a) Previous TLM

(intensity modulation)
(b) CD-TLM

(polarization modulation)

Sample
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Figure 1. Principle of (a) previous TLM, (b) CD-TLM

3. RESULTS AND DISCUSSION
Firstly, we compared the thermal lens signals for intensity and polarization modulation

as shown in Figure 2. For intensity modulation, approximately same signals (S: 407 V)
were obtained for racemic, pure (+)-Co(en)3

3+ and pure ( )-Co(en)3
3+ samples (Figure 2(a)).

On the other hand, the signal of racemic sample decreased to <1 V for polarization
modulation (Figure 2(b)). The g-factors defined as S(phase modulation)/S(intensity
modulation) 100% were determined as 2.6% for (+)-Co(en)3

3+ and 2.9% for ( )-Co(en)3
3+,

and the values were almost same as CD spectrophotometer (2.9% and 3.2%). Therefore,
the thermal lens signals were proved to be CD based signals.
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Next, we investigated a limit of detection (LOD) for pure chiral samples as shown in
Figure 3. The signal intensity showed linear dependence on the concentrations for both
enantiomers. The phases clearly showed 180 deg. difference showing CD effect. LOD
(defined as S/N=2) was calculated as 9.4 10-5 M (2.6 10-7 Abs.) for ( )-Co(en)3

3+ sample
and 6.3×10-5 M (1.9×10-7 Abs.) for ( )-Co(en)3

3+ sample. The sensitivity was more than
two orders higher than CD spectrophotometer (4.0 10-5 Abs.). Finally, LOD of
enantiomeric excess (e.e.) was evaluated as shown in Figure 4. The e.e. value was difined
as (C( C( ))/(C( +C( )) 100%, and the exact values were determined by a CD
spectrometer. As a result, 180 deg. defferences were also observed for phase signals. The
LOD was calculated as 1.77% (8.5×10-7 Abs.) for ( )-Co(en)3

3+ sample and 1.65% (8.5×10-

7 Abs.) for ( )-Co(en)3
3+ sample. More than one order higher sensitivity was obtained than

CD spectrophotometer. The applicability of CD-TLM for microchip was verified.

Figure 3. Dependence of signal intensity
and phase on the concentration
of [Co(en)3]3+I3

-

Figure 4. Dependence of signal intensity and
phase on the enantiomer excess
(e.e). The minus value of e.e.
means ( )-Co(en)3

3+ domination
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ABSTRACT
The present paper introduces new on-chip separation methods based on the charge-

selectivity of Pyrex nanochannels. A quantitative study of this permselectivity is presented

and the ability to perform in-flow separation and concentration of charged species with

such structures is demonstrated.

Keywords: Nanofluidics, Charge-selectivity, Separation, Preconcentration

1. INTRODUCTION
The charge-selectivity of nanometer-sized apertures is a usual phenomenon in life

science and membrane science. Indeed, some passive ionic channels with charged residues

in their lumen have been proven to be either cation or anion selective [1], whereas salt

rejection properties of nanoporous membranes are widely used for water purification

applications. This property of nanochannels could be of high interest for µ-TAS

applications, but has seldom been used until now since the first integrated nanofluidics

structures were only realised in the last few years [2].The purpose of the following paper is

to give a quantitative proof of this charge selectivity for integrated nanostructures and to

illustrate the potentialities of such systems for the separation and the preconcentration of

charged species on chip.

2. THEORY
The theoretical analysis of the charge-selectivity of nanochannels for the diffusion

transport of charged species has previously been reported in more details [3].This property

is due to surface charges that form at the liquid-solid interface. These charges interact

electrostatically with ions in solution and exclude co-ions from the nanometer-sized

aperture, whereas a counterion enrichment occurs in the channel in order to ensure the

overall electroneutrality of the nanochannel. This Exclusion-Enrichement Effect (EEE) can

easily be quantified when no pressure gradient or electric field is applied through the

nanochannel. Using the Poisson-Boltzmann equation, one can calculate the exclusion-

enrichment coefficient at the equilibrium, which is the ratio between the ionic

concentration inside the channel over the bulk concentration:

0

cosh(( / 2 ) / )1
exp( / )

cosh( / 2 )

h
pore D

bulk D

C h zq
C h h

kT dz (1)

Where h is the smallest dimension of the nanochannel (the height in the case of the

nanoslits), q is the charge of the ionic species considered, is the zeta-potential at nanoslit
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walls, D is the Debye screening length (electrical double layer thickness) and kT the

thermal energy. This coefficient can be approximated when considering that the potential is

constant ( D>>h) in the entire nanochannel. In that case, the exlusion-enricment coefficient

is given by the Donnan equilibrium, where is the constant potential inside the

nanochannel:

q
kT

donnan e (2)

This relation has often been used for the description of non equilibrium phenomena, as

conductance measurements of biological ionic channels, or salt rejection experiments with

nanoporous membranes. This approximation, even if not justified in such active transport

experiments, gives an idea of how the charge-selectivity of such structures is exponentially

increasing with the charge q of the considered analyte.

3. EXPERIMENTAL STUDY OF THE CHARGE SELECTIVITY FOR THE
DIFFUSION, APPLICATION TO IN-FLOW PURIFICATION.

Two types of nanostructures with different widths were studied. For the diffusion

experiments, the system (Figure 1) consisted of 2 parallel microchannels connected by a 50

nm high nanoslits (2 mm in width). The diffusion of charged fluorescent probes through the

nanoslit was investigated for different ionic strengths of the solvant. During the diffusion

phase, the fluorescence intensity in both microchannels equilibrated (Figure 2). The

Typical Diffusion Time (TDT) was extracted from the mono-exponential decay of intensity

difference between the microchannels. As this TDT is inversely proportional to the

permeability of the nanoslits, it was possible to deduce the relative permeability of the

nanoslits for fluorescent probes with different net charges as a function of KCl

concentration (varying from 1 M to 10-5 M). Figure 3 illustrates the high permselectivity of

the Pyrex nanoslit at low ionic strength: low relative permeability for anionic dyes

corresponds to slower diffusion (low TDT) whereas high relative permeability for cationic

dyes corresponds to faster diffusion (high TDT). The permselectivity was also shown to be

tunable by chemical pretreatments of the Pyrex surface in the nanoslit.

With such structures, the in-flow purification of rhodamine B (neutral) from a

fluoresceine-rhodamine mixture was demonstrated: when a slow flux is established in the

microchannels, fluorescein (anionic) cannot migrate through the nanoslit because of the

electrostatic exclusion, whereas rhodamine B can easily diffuse in the other microchannel,

even at low ionic strength. Repeating this extraction process can lead to a purification with

a high selectivity.

4. CHARGE SELECTIVITY FOR ACTIVE TRANSPORT, APPLICATIONS TO
PRECONCENTRATION AND SEPARATION PROCESSES

The fluidic network allowed to establish a pressure gradient through narrow

nanochannels (approximately 2 µm in width). Rejection properties of nanochannels have

been tested at ionic strengths ranging from 10-5 M to 10 mM for fluorescein (10 µM

concentration). The transport of fluorescein is hindered by the charge selectivity of the
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nanochannel, which leads to an accumulation of fluorescent dyes at its entrance. Figure 4

illustrates the dependance of the accumulation with the ionic strength of the solution. It

suggests that rejection rates increase with lower salt concentration as the electrical double 

layer fills the nanopores, which is qualitatively coherent with diffusion experiments.

However, the charge selectivity is quantitatively reduced by the streaming potential 

forming through the nanochannel, which increases the anionic flux. These rejection

properties can either be used on µ-TAS for preconcentration applications or for separation

processes. If a mix of different molecules is forced through a series of nanoslits, the

different rejection rates should result in different averaged velocities for the charged

molecules, which would be a novel chromatographic method based on electrostatic

exclusion.

Such a structure could also be used with an electric field as driving force instead of the

pressure gradient. Figure 5 shows a similar preconcentration process that occurs at the

entrance of a cation-selective nanoslit when a voltage is applied through the nanopore [4].

The preconcentration rate appears to be higher than for pressure driven preconcentrations,

which can be explained by the electro-osmotic flow that competes with the electrophoretic 

force at the nanoslit entrance and the higher electrophoretic flux that brings charged species

at the nanochannel entrance. However, this electro-osmotic flow is difficult to control (it 

depends on the fluidic resistance before and after the nanoslit, on the zeta potential in the

microchannels, on the ionic strength, etc..) and we observed the preconcentration region

breaking near the nanochannel, which was attributed to a greater electro-osmotic flow.

5. CONCLUSIONS
The charge-selectivity of nanofluidic structures is a precious tool for µ-TAS. The

quantitative study of the EEE is now possible on single, integrated structures. Theoretical

and experimental work has to be performed in order to confirm the potential of

nanochannels for the purification, separation and preconcentration of charged species on

microchips. If the quantitative approximation given by the Donnan equilibrium can be

confirmed (Eq.2), the exclusion rate for highly charged proteins should be even greater

than those reported here for fluorescent dyes, which would bring new solutions for on-chip

proteomics.
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Figure 1. Geometrical description of the system. The

SEM picture in (a) shows the cross section of a typical

nanoslit connecting 2 microchannels. The nanoslit was

anodically bonded using a 50 nm high layer of

amorphous silicon, which serves as a spacer as shown

in (b). The dynamic flow phase and the static phase

during which diffusion was studied are represented on

the top view in (c).

Figure 3. Variation of the relative permeability of a

nanoslit versus ionic strength for different probe

charges. Markers represent experimental measurements

whereas dotted lines are calculated values obtained with

a theoretical model based on the Poisson-Boltzmann

equation.

Figure 2. Experimental determination of the typical diffusion time. Fluorescent probe concentrations in the

microchannels equilibrate in a few seconds depending on the permeability of the nanoslit situated between the

microchannels. The typical diffusion time (7.2 s in this example) was obtained by fitting the exponential decay of

the intensity difference.

Figure 4. Fluorescein preconcentration at the

entrance of the nanochannel when a pressure

gradient forces water through the channel. No

preconcentration occurs above 10-2 M of KCl,

whereas preconcentration rate increases with larger

electrostatic interactions (low ionic strength).

Figure 5. Fluorescein preconcentration. (a) Top and

bottom channels are filled with Fl2- and connected

through a nanochannel. (b) When an electric field is

applied, Fl2- is attracted to the bottom channel

(anode) but stopped at the nanochannel entrance.

(c,d) With time, concentration occurs .



ON-CHIP PRECONCENTRATION OF PROTEINS FOR
PICOMOLAR DETECTION IN ORAL FLUIDS

A.V. Hatch1, A.E. Herr1, D.J. Throckmorton1, J.P. Brennan1, W. V.
Giannobile2, A.K. Singh1

1Sandia National Laboratories, Livermore, CA, USA
2School of Dentistry, University of Michigan, Ann Arbor, MI

ABSTRACT
We report an automated on-chip clinical diagnostic that integrates analyte mixing, pre-

concentration, and subsequent detection using native polyacrylamide gel electrophoresis
(PAGE) immunoanalysis. Sample proteins are concentrated > 100-fold with an in situ
polymerized size exclusion membrane. The membrane also facilitates rapid mixing of
reagents and sample prior to analysis. The integrated system was used to rapidly (minutes)
detect immune-response markers in saliva acquired from periodontal diseased patients.

Keywords: Gel Electrophoresis, immunoassay, preconcentration, protein separation

1. INTRODUCTION
Detecting protein markers in human biological fluids is paramount to identifying disease

states [1]. Many key protein markers are present in low abundance and, thus, typically
require lengthy solid-phase immunoassays (ELISA, protein microarrays) for detection. We
report an integrated clinical diagnostic for rapid detection of protein markers. While our
group has recently reported rapid detection of protein markers using chip-based PAGE
immunoassays [2], detection limits (sub-nanomolar) were not adequate for screening low-
abundance disease markers [1]. By incorporating size-exclusion membranes, we have
extended the PAGE immunoassay detection limit by > 2 orders of magnitude. The coupled
approach allows rapid identification (<10 minutes) of protein markers in human saliva at
clinically-relevant concentrations (to < 10-12 M).

Previous reports have demonstrated rapid concentration (> 100-fold) of proteins on-chip
[3-4]. We report on an integrated pre-concentration technique that: 1.) allows robust
analysis of complex biological samples, 2.) enables straightforward integration of pre-
concentration with PAGE immunoassay techniques, and 3.) allows ready optimization of
size-exclusion limits. Constraints on device materials and fabrication are relaxed for in situ
polymerized membranes, as compared to geometrically-defined preconcentration.

2. EXPERIMENTAL 
 With the exception of the size exclusion membrane, glass chip fabrication was as
described previously [2]. The surface of the etched microchannels (100 m x 40 m deep)
was coated with an acrylate-terminated layer to anchor the gels. Crosslinked gels were
polymerized in situ by loading solutions of acrylamide/bisacrylamide monomer containing
0.2% VA-086 photoinitiator and exposing to UV light. Narrow (~30-50 m) cross-linked
polyacrylamide membranes were defined with a shaped laser beam (apparatus described by
Song [1]). Unpolymerized monomer (15-27%T) was flushed from the device and replaced
with lower percentage acrylamide solution (6-8%T) that was subsequently
photopolymerized to form the sieving gel (Figure 1). The instrumentation used for
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experiments has been described previously [2]. Laser-induced fluorescence (LIF) was used
for sensitive detection of immunoassay separations. Fields of 150 V/cm and 350 V/cm
were applied for the preconcentration and separation steps respectively using
programmable power supplies fabricated in-house. Commercially available monoclonal
IgG antibodies were labeled with Alexa Fluor 647 (Molecular Probes). Patient samples
were collected at the University of Michigan and stored at -40 C until use. Tris/glycine
(BioRad) was the run buffer for electrophoresis.

Figure 1. Bright field image of a polyacrylamide size-exclusion membrane in a glass microchip.
Lines show direction of electric fields applied for (1) sample concentration step and (2) elution and
PAGE separation. A 6% polyacrylamide sieving gel is photopolymerized in the separation channel.

3. RESULTS AND DISCUSSION
Four disease biomarkers (IL-6, IL1 , TNF , and CRP) were detected in human saliva at

concentrations (1-500 pM) undetectable without pre-concentration. The membrane served
to concentrate the biomarkers and, additionally, enabled rapid mixing of reporter molecules
and sample – expediting sample preparation, conserving device real estate, and allowing
integration of multiple processing steps. Trapping of analytes in the small volume near the
membrane obviated the need for sample incubation and reporter binding steps, beyond the
sample loading step (5 min.) (Figure 2a). The concentrated reporter-sample mixture was
eluted from the membrane for subsequent PAGE immunoanalysis (Figure 2b) where free
antibody was separated from immune complex.

Figure 2. Inverted fluorescence micrographs of preconcentration and elution of protein. A)
Concentrated reporter protein (fluorescently labeled anti-CRP, initial concentration of 100 nM)
trapped against a size-exclusion membrane. B-D) Snapshots of ~170-fold concentrated antibody
eluting from the membrane after 3 minutes of preconcentration.
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The electropherograms shown in Figure 3A demonstrate the rapid detection of IL-6
levels in diseased saliva samples. The PAGE immunoassay results compared well with
gold-standard, sensitive protein microarray data (Figure 3B) – with immunodetection of
biomarkers at the sub-picoMolar level.

Figure 3. IL-6 immunoassays of diseased saliva samples. A) On-chip immunoassays. Patient 1
exhibited higher levels of IL-6 evidenced by more immune complex (peak 2) than observed for
patient 2. A significant fraction of reporter antibody (initially at 160 pM, peak 1) remains unbound.
No complex has been observed with healthy samples. B) Microarray immunoassays for benchmark 
comparison. Patient samples 1 and 2 (same as in A) are plotted on the calibration curve confirming
higher IL-6 in patient 2 sample (Patient 1: 4600 pg/mL, 177 pM; Patient 2: 30 pg/mL, 1.2 pM).

4. CONCLUSIONS
The reported immunodiagnostic has proven robust, yielding reproducible >100-fold

concentration factors of protein biomarkers in unadulterated human saliva samples in < 5
minutes for detection of low-abundance protein biomarkers. Reagent mixing, pre-
concentration, and PAGE separations were seamlessly integrated on-chip in a portable
format that holds promise for rapid point-of-care screening.
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POROUS POLYMERMONOLITHS IN POLYMERIC
MICROFLUIDIC DEVICES FOR NANOELECTROSPRAY

MASS SPECTROMETRY
Mohamed Bedair and Richard D. Oleschuk

Queen’s University, Canada

ABSTRACT
Coupling of polymeric microfluidic devices to mass spectrometry is reported using

porous polymer monoliths (PPM) as sheathless nanoelectrospray emitters with zero dead
volume. PPM were photo patterned at the end of a microfluidic channel fabricated from
three different polymeric materials including poly(dimethylsiloxane), PDMS,
poly(methylmethacrylate), PMMA, and cyclic olefin copolymer, COC. Spraying from a
PPM emitter produced a substantial increase in the TIC stability and sensitivity as much as
70x compared to spraying from a chip with an empty channel. PPM emitters in COC chips
showed the highest stability in TIC and highest reproducibility in terms of chip to chip
performance.

Keywords: Microfluidics, Porous Polymer Monolith, Nanoelectrospray, Mass
Spectrometry

1. INTRODUCTION
The progress in proteomic research has increased the demand for high throughput

analysis of biological samples present at low concentration or in limited sample volumes.
Microfluidic analytical devices coupled with mass spectrometry are possible solutions to
the current analysis bottleneck. Thus, interfacing microfluidic chips to mass spectrometry
has received considerable attention [1-4]. Several coupling techniques have been studied,
either by spraying from the open end of the microfluidic channel, or by inserting a transfer
line or a nanospray tip, and recently the fabrication of an emitter from the bulk material of
the chip. We have recently demonstrated the use of porous polymer monolith, PPM, as
nanospray emitter in capillaries [5], and we report here the coupling of polymeric
microfluidic devices to mass spectrometry using porous polymer monoliths as
nanoelectrospray emitters.

2. EXPERIMENTAL
PDMS microchips were molded over a glass master, while PMMA and COC chips

were hot embossed over a nickel master to produce chips with channels 50 m wide and 20
m deep. Lauryl acrylate-co-ethylene dimethacrylate PPM was photo patterned for 5 mm

at the end of the channel of microfluidic devices, Figure 1. Photo grafting the inner surface
of the PDMS channels with methyl acrylate or AMPS / poly(ethylene glycol) diacrylate [6]
was necessary for the formation of the PPM, while no grafting step was needed to form the
PPM in either the COC or the PMMA microchip. MS experiments were performed on an
API 3000 triple quadrupole mass spectrometer fitted with a nanoelectrospray source.
Solution was driven by a NanoLC pump to the chip nanoport through a 50 m i.d. fused
silica capillary. The ES voltage was supplied by connecting the MS power supply to a
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stainless steal union in the transfer line. All spectra were acquired in positive ion mode
with a scan range of 300 – 1200 m/z at 1Hz and nitrogen curtain gas flow of 2 L/min.

a

b

Figure 1: A schematic diagram of the chip with a patterned PPM at the tip (a), SEM of
PPM in a PDMS chip (b).

3. RESULTS AND DISCUSSION
Spraying directly from the end of the chip removes any dead volume associated with

inserted emitters or transfer lines, and the presence of multiple pathways in the PPM
prevents the clogging of the channels, which is a common problem in conventional
nanospray emitters. Spraying from a COC chip having a PPM emitter produced substantial
increase in the TIC stability (10X) and sensitivity (70X) for constant infusion of 1 M
solution of Angiotensin I compared to spraying from an open end chip with no PPM as can
be seen in Figure 2.
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Figure 2: Total ion current and representative MS for constant infusion of Angiotensin I
(1 M, 50% methanol, 0.5% CH3COOH) sprayed from a COC chip with open channel (a)
and with PPM emitter (b).

The performance of PPM emitter in COC, PMMA, and PDMS chips was compared in
terms of stability and reproducibility of the electrospray, Figure 3. The PDMS chip was the
least reproducible due to the error produced by the additional photo grafting step. While
COC chips showed the highest reproducibility in terms of chip to chip performance, which
can be attributed to the ease of the PPM formation due to the favorable optical and chemical
properties of COC. We have further tested the performance of the COC chips by constant
infusion of poly(propylene glycol) solution at organic content ranging from 10% to 90%
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methanol and at flow rates ranging from 50 nL/min to 1000 nL/min. Optimum spraying
conditions (RSD < 5%) were obtained at 50 to 70% organic and at flow rates 100 to 1000
nL/min.
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Figure 3: Total ion current for constant infusion of Angiotensin I (1 M, 50% methanol,
0.5% CH3COOH), at flow rates of 500 nL/min for COC, PMMA, and 600 nL/min for
PDMS, applied voltage 4.5-5.0 kV. TICs are offset with 20 and 25 % on the X and Y axis
respectively for ease of viewing.

4. CONCLUSIONS
The ability to photo pattern a PPM at the exit orifices of a microfluidic chip greatly

enhances the stability of the ESI process. The choice of different PPM monomers enables
the spray to function both as a sprayer and a sample preparation column. In addition to its
potential in creating a robust microfluidic MS interface PPM assisted electrospray will find
utility in other low flow MS coupling applications.
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MICROFLUIDIC PROBE WITH
HYDRODYNAMIC FLOW CONFINEMENT
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ABSTRACT
We have developed a microfluidic probe (MFP) that combines the concepts of

microfluidics and of scanning probes. The solid walls of a microfluidic conduit are replaced
by liquid boundaries – created by hydrodynamic forces – which efficiently confine a
microfluidic jet of processing solution dispensed with the MFP. An immersed surface can
be processed locally with the microfluidic jet by positioning the MFP above it. Interestingly,
large areas and objects can also be processed by scanning the MFP across them. We
illustrate the versatility of this concept with several examples including protein
microarraying, protein desorption as an example of erasing, surface gradient patterning, and
localized staining of cells.

1. INTRODUCTION
Microfluidic systems offer many benefits compared to macroscopic systems. The 

miniaturization however inherently limits the size of the solid object or surface that can be
processed and entails new challenges such as the interfacing of macroscopic samples with
microscopic conduits. We have developed a microfluidic probe (MFP) concept that
overcomes the above predicament by combining the concepts of microfluidics and of
scanning probes [1]. A MFP consists of a mesa with an aspiration aperture and a dispensing
aperture that are connected to two pumps for aspirating and dispensing liquid, respectively,
Fig 1a. The chip is clamped using a homemade manipulation rod that is affixed to a
computer programmable xyz axis system. The MFP is immersed in a fluid so as to define a
microscopic gap with a substrate surface. The aspiration of the immersion fluid generates a
radial, laminar flow field between the two surfaces. By adjusting gap, injection flow

Figure 1. MFP featuring a mesa, an aspiration, and a dispensing aperture. (a) Micrograph of mesa
with two 20 × 20 µm2 apertures separated by 30 µm. (b) bottom view and (c) 3D schematic of the
HFC that is achieved by adjusting flow rates (aspiration and injection) and gap between MFP and
substrate. (d) Fluorescent micrograph taken over 8s through a transparent glass substrate of the
area defined by the rectangle in (a) revealing a HFC of a processing solution containing fluorescein
and red fluorescent beads. The traces of the beads represent the flow lines and the width of a single
line is inversely proportional to the velocity.
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rate (QI) and aspiration flow rate (QA >> QI), the injected solution can be hydrodynamically
deflected and focused into a microjet by the radial flow field, and then directed into the
aspiration aperture. Under these conditions, a liquid boundary formed by the surrounding
medium confines the injected processing solution. We define this phenomenon as
hydrodynamic flow confinement (HFC), Fig. 1b-d. HFC is similar to hydrodynamic
focusing [2] but different in that it occurs in a geometrically open space where the injected
fluid can easily leak if QI becomes too large for example.

2. RESULTS AND DISCUSSION
The liquid boundaries can be adjusted by the ratio QA/QI and the gap, and they can be

studied by dispensing a solution containing fluorescently labeled proteins as markers. The
proteins adsorb on the surface and thereby reveal the confinement envelope of the flow,
Fig. 2. However, when the MFP is moved across a substrate, the immersion liquid is
dragged along with the MFP and a so-called Couette flow is formed between the MFP and
the substrate surface. The Couette flow is superposed to the HFC, and when the substrate is
moved rapidly along the direction of the microjet, a boundary layer is dragged along the
substrate and deflects the microjet away from the surface. This effect can be used to create
disconnected spots. Indeed, a rapid stop-and-go movement restricts surface processing only
to the “stop” moments. Using this strategy, we have created a microarray of
immunoglobulin G within a physiological environment, with high throughput, and without
need for valves or for moving the MFP away from the substrate, Fig 3. The elongated spots
of the array were formed by a back-and-forth movement of the MFP, and they were
diagonally aligned across the pattern. A 2 – 5 µm gap and the microfluidic conditions
dominating underneath the MFP create an environment with a high mass transport so that
0.3 s of incubation time were sufficient for forming a dense spot of adsorbed proteins on the
glass slide. The dispensing flow rate was 0.44 nl s-1, corresponding to ~ 130 pl of solution
per spot. A microarray of ~ 600 spots could be patterned with 300 nl of solution.

Figure 2. Patterns of adsorbed proteins
reveal the HFC as function of the gap
between MFP and surface and the ratio
of aspiration (QA) to injection (QI) flow
rate. Interestingly, for the two first
columns the spot is slightly larger for a
50-µm-gap, whereas for QA/QI = 4, it is
smaller. Large gaps do not compromise
resolution here.

Figure 3. Protein
microarray with 2 types of
proteins spotted with an
MFP with a 80 µm pitch.
One half of the spots 
involve a specific
immunobinding of a
fluorescently labeled
antibody.

Figure 4. Subtractive 
patterning of proteins on a
surface using an MFP
Fluorescently labeled
proteins where locally 
removed from a surface;
the sites where proteins
were removed appear
black.
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Conversely, adsorbed proteins can be desorbed – erased – from the surface. We locally
flushed a surface homogenously covered with fluorescently labeled proteins with a stream
of solvent, Fig. 4. Again, a rapid displacement of the MFP could be used to erase
disconnected spots of proteins.

The amount of proteins adsorbing or binding to a surface from solution increases with
longer incubation times. The incubation time of a small area flushed by a microjet
underneath a moving MFP corresponds to the width of the microjet divided by the scanning
velocity of the MFP. The scanning velocity of the MFP can be varied easily and
continuously, and thus offers a straightforward means for creating gradients of adsorbed
proteins on a surface, Fig. 5. An MFP with a separation of 240 µm between the dispensing
and the aspiration aperture was used. The difficulty however lies in creating a constant
density of adsorbed proteins along the flow direction, which is challenging because of
depletion of proteins within the boundary layer and because of the inhomogeneous velocity
profile of the concentric flow field.

A remarkable feature of the MFP is that it can operate with large gaps without marked
loss of resolution (see Fig. 2). This attribute renders it attractive for working with non-ideal
surfaces such as the one formed by cell cultures. We have used the MFP for locally staining
cells that where adhering to an underlying substrate, Fig. 6. The local delivery of
(bio)chemicals to cells may be used for studying cell response to the local
microenvironment and applied to drug discovery, for example. The MFP can combine the
benefits of microfluidic conditions and of established cell culturing procedures.

Figure. 5. Simple protein surface gradient
(~ 600 µm long) formed by displacing the MFP 
with varying velocity from left to right at
constant height and constant flow rate. The
possibility of directly translating velocity into a
gradient profile opens the way for making
complex gradient shapes.

Figure 6. Cells on a surface locally stained
with a fluorescent dye using the MFP which
was displaced such as to form the pattern
“CELLS”. The gap between MFP and cells
was approximately 20 µm.

CONCLUSION
These examples illustrate some possibilities of the MFP and we hypothesize that the

concept of creating a microfluidic space locally on the sample, without the need for solid or
closed conduits, will open many new avenues for microfluidics and find multiple
applications in physics, chemistry, biology, and material sciences.
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DYNAMIC ARRAYS: COMBINATORIAL
MICROFLUIDIC SYSTEMS FOR HIGH-THROUGHPUT

PCR
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ABSTRACT
We report combinatorial microfluidic PCR devices where up to 48 samples are run against
each of 48 independent gene-specific reagent sets. For gene expression, repeatable single-
copy sensitivity is achieved with very low error rate. These “dynamic arrays” enable high-
throughput PCR without constraints imposed by pre-designed microarrays. The dynamic
array accepts samples in one dimension and assays in a second dimension, consumes under
5 microliters per sample (48 reactions), and creates every pair-wise assay-sample
combination. A 48x48 well dynamic array performs 2304 independent reactions. Endpoint
and real-time fluorescent results for genotyping and gene expression are read out in-chip
and analyzed automatically.

KEYWORDS
Gene expression, high-throughput PCR, single-copy PCR, SNP.

DYNAMIC ARRAY DEVICES
The work presented here focuses on a new class of chips which we term “dynamic arrays”.
In contrast to conventional microarrays, the genes being examined can be chosen
immediately prior to the experiment being run, rather than being fixed in an earlier design
phase. Any 48 SNP or gene expression primer-probe sets can be run against any 48
samples; the chip creates every pair-wise assay-sample combination. The sample volume
per reaction is 10 nanoliters.

This paper encompasses several significant advances upon previously published results
[1,2]. Principally, real-time quantitation capability has been developed. The scope of
integration within the array is greatly increased, and interfaces for loading and operation are
compatible with standard automation systems. Successful operation with PCR and other
enzymatic chemistries has been demonstrated.

The chips reported here are integrated fluidic circuits (IFCs), built with multilayer soft
lithography [3]. Channels and reaction chambers are defined photolithographically, and
replicated in a PDMS multilayer structure. Reaction volumes are therefore self-metering;
the PDMS material allows readout across a wide spectral range without significant
background fluorescence. The chip is shown in Figure 1.

Dynamic array IFC devices enable an automated bridge between the macro- and micro-
scale worlds. The layout conforms to Society for Biomolecular Screening (SBS)
microplate standards, enabling high-throughput, automated loading via standard robotic
equipment. Reagents and samples are loaded into wells which make up a portion of the
standard 384-well format. Thus, dynamic arrays are a milestone in realizing the promise of
microfluidic integration for several PCR applications.
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Figure 1. Photograph of the entire dynamic array device, showing the SBS-compliant
structure. The 48x48 grid of reaction chambers is in the central square section. Fill ports
at each end are placed as per a standard 384-well microtiter plate.

REAL-TIME IMAGING SYSTEM FOR GENE EXPRESSION
PCR endpoint data are obtained on a custom-built instrument capable of imaging the entire
30x30 mm sample area. Thermal cycling is achieved using a modified commercially-
available thermal cycler. Example images of dynamic arrays, illustrating SNP allelic
specificity, are shown in Figure 2. 

Figure 2. Endpoint PCR images of genotyping in a 48x48 dynamic array. (a) Allele 1 (VIC
probe), (b) allele 2 (FAM probe). The 48x48 dynamic array in this case is formatted into
4x4 well sub-arrays (16 reaction replicates).
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Genotyping results shown in Figure 2 were analyzed automatically using custom-written
software. Allele calling accuracies exceeded 99%. The images required for this application
are “end-point” images; i.e., a single set of images acquired after the thermal cycling
protocol is complete.

The imaging system developed for this project is also capable of providing real-time PCR
data for applications such as gene expression. We have obtained quantitative data at target
concentrations ranging from single copies to more than 1000 copies per well (i.e., from 1 to
100,000 copies per microliter). CT values (the number of cycles at which amplification has
reached a detectable level) are also determined automatically by our software.

For gene expression applications in conventional formats, a common limitation on dynamic
range is the difficulty of reliable detection of targets present in low numbers. Amplification
(and detection) from a single copy of target DNA is routinely achievable within the
dynamic array format. Single-copy detection has been demonstrated in other IFC chip
architectures [2]; observation of this phenomenon in dynamic arrays illustrates the unique
combination of sensitivity and flexibility achieved. We believe that the extraordinary
fidelity is a benefit of partitioning the sample in the microfluidic architecture: within any
given 10 nanoliter reaction chamber, the chances of initiating side reactions are greatly
reduced. As is the case for most microfluidic platforms, dynamic arrays also realize order-
of-magnitude reductions in reagent consumption.
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ABSTRACT
Dielectrophoresis-controlled adhesion is used to immobilize probe beads irreversibly at

electrode microarrays for further affinity assay. It is fast, versatile with respect to the used
probe bead types and allows the processing of high-conductivity analyte buffers in contrast
to conventional dielectrophoresis. A streptavidin demonstration assay is shown. Further,
the parallel detection of streptavidin and mouse IgG on the same chip are accomplished.

Keywords: Adhesion, affinity assay, bead, dielectrophoresis

1. INTRODUCTION
Lab-on-chip affinity assays often require the immobilization of probe molecules at

defined areas on the chip surface. The immobilization procedure can be rather complex
and expensive. The use of probe beads for lab-on-chip affinity assays is an interesting
alternative because it is easier to handle and trap beads than molecules in microfluidic
systems. Recent reviews show a growing interest in bead-based assays [1, 2]. Various
methods for on-chip bead immobilization have been demonstrated previously [3-7].

We present dielectrophoresis (DEP)-controlled adhesion as a method for the
immobilization of probe beads on electrode microarrays on a passivated chip surface. The
method is fast (10 to 120 seconds depending on the protocol) and versatile, i.e. it works for
beads with different types of probe molecule coatings. The immobilization is irreversible,
i.e. the retained beads are able to withstand high flow velocities in a flow-through device
even after the DEP voltage is turned off, thus allowing the use of conventional high-
conductivity analyte buffers in the subsequent assay procedure.

2. THEORY
DEP-controlled adhesion can be explained using the DLVO theory for particle-surface

interactions [8]. The DEP force [9] is used to overcome the repulsive barrier between the
negatively charged chip surface coating and the beads which also possess a negative
surface charge, resulting in strong van-der-Waals attraction (adhesion) between beads and
chip surface upon contact. A slight fluid flow is superimposed to eliminate the AC EOF
flow pattern [10] which is also present at these frequencies. Without the pressure-drive
flow, the beads would be levitated above the electrodes by the AC EOF hydrodynamic
forces.
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3. EXPERIMENTAL 
 Pt electrode arrays on pyrex chips (figure 1) were used as bead immobilization and
analyte detection sites in microfluidic channels of 30 m in height. The chip was coated
with a polyelectrolyte multilayer, with dextran sulfate being the final passivation layer.
The dextran sulfate [11] and all tested probe beads, i.e. beads coated with biotin [12],
protein A [13] and goat anti-mouse IgG [14], have a negative surface charge at pH = 7.
The beads were dyed with a yellow-green fluorescein label. The analytes were labeled with 
deep red fluorescent Alexa Fluor 680. The spectra of both labels do not overlap. The
measured red signal of bound analyte was corrected by the green bead signal, i.e.
normalized by the number of available beads. That allowed for inter-array and inter-chip
reproducibility.

4. RESULTS AND DISCUSSION
Bead immobilization by DEP-controlled adhesion: Biotin- and protein-A-coated

beads of 1 m in diameter were immobilized by firstly applying a voltage of 17 Vp-p with a
frequency of 20 kHz at a flow rate 0.1 l/s for 60 s, and secondly applying a voltage of
17 Vp-p with a frequency of 10 kHz at a flow rate 0.1 l/s for 60 s. Goat anti-mouse IgG-
coated beads of 1 m were immobilized by applying a voltage of 20 Vp-p with a frequency
of 10 kHz at a flow rate 0.2 l/s for only 10 s. Fluorescence measurements on immobilized
beads of 2 m in diameter showed that the signal of was proportional to the bead number
which was determined by counting. The immobilization by DEP-controlled adhesion
works best for beads of 1 m or less in diameter (homogeneous occupation of the electrode
edges).

Figure 1. Chip with twelve (2 x 6) electrode arrays (left). Interdigitated electrode arrays for bead
immobilization (middle). The electrode finger width is 10 m with a 10 m inter-electrode gap.

Yellow-green fluorescent probe beads of 1 m in diameter immobilized at the electrodes by DEP-
controlled adhesion; fluorescence image (right).

Streptavidin demonstration assay: Immobilized biotin-coated beads were perfused
with streptavidin solution at a flow rate of 0.2 l/s. A red fluorescence picture was taken
every 15 seconds to monitor the dynamic binding (figure 2, left). The limit of detection
(LOD) under these conditions was 8 nM (0.5 g/ml) and the dynamic range <102. The
precision was 14% with fluorescence quenching of the analyte label being the major source
of error. Simulations of the dynamic binding curves showed that LOD and dynamic range
can be shifted by adjusting the analyte flow velocity. This allows adapting to different
analyte concentrations.

Parallel assay: Sequentially immobilized biotin- and goat anti-mouse IgG-coated beads
were perfused with analyte solution containing both unlabeled mouse IgG 81 g/ml
(0.5 M) and labeled streptavidin 10 g/ml (0.17 M) at a flow rate of 0.1 l/min for



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1056

16 min. At this point, only streptavidin detection sites gave a red signal. Then the chip
was perfused with the mouse IgG-specific label at a concentration of 5.0 g/ml (0.1 M)
for 16 min. Now the IgG detection sites also gave a red signal (figure 2, right).

Figure 2. Dynamic binding detection curves of streptavidin (left). Parallel detection of mouse IgG
and streptavidin (right). The IgG signal is weaker because IgG has fewer fluorescent labels.

5. CONCLUSIONS
DEP-controlled adhesion offers several advantages as a method to functionalize a chip

surface for affinity assay. Firstly, the probe bead immobilization is fast. Secondly, it is
versatile with respect to probe bead choice. Thirdly, the layout of the disposable chip with
planar electrode arrays is simple. A protein assay and a parallel assay were demonstrated.
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ABSTRACT

A family of molecular tools will be described that taken together allow complex

biological samples to be interrogated for large sets of target nucleic acid or protein

molecules, extending down to even individual molecules. We have used the probes for

single-molecule detection and counting in microscopic preparations and in microfabricated

fluidic channels.

Keywords: Single-molecule detection, high-throughput genomics, molecular

diagnostics, molecular tools, padlock probes, proximity ligation, rolling-circle

amplification, DNA microarrays, microfluidics

1. INTRODUCTION

Progress in genomics has opened a treasure trove of molecules to search for

explanations to biological processes in health and disease. Analyses are complicated,

however, by the sheer complexity of biological systems; enormous differences in

concentration have to be negotiated in order to render even single molecules - nucleic acids

as well as proteins - detectable among very large numbers of different or even closely

similar molecules. New tools are also needed to detect interactions among all biomolecules,

as this information is required to evaluate their functional activities. In consequence,

advanced nanoengineering is required to construct reagents and processes that can

accurately report the presence, concentration, localization, and interrelation of single or

large sets of molecules.

Suitable molecular tools will be of crucial importance to search for molecular signatures

that can serve for example to distinguish phenocopies of diseases requiring different

therapies and to detect disease at early stages before extensive organ damage occurs. A yet

more ambitious purpose is to contribute to rendering biological processes computable

through extensive systems biological investigations by providing precise measurements of

concentrations, locations, and kinetics of large sets of systems components. Finally,

improved molecular tools will be the heart of new generations of miniaturized test systems

for e.g. rapid point-of-care and biodefence applications. In this contribution we will discuss

a family of DNA ligation-based detection tools that can offer advantages in highly precise,

extensive molecular analyses.
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2. THEORY

Fundamental to any specific detection reactions are specific affinity probes such as

oligonucleotide reagents for nucleic acid detection and antibodies for protein analyses. Such

reagents cannot be expected to offer the required specificity by themselves, however, and

tests architectures are therefore required that further increase specificity and avoid

nonspecific background. A requirement for dual target recognition by pairs of probes can

bring specificity of detection to levels that allow unique molecules to be detected even at

low copy numbers in complex biological samples. For example, the polymerase chain

reaction requires coincident target recognition by two oligonucleotide primers, and

sandwich immune assays depend on binding by two different antibodies to the same target

molecule. A problem that has limited the scaling-up of these processes is the risk that

irrelevant target molecules are detected by noncognate probe pairs when more affinity

reagents are combined in detection reactions. It is also of importance that tests are

constructed so that only specifically detected target molecules give rise to detectable

signals, and this problem is often solved by some form of molecular amplification of

reacted probe molecules.

We have developed a family of detection reactions based on the ligation of oligonucleotides

probes, either templated by a target nucleic acid sequence, or using a synthetic template for

ligation of oligonucleotides attached to affinity probes that bind the target molecule. Below

two ligation-based assays will be briefly described, and some of their uses will be

illustrated.

3. EXPERIMENTAL

3.1. Padlock probes.

Linear oligonucleotide probes are designed so that their 5’ and 3’ ends hybridize in

juxtaposition on a target DNA strand, positioning them for enzymatic joining by a ligase.

We refer to such probes as padlock probes. The probes are sufficiently specific to

interrogate complex nucleic acid samples, such as the total human genome, and they

accurately distinguish among single-nucleotide variants of the target sequences.

Intramolecular ligation products can be easily distinguished from cross-reactive products

arising through ligation of two different probes, thereby allowing large numbers of specific

probes to be combined for parallel detection of tens of thousands of target molecules.

Finally, as described below, the circularized DNA probes lend themselves for a local

amplification reaction that can allow even single target molecules to be detected [1].

3.2. Proximity ligation.

The probe ligation mechanism is not limited to the detection of nucleic acid sequences. In

proximity ligation assays, a short DNA strand is added that can template the enzymatic

ligation of free ends of oligonucleotides attached to specific affinity reagents [2]. Thereby,

amplifiable information carrying DNA strands can be generated that serve as surrogate

markers for any molecular targets bound by two of the affinity reagents. The specificity of

such reactions depends on the choice of affinity probes. If pairs of antibodies are used that

are directed at different determinants on the same target proteins, or on interacting proteins,

then coincident binding of pairs of antibodies with attached DNA strands can give rise to

amplifiable DNA strands to individual or pairs of proteins via DNA ligation. Through

suitable assay design very low nonspecific signals can be achieved, while specific detection

reaction products can be amplified by PCR with real-time detection, or through rolling-

circle replication, both resulting in extremely sensitive protein detection. Since it is possible
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to control which pairs of detection reagents that can be joined by ligation, the assay are

suitable for multiplex protein detection, avoiding risks of cross reactivity.

3.3. Rolling-circle amplification.

Both padlock and proximity probing mechanisms can result in reacted probes in the form of

circular DNA strands that include sequence motifs serving to identify the recognized target

molecules. By copying the circular DNA strands in rolling-circle replication reactions,

random coils of tandem repeats of complements of the reacted probes form, and are easily

detected by hybridization.

4. RESULTS AND DISCUSSION

Padlock and proximity ligation assays were performed as homogenous detection

reactions, with no need for washes. Padlock probes were shown to permit parallel analyses

of tens of thousands of target sequences. Proximity ligation allowed extremely sensitive

detection of protein molecules, or of interacting pairs of proteins, and of binding of DNA

molecules by specific DNA binding protein. Proximity ligation assays were also configured

so that formation of an amplifiable product required binding by sets of three or more

affinity probes for further enhanced specificity of recognition, and for background

reduction. We further demonstrated that both padlock probes and the proximity ligation

mechanism could be combined with rolling circle replication for in situ detection of even

single target DNA [1] or protein molecules (Söderberg, unpublished), respectively, or of

interacting pairs of proteins. As described in a separate abstract, rolling circle replication

products of reacted padlock and proximity probes could also be enumerated by molecular

counting in a fluidic system, for efficient digital molecular analysis.

5. CONCLUSIONS

Sensitive and specific ligase-based probing mechanisms can permit parallel analyses of

large sets of DNA, RNA and proteins, and of interaction among such molecules. Solution-

phased or localized forms of these assays may prove important for the early detection of

disease processes by analyses of serum or nucleic acid samples. The assays lend themselves

for application in microfabricated devices for rapid and simple assays.

ACKNOWLEDGEMENTS

The work was supported by the EU FP6 integrated program “MolTools”, the Wallenberg

Foundation, the Swedish Research Councils for Medicine and for Natural and

Technological Sciences, and by the Swedish Defence Nanotechnology Program.

REFERENCES

[1] "Target-primed rolling-circle amplification of padlock probes for single-molecule

genotyping in situ", C. Larsson, J. Koch, A. Nygren, G. Janssen, A.T. Raap, U.

Landegren, M. Nilsson, Nature Meth, 1, 227 (2004).

[2] “Cytokine detection by antibody-based proximity ligation”, M. Gullberg
,
S.M.

Gústafsdóttir, E. Schallmeiner, J. Jarvius, M. Bjarnegård, C. Betsholtz, U. Landegren,

S. Fredriksson, Proc. Natl. Acad. Sci. USA, 101, 8420 (2004).



A HYBRID PASSIVE MICROMIXER CAPABLE OF

EFFICIENT MIXING OVER A WIDE Re RANGE
A.P. Sudarsan and V.M. Ugaz

Department of Chemical Engineering, Texas A&M University, USA

ABSTRACT

Mixing of fluids at the microscale poses a variety of challenges, many of which arise

from the fact that diffusion is the only available mechanism to achieve mixing in the

laminar flow regime. In this work, we propose a novel hybrid micromixer design

incorporating (i) an asymmetric serpentine geometry in which the channel width abruptly

changes across successive bends (effective at Re > 1), and (ii) slanted barriers on the

bottom channel surface (effective at Re < 1). The resulting hybrid design is capable of

efficient mixing over a greatly expanded Re range than currently achievable.

Keywords: Microfluidics, micromixer, !TAS and curved channels

1. INTRODUCTION

The ability to achieve effective mixing between parallel flowing streams in microfluidic

networks is important in a variety of applications. Unfortunately, the laminar nature of

these low Reynolds number (Re) flows leaves diffusion as the primary lateral transport

process. Since the diffusive timescale is much slower than that associated with the flow

(e.g. high Peclet number), cumbersomely long channels are required in order for diffusive

mixing to occur. A number of approaches have been developed to overcome these

limitations (e.g. chaotic advection [1], 3-D vascular structures [2]), however some of these

techniques introduce additional complexity to device fabrication and/or operation

processes. Moreover, current-generation micromixers are only optimally effective within a

narrow Re range.

2. THEORY

Increased levels of mixing can be achieved in curved channels where transverse Dean

flows are present. The Dean number (! = "
0.5
Re, where " is the ratio of the channel

hydrodynamic diameter to the flow path radius of curvature) expresses the ratio of inertia

and centrifugal forces to viscous forces, and provides a measure of the magnitude of the

secondary flow [3]. Due to the curved nature of channels, secondary flows develop as a

result of centrifugal forces. Consequently, the presence of counter-rotating Dean vortices

will occur along with a shift of the maximum in the velocity profile toward the outer.

Characteristic flow patterns in such systems involve two counter-rotating vortices, above

and below the plane of symmetry of the channel, coinciding with its plane of curvature [3].

3. EXPERIMENTAL

Devices used in this work were fabricated by our previously reported techniques

involving printed circuit boards as master molds [4] and thermoplastic elastomer gels as the

material of construction [5].
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4. RESULTS AND DISCUSSION

In the Re > 1 regime, we have developed a novel asymmetric serpentine channel

geometry in which the flow experiences a series of abrupt changes in width as it passes

through opposing semi-circular arc segments [6]. In this design, Dean flows are generated

by the interplay between inertial and centrifugal forces. The effects of these transverse

flows are evident in confocal laser scanning microscopy images that show parallel fluid

streams interchanging position such that the fluid initially flowing along the inside half of

the channel is almost completely transported to the outside half, and vice versa (Fig 1a).

The downstream location at which this interchange occurs can be precisely manipulated by

adjusting Re and channel curvature. Moreover, the introduction of an abrupt increase in

channel width induces the formation of expansion vortices whose strength also depends on

Re and channel geometry. These vortices further enhance mixing by increasing the

interfacial area between parallel streams (Fig 1b). With proper design, a range of flow

conditions exists where the interplay between these effects combines to greatly enhance

mixing efficiency such that a level of 80% mixing can be achieved in under 8 mm at a Re =

32.2 (! = 8.6), with even faster mixing occurring at higher flow rates.

We demonstrate that the effectiveness of this mixing design can be extended into the Re

< 1 regime by patterning the bottom surface of these channels with asymmetrically slanted

barriers aligned at angles of 45º and 140º to the flow direction (Fig 2a). Mixing levels here

are comparable to those in literature with effectiveness increasing with decreasing Re, such

that a level of 90% mixing can be achieved in 10 mm at Re = 0.01 (Fig 2b, c). Thus, by

combining the effects of the asymmetric serpentine channel design with the slanted barrier

structures (Fig 3), we are able to produce a single device capable of mixing fluids at

virtually any flow rate of interest for most microfluidic applications.
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Figure 1. (a) Confocal images depicting cross-sectional views of parallel streams of water and aqueous

Rhodamine 6G solutions taken at a distance of 1.47 mm downstream in a curved channel of width 100 µm,

height 29 µm and radius of curvature of 625 µm. It can be observed that as the Re increases from 2.6 (top

most image) to 51.6 (bottom most image) the fluid initially flowing along the inside half of the channel is

almost completely transported to the outside half, and vice versa. (b) Cross-sectional views taken along an

asymmetric serpentine mixer (schematic on the left) in which the width of the flow channel varies across

successive bends. The channel height is 29 µm, the width is 100 µm along the narrow portions and 500 µm

along the wider portions, and the radius of curvature is 625 µm. Images are taken at a Re of 32.2 and a level

of 80% mixing can be achieved under 8 mm. Degree of mixing is calculated by a standard deviation

formula [1].

Figure 2. (a) Schematic of 300 !m-wide channel having alternating sets of 7 barriers of height 15 !m on the

channel floor, aligned at angles of 45º and 140º. (b) Top view images of parallel aqueous blue and yellow

streams taken along a channel with bottom having alternating sets of fifteen barriers at a Re of 0.01. The

green mixed interface is filtered out and the images are inverted and converted to gray-scale (bottom panel).

The degree of mixing (Mixing Intensity = Interface Width / Channel Width) is indicated on the figures. (c)

Mixing intensity along channel length for the fifteen-barrier channel (filled-in symbols) and for a straight

channel (open symbols) at Re 0.01 to 1.0.

Figure 3. Gray-scale images depicting the evolution of the green mixed interface between parallel blue and

yellow aqueous streams. The wider channel is 400 !m wide with slanted barriers patterned at the bottom,

while the narrower channel is 80 !m wide.

Re = 0.03 Re = 0.31 Re = 3.05 Re = 30.5

a.

b. c.
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ABSTRACT
Microfluidic laboratory-on-a-chip (LOC) systems based on a modular architecture are

presented. A multi-layer approach segregates components belonging to two fundamental
categories: passive fluidic components (channels and reaction chambers) and active
electromechanical control structures (sensors and actuators). Components belonging to
these two categories are built separately on different physical layers and can communicate
fluidically via cross-layer interconnects. We demonstrated the utility of this architecture by
developing systems for two separate biochemical applications: one for detection of protein
markers of cancer and another for detection of metal ions.

Keywords: biochemical analysis, modular system, microfluidic breadboard,
reconfigurable

1. INTRODUCTION
Microfluidic technology is attracting significant interest from the life science and

materials communities. Unfortunately, many of these potential end-users do not have
access to sophisticated microfluidic chips and microfabrication facilities. Their ability to
explore the technology and contribute to the growth of the microfluidic field is therefore
limited. We present a new methodology that allows researchers to build highly functional,
custom microfluidic systems that integrate valves, mixers, sensors, and other elements
without the need for a cleanroom. 

2. ARCHITECTURE
The methodology is conceptualized on two levels: a single chip level and a multiple chip

module (MCM) system level. At the individual chip level, a multi-layer approach
segregates components belonging to two fundamental categories: passive fluidic
components (channels and reaction chambers) and active electromechanical control
structures (sensors and actuators). This distinction is explicitly made in order to simplify
the development process and minimize cost. Components belonging to these two
categories are built separately on different physical layers, may employ different materials,
and can be manufactured at different locations. The chip that hosts the electromechanical 
control structures is called the microfluidic breadboard (FBB). Whereas the FBB chip 
would be built by foundries using sophisticated microfabrication processes, the passive
chips could be made by researchers in a few days without the use of a cleanroom.

Microfluidic chips with modular and nonplanar (three-dimensional) designs have been
investigated in the past [1-4]. Previously demonstrated methods require complex designs
due to nonstandard segregation of passive and active components [1-3], have limited
reconfigurabilty [2], and call for intricate fabrication and assembly of many small parts [1-
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4]. Users of these systems must conform to the designers’ channel layout, and are unable to
efficiently tailor a system to fit their own specifications without major expense. Our design
provides a viable solution for realizing custom, highly functional, and low cost LOC
systems.

Figure 1. (A) Schematic diagram of a representative
FBB. (B) A complete LOC can be built by bonding a
passive fluidic chip with an FBB. (C) Different
functions may be realized by deploying different
passive chips on the same FBB. Multiple chips can be
interconnected to form a larger system.

Figure 2. First
generation FBB
implementation. T
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based on the intensity of light scattered off the silver-stained gold nanoparticles.
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The first generation FBB presented here consists of an oxidized silicon chip with low
dead volume through-wafer holes (50 µm diameter) reversibly bonded to a PDMS active
hip with valves formed by the multilayer soft lithography technique developed by the

chips to realize
functions using identical FBBs. All the PDMS passive chips were
ed in two days. The first system implemented the bio-bar-code

our reactors on the FBB were used in

orte, B. H. Va
Rooij, "Three-dimensional micro flow m

romechanics and Microengineering, vol. 4, pp. 246-256, 1994.

microTAS 2004, Malmo, Sweden, 2004.

c
Quake group (Figure 2). Passive chips are made of PDMS using soft lithography.
Realizing a new functionality only requires a new passive chip. It is feasible for researchers
to customize the system since PDMS molding can be adapted to non-cleanroom
environments. Thus, researchers have access to the rich features of the FBB while at the
same time having the flexibility to determine how these features are used.

4. APPLICATIONS
The utility of this architecture was demonstrated by designing passive

two entirely different
designed and fabricat
protein identification protocol [5]. In particular, free prostate-specific antigen (PSA) was
detected with a sensitivity of 500 atto-molar concentration in a 1 µl buffer solution. Figure
3 shows the fabricated system that can concurrently run eight different tests. The second
system used a DNAZyme-based
biosensor [6] to detect low levels of
Pb2+ (lead) down to 500 nM
concentration. Four samples with
varying concentrations were tested in
four parallel 1 nl reactors (Figure 4).

Figure 4. (A) Schematic and (B) picture of
the fabricated device used to detect lead.
F
parallel to run four separate tests. (C) The
results were visualized with a fluorescence
stereomicroscope.
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A PLANAR 3-STAGE MICROMIXER
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ABSTRACT
This novel mixer promotes mixing in laminar flow at low Reynolds numbers by

stretching and folding of the fluid layers in 3 stages to reduce the effective length for
molecular diffusion across the streamlines. It relies on 4 active microvalves in a relatively
simple and compact section of a planar microfluidic system. Rapid valve actuation is
achieved using integrated electrical heaters to trigger a reversible phase change in the
thermally responsive polymer that is present in the working fluid.
Keywords: Microfluidics, micromixer, Pluronic, thermally responsive microvalve.

1. INTRODUCTION
Bioanalysis MicroTAS generally operate at very low flow velocities because of the high

flow resistance of the microchannels and because biomolecules in the flow might be
sensitive to high shear. The corresponding low Reynolds numbers indicate laminar flow so
that mixing mainly occurs through molecular diffusion across streamlines, which is a slow
process: the ratio of diffusion to convection times scales, given by the Péclet number, is
high in these systems.

Various micromixing concepts have been developed that in general aim at reducing the
diffusion length by either forming thin parallel fluid layers or by stretching and folding of
wider fluid layers. These concepts either rely on modified channel geometries [1, 2] or they
involve periodic cross-stream flow deviation [3, 4].

Figure 1: Sequential operation of the 4 valves in the planar microfluidic system results in flow
deviation promoting mixing in 3 stages.

Fig. 1 shows the new concept of a laminar mixer relying on stretching and folding of the
layers of fluid that are introduced side by side. This is accomplished at 3 stages in a simple 
microchannel structure by redirecting the fluid stream using 4 integrated valves similar to
the simpler 2-stage mixer presented previously [5]. Chopping of the fluid layers at the
bifurcation (stage 1) results in complex flow patterns. A swirling motion in the fluid will
result in layer inversion at stage 2 inducing substantial stretching and folding of the fluid
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streams. Both streams will merge in a pulsatile fashion at stage 3 by alternately forming
bulges, which ideally span the entire width of the downstream channel. Assisted by the
parabolic flow profile of pressure-driven flow these mechanisms will result in very thin
fluid layers, accelerating mixing through Taylor dispersion.

2. MATERIALS
The necessary fast valve response is achieved by using the thermally responsive polymer

Pluronic F127 as demonstrated previously [6]. A small amount of this biocompatible
polymer is introduced into the two fluids that should be mixed. These polymer solutions
reversibly solidify with a temperature change of only 0.5ºC so that the integrated heaters in
Fig. 2 can be used for the cyclic valve operation outlined in Fig. 1. The characteristic
response time for these microvalves is less than 33 ms because of rapid heat transfer across
the small depth (10 µm) of the flow channel [6]. The channels in the microfabricated mixer
shown in Fig. 2 are etched in glass, while the active electronic elements are located in 
recesses in the silicon substrate to permit anodic bonding of the two substrates.

Figure 2: Top view of the microfabricated mixer including four integrated heaters in a flow
channel system (left); schematic cross-section (right).

3. EXPERIMENTAL 
 The two fluids are introduced into the microfluidic system at a constant flow rate using a
syringe pump (Fig. 3a). One of the fluids is dyed with fluorescein, which has a slow
molecular diffusion rate and can therefore be used to label the fluid stream.

Figure 3: The mixer before initiating mixing (left), and during the mixing cycle (right).
Valve actuation according to Fig. 1 induces complex flow patterns as shown in Fig. 3b

for a total flow rate Q = 0.1 µl/min and a cycle time of 2 s. Fig. 4 shows a detailed view of
the flow pattern at mixing stage 2 over one mixing cycle.

Figure 4: Sequential images of mixing stage 2 during different mixer operation phases.
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4. RESULTS AND DISCUSSION
The fluorescence intensity profile across the flow channel was recorded over time

1.6 mm downstream from the channel junction. The standard deviation of this intensity
across the channel over one mixing period (2 s) normalized by the average pixel brightness
over the period is shown in Fig. 5. Since this mixing measure approaches zero for a
perfectly mixed system, Fig. 5 shows that mixer operation improves mixing significantly
over pure diffusion.

Figure 5: Normalized standard deviation of the pixel intensity I across the channel (1.6 mm
downstream) over one period (2 s); mixer operation [—], pure diffusion [- -].

5. CONCLUSIONS
The novel 3-stage mixer enhances mixing of two fluid streams significantly compared to

passive diffusion. The mixer is very compact and has a simple planar design allowing for
simple fabrication and system integration. While we have used valves based on thermally
responsive polymers, mixers based on this concept can be created using any rapidly
responding active valve. Mixing can be optimised by choosing an appropriate combination
of flow channel geometry, flow rate and actuation frequency. Better mixing may also be
achieved by adding more mixing stages.
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AC ELECTROKINETIC
ENHANCEMENT FOR BIOSENSORS
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ABSTRACT
A technique is proposed to enhance microfluidic heterogeneous biosensors through

augmenting diffusive transport. AC electric fields generate fluid motion through the well
documented but unexploited phenomenon, Electrothermal Flow, where the circulating flow
redirects or stirs the fluid, providing more binding opportunities between suspended and
wall-immobilized molecules. Numerical simulations demonstrate that electrothermal
microstirring is most effective for diffusion-limited systems, such as a typical
immunoassay, where binding rate can be increased by a factor of 7 for 6 Vrms potential
applied to two microelectrodes.

Keywords: Electrokinetics, Immunoassay, Micro-mixer

1. INTRODUCTION
AC electric fields in a microchannel or microcavity can generate forces on both the fluid

itself, through AC electroosmosis and electrothermal forces, and on suspended particles
through dielectrophoresis (DEP). Electrothermal flow arises from Joule heating, which
produces temperature inhomogeneities and therefore temperature-dependent conductivity
and permittivity inhomogeneities, which interact with the applied electric field to produce
fluid motion, typically in circulation patterns [1]. Electrothermal flow is important in high
conductivity fluids, which makes it particularly useful for biological and biosensor
applications.

2. MEASUREMENT OF ELECTROTHERMAL FLOW
 A thin (225 m x 1cm x 2cm) cavity was microfabricated of silicon with two gold
sidewall electrodes separated by 25 m, to measure 2-D AC electrokinetic flow from
above. The cavity was filled with 0.05 M KCl and fluorescent tracer particles, and 7 Vrms
was applied to the electrodes at 200 kHz. Fluid circulation adjacent to the electrodes was 
apparent. Micro Particle Image Velocimetry [2] was used to measure the velocity field of
this circulation, shown in Figure 1a.

3. VELOCITY AND BINDING SIMULATIONS
A 2-D numerical model was developed to simulate this electrothermal flow. The finite

element package Femlab was used to solve the electrothermal force and the resulting
velocity field (Fig. 1b). The model agrees with the experimental velocity measurements in 
form, though it overpredicts velocity magnitude. The simulation requires a slightly lower
potential, 5 Vrms, to produce the velocity magnitude (~100 m/s) experimentally measured
at 7 Vrms. The discrepancy may be due to out of plane heat transfer, specific to this thin
experimental cavity.
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Figure 1. (a) experimentally measured AC electrokinetic flow field over 2 electrodes separated
by a 25 um gap. Images of 200 nm fluorescent tracer particles were captured, correlated, and
ensemble averaged to give the detailed flow field. Applied potential: 7 Vrms, 200kHz. (b)
Simulations of electrothermal flow field show similar flow pattern to experiments, though for
lower voltage. Applied potential: 5 Vrms; 200 kHz.

In order to estimate the effect of this electrothermal micro-stirring on a heterogeneous
immunoassay, we solve for the convection and diffusion of a scalar, subject to a binding
boundary condition (Fig. 2a). The binding in the first 100 seconds is increased by a factor
of 7 for 6 Vrms applied, and by a factor of 15 for 12 Vrms applied (Fig. 2b). A series of
simulations for different parameters (Fig. 3a) shows that the effectiveness of electrothermal
micro-stirring is a strong function of the Damköhler number, the ratio of reaction velocity
(kon RT) to diffusion velocity (D / h). The greatest binding enhancement is possible for high
Damköhler number, where the reaction is limited by diffusion, as is the case for the
immunoassay above (Da ~ 300). DNA hybridization, on the other hand, has much a much
lower kinetic binding rate constant, and as a result a much lower Damköhler number (Da ~
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Figure 2. (a, b) Simulation of concentration in microcavity. In (a) where transport is through
diffusion only, a depleted cloud surrounds the functionalized surface. In (b), electrothermal
flow circulates the depleted cloud throughout the cavity, and circulates fresh analyte past the
functionalized surface. (c) Normalized binding (B/ RT ) with time for non-enhanced (0 Vrms)
and electrothermally enhanced (6 Vrms, 12 Vrms) transport. These show an increase in binding
rate which yields a factor of 7 higher binding for 6 Vrms and a factor of 15 higher binding after
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0.06). Binding improvement was also estimated in a flow-through microchannel. In this
case, the binding enhancement additionally depends on the Peclet number, vh /D, with
higher enhancement possible for lower Peclet number (Fig. 3b). These numerical
simulations indicate that electrothermal micro-stirring can be a useful technique for
increasing binding rates in heterogeneous assays, particularly for diffusion-limited
reactions.

4. CONCLUSIONS
Electrothermal flow of magnitude 100 m/s has been demonstrated experimentally and

numerically, for high conductivity fluids (0.6 S/m). Simulations suggest that electrothermal
flow circulations can increase binding rates in immunoassays by a factor of 7 for 6 Vrms
applied to two microelectrodes. This is potentially an easily implemented and versatile tool
for improving the response of existing diffusion-limited biosensor immunoassays.
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Figure 3. (a) Simulation results showing that the binding enhancement factor, Be = B / Bo ,
increases with increasing Damköhler number. Each point represents two time-dependent
simulations: one with and one without electrothermal micro-stirring. (b) Channel flow
simulations. Be increases with Damköhler number as in the static case (a), but decreases with
increasing Peclet number, that is, faster pressure-driven flow. h = 100 m. These plots help
choose candidate assays and design effective systems for enhancement.



Figure 2. Droplet atomization by SAW
standing wave (contrast emphasized).

AN INTEGRATED DROPLET MANIPULATION DEVICE
USING SURFACE ACOUSTIC WAVE

Akio Yamamoto, Masahiro Nishimura,
Nobuhiro Tsukada, and Toshiro Higuchi

University of Tokyo, JAPAN

ABSTRACT
This paper describes an integrated droplet manipulation device that realizes four different

droplet manipulations; transportation, mixing, stirring, and atomization. For this integration,
we have developed a new technique for atomizing and stirring, which utilizes standing
surface acoustic wave (SAW). The integrated device was fabricated on a 3-inch LiNbO3
piezoelectric substrate. The transportation and mixing functions are realized by traveling
SAW and modified droplet tracks fabricated with hydrophobic membrane. The atomization
and stirring functions are realized directly on inter-digital transducer (IDT) that generates
standing wave.

Keywords: surface acoustic wave, atomization, stirring, mixing

1. INTRODUCTION
Fluid transportation and atomization by traveling surface acoustic wave (SAW) was so

far reported by Shiokawa [1] and Kurosawa [2]. The transportation techniques have been
recently introduced into µTAS by some researchers [3]-[5]. However, in those µTAS
devices, utilization of SAW was limited only to transportation and mixing of droplets. In
this paper, to realize more advanced droplet manipulations, we propose a new fluid
manipulation technique for atomization and stirring by using standing SAW. The new
technique can directly atomize or stir a droplet that is placed directly on inter-digital
transducer (IDT) for SAW generation. Using the new technique, we have developed an
integrated droplet manipulation device that realizes four different functions on a single
wafer; transportation, mixing, stirring, and atomization.

2. ATOMIZATION AND STIRRING OF A DROPLET BY STANDING SAW
Atomization of liquid using traveling SAW was reported by Kurosawa [2]. However, the

reported technique cannot directly handle droplets, since liquid should spread to a thin layer
to be atomized with the technique. The new technique proposed in this paper utilizes
standing wave to realize direct droplet atomization. In the technique, a droplet is placed on
the center of an IDT as in Figure 1. By exciting SAW on IDT, atomization occurs at the top
of the droplet with keeping droplet shape, as shown in Figure 2. Atomization performance
was investigated in comparison with traveling wave atomization [2], in terms of their mist

}} }

IDTreflector reflector

droplet

mistpiezoelectric
substrate

Figure 1. Atomization using standing SAW.
A droplet is placed on the center of IDT.
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sizes. For generating SAW, IDTs with 200-µm electrode pitch were used. Excited SAW had
frequency of about 10MHz. The results in Figure 3 show that standing wave atomization
can realize less dispersed and smaller mist size.

The atomization occurs when the applied SAW power exceeds a certain criterion. Under
the criterion, it was found that a droplet is intensely stirred by SAW pressure. Figure 4
shows an example of stirring, in which a mixed droplet of water and oil was stirred. After
stirring by SAW pressure, the oil phase was broken into many small droplets to make
emulsion.

3. INTEGRATED DROPLETMANIPULATION DEVICE
An integrated droplet manipulation device was fabricated on a 3-inch LiNbO3 wafer as

shown in Figure 5. The device is equipped with five IDTs for generating traveling SAW, as
well as one IDT with reflecting electrodes for generating standing SAW. Droplet
transportation and mixing were realized by traveling SAW and flow tracks, as same as in
the reported SAW µTAS devices [3-5]. However, shape of flow tracks is modified for easier
droplet positioning and mixing; the track has pool areas (referred as “mixing stage” and
“atomization stage”) as shown in Figure 5. The pool areas retard droplet movements and
thus enable easier droplet positioning. Mixing can be realized by holding one droplet at the
pool area while transporting another droplet toward the pool. Then, the two droplets are
combined into one droplet at the pool area, and mixed by internal streaming [5] caused by
SAW pressure. These tracks are fabricated by coating the surface of the wafer except tracks
with water-repellent called CYTOP.

An integrated manipulation of droplets was demonstrated on the device. Four water
droplets (1 µl each) were placed on four different places on the device. The droplets were
transported toward the mixing stage, one by one, to be mixed into one large droplet, see
Figure 6 (a) ~ (c). The mixed droplet was then transported to the atomization stage, where
the droplet was stirred and then atomized into mist particles by standing wave; see Figure 6
(d).

4. CONCLUSION
In this paper, we proposed a new atomizing and stirring technique using standing SAW.

Our investigation revealed that atomization by standing SAW can realize less dispersed and
smaller mist sizes than that by traveling wave. Stirring of a droplet was also demonstrated
using the same setup as atomization. Finally, an integrated droplet manipulation was
realized using the proposed atomizing technique, in which four 1-µl droplets are transported
and mixed into one large droplet which is then stirred and atomized by standing wave
pressure.
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Figure 6. Demonstration of an integrated droplet manipulation.
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ABSTRACT
In this paper, DEP (dielectrophoretic) electrode array which can distribute and
transport the dielectric objects uniformly in PDF (pressure driven flow) was proposed.
The configuration of the electrode array was theoretically designed realizing the force
balance between the DEP force and drag force in stream direction. The performance of
the configuration was investigated in a DEP filtering device which has the optimized
electrode array.
Keyword: dielectrophoresis, filtering, flow control, geometry

1. INTRODUCTION
 The PDF (pressure driven flow) is convenient and widely used in microfluidic devices.
However, the solid objects in PDF, such as cells and large molecules, often adhere to
the side wall of microchannel due to electrostatic force. Only the objects near the center
of microchannel can be efficiently transported. The most serious problem of the
adhesion can be observed in DEP (dielectricphoresis) filtering device [1] which
combines DEP and PDF. In the DEP filtering device, the mixture of biological species
to be separated is pushed by an external PDF through a separation chamber with an
electrode array on the bottom. The particles in the enough positive DEP force can be
trapped. Figure 1 shows the result of 2 m particle filtering with conventional one.

Figure 1 Photograph of conventional filter
device: Particles adhere to the
microchannel side wall.

Near the microchannel side wall, particles
are adhering and accumulating due to the
low liquid velocity. This phenomenon
degrades the filtering resolution in
conventional filter device. On the other
hand, curved DEP electrode array was 
designed to induce the nonuniform ac
electrical field in width (y) direction as
shown in Fig. 2. The DEP electrode array
has curved edges which can induce the
nonuniform ac electrical field in y
direction. Due to this electrical
nonuniformity, particles near the side wall
are moved toward the center of
microchannel. Furthermore, it is possible
to control the particles uniformly
considering the force balance in stream
(x) direction.
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2. DESIGNINGTHE CURVED ELECTRODEARRAY
The configuration of the electrode array is designed based on analytical calculation to
realize the force balance between the DEP force and drag is force on particles in x
direction. Considering distribution of liquid velocity in y direction of the microchannel,
the hydrodynamic drag force on a particle can be written in following equation:

222 2/ yywUACF ddrag , (1)
where Cd, A, , U and w are drag coefficient, cross section area, density of the liquid
medium, velocity of liquid and width of the microchannel. On the other hand, the time
averaged dielectrophoretic force for a dielectric sphere can be described as

323
0 /1Re2 gEfrF RMSCMmDEP , (2)

where 0, m, r, fCM, ERMS and g are vacuum dielectric constant, relative complex
permittivity of particle, particle radius, Clausius-Mossotti factor, root mean square
value of the electric field and the electrode gap, respectively. Considering the velocity
distribution in y direction, an optimum configuration of electrode array was designed.
The configuration was defined to realize the force balance of x direction between drag
force and DEP force as

3 22 )(/1 ywyg , (3)
Figure 3 shows the normalized shape of the electrode gap described in Equation (3).
We neglect 10% near the side wall, since the value goes to infinity at 0 and w. With
this configuration, DEP force toward the center can be generated near the side wall.

3. EXPERIMENTALRESULT
To demonstrate the performance of optimum configuration, the IDT (interdigitated)
electrode array with curved edge was fabricated as shown in Fig. 4. The electrode array
was fabricated on the glass substrate and S1813 positive photoresist was coated over
the electrode array as a dielectric layer. The microchannel 200 m wide and 30 m deep
was fabricated by soft MEMS techniques. By bonding the substrate with the
microchannel, the DEP filtering device was fabricated.
The capability of DEP filtering with the optimum configuration was demonstrated
with microspheres(r=2 m) as shown in Fig. 5. The flow velocity of the liquid was
controlled at 2.7×10-4m/s and 10Vpp ac voltage was applied on the electrode array.
The particles near the side wall of microchannel were moved toward the center and
adhering issue was improved compared to the normal one. The DEP trapping
phenomena was observed only center of the microchannel regardless of the high
velocity at the center. This experimental result shows that this configuration can
simultaneously control the particles in stream direction and width direction.

4. CONCLUDING REMARKS
In this paper, we presented the DEP electrode array with optimum configuration to
control the cells in PDF. The electrode gap was defined by considering the force
balance between DEP and hydrodynamic force in stream direction. The performance of
electrode array with curved edge was investigated with the DEP filtering device. These
analytical and experimental results show that the configuration can be effective to
improve the adhesion issue.
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FABRICATION AND CHARACTERIZATION OF
FAST-ACTING PELTIER-ACTUATED MICROVALVES

Richard P. Welle and Brian S. Hardy
The Aerospace Corporation, USA

ABSTRACT
A microfluidic valve is formed by creating a flow channel past a Peltier (thermoelectric)

junction. The valve has no moving parts, and operates by using the Peltier effect to freeze a
solid plug of the working fluid in the flow channel. This paper reports on improved valve
designs that may allow cycle times less than 10 ms with minimal power requirements.
Methods of fabrication are reported, as are test results on prototype valves, demonstrating
closing times less than 100 ms. These cycle times, combined with the simplicity and
reliability of the valve, make it potentially interesting for many microfluidic applications.

Keywords: Valves, Thermoelectric, Peltier, Microfluidics

1. INTRODUCTION
The function of a valve is to stop the flow of fluid in a

pipe on command. On the macroscopic scale, valves
typically work by moving an obstruction across the flow.
In principle, the same technique should also be applicable
on the MEMS scale. Unfortunately, several difficulties
are encountered in attempting to reproduce a macroscopic
valve on the MEMS scale. Chief among these are that the
complex geometries typical of macroscopic valves are
difficult to reproduce in microscopic dimensions, and that
leak rates that would be completely negligible on
macroscopic scales are unacceptable on microscopic
scales. For these reasons, a completely new approach is
required. One technique that works well in biological
applications (where almost all fluids are water-based) is
the Peltier-actuated microvalve. In this type of valve, a
flow channel is adjacent to a Peltier device, and valving
action is accomplished by using the Peltier effect to cool 
and freeze the fluid in the channel, thereby forming a
solid plug blocking the flow. The principle of operation is
illustrated in figure one. In this figure, the top image
shows the valve in the open configuration. In the second
image, power has been applied to the Peltier junction,
causing it to begin to cool, and an ice plug starts to grow
in the flow channel at the point closest to the junction. In
the third image, the ice plug has grown until it fills the channel and blocks further flow of
liquid. The key to the simplicity and reliability of the Peltier-actuated microvalve is that
there are no moving parts; the flow channel is blocked only by the solidified form of the
fluid that was flowing through it.

Figure 1. Schematic illustration
of the principle of operation of
the Peltier-actuated microvalve.
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Cover layer
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This concept was first described in the technical literature in 2001, but was seen as being
of limited interest for microfluidic applications because the actuation time was too long. [1]
If the speed issue can be properly addressed, then the valve has several advantages that
could make it quite useful for microfluidic applications. Among these are that the valve is
electrically actuated, requires little power, has a zero leak rate even at very high pressures,
is unaffected by particulates, and has no moving parts and no dead volume.

2. DESIGN
Early attempts to make Peltier-actuated

microvalves typically involved attaching flow tubes
or channels to an off-the-shelf thermoelectric
module. These modules, however, are optimized for
efficiency rather than speed. As such, the valves
tended to have actuation times exceeding 10 seconds.
The slow speed resulted from the characteristic time
for thermal conduction through the structure of the
module. We have developed a valve design that
incorporates a single linear Peltier junction and an
adjacent flow channel, as illustrated in figure two. [2,
3] When power is applied to this device, the Peltier
junction operates as a monolithic linear solid-state
heat pump, pumping heat from the cold junction to
the hot junction. The cooling is a quantum-
mechanical process that acts only at the interface
between the two thermoelectric materials. As such,
with sufficient current density, the rate of
temperature change can be very high. Translating this
phenomenon into a fast-acting valve requires three
additional features. First, the flow channel must be
kept small and as close to the junction as possible to
limit delays due to characteristic heat transfer times
through the structure and the fluid. Second, good heat
sinking must be provided for the hot-side junctions to
prevent the bulk heating that could otherwise limit the
time the valve could stay closed. Third, the overall
length of the device must be kept short so that
resistive heating in the bulk thermoelectric materials
does not dominate the Peltier cooling at the high
current densities required for rapid cooling of the cold
junction. [4]

We have developed methods for fabricating linear
Peltier junctions with a total length of 600 microns, a width of 1 mm, and a depth of 300
microns. Heat sinking is provided by mounting the junction between silver and/or copper
blocks that act also as electrical contacts. Figure three is a photograph of one of these
junctions. To complete the valve, a flow channel 500 microns wide and 50 microns deep is
attached to a polished face of the junction.

Figure 2. Schematic illustration of
Peltier-actuated microvalve design

using linear Peltier junction.

Figure 3. Photograph of 600 m
linear Peltier junction with silver

and copper contacts.
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cold junction
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3. EXPERIMENTAL 
 We have found that the best diagnostic of valve operation is high-speed video imaging.
This is accomplished using a Photron 1024PCI mounted on a Zeiss Stemi 2000-C
microscope. For these experiments, the camera is operated at 250 frames per second and is
triggered at the same time power is applied to the valve. Counting the number of video
frames before the flow stops indicates the time required to close the valve. Opening time is
measured by a similar method. We have conducted a series of experiments to determine the
valve response time as a function of current density in the Peltier junction. As seen in
figure four, there is significant scatter in
the data, but the typical closing time is
under 100 ms at 8 A/mm2, and trends
downward with increasing current density.
The opening time is significantly faster,
and shows a clear maximum at about 10
A/mm2. At higher current densities, the 
resistive heating in steady state becomes
stronger than the Peltier cooling effect.
This causes the hot side of the valve to be
warmer and causes the ice plug to be
smaller. As a result, when the power is
shut off, the ice plug melts more rapidly.

4. CONCLUSIONS
We have developed a reliable method for fabricating linear Peltier junctions on a size

scale suitable for microfluidic valves. We have shown that these valves can consistently
operate with cycle times under 100 ms. The design of the valve lends itself well to
application in complex integrated microfluidic devices.
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FAST SOLUTION EXCHANGE MICROFLUIDIC DEVICE
FOR THE KINETIC ANALYSIS OF SINGLE CELLS

Poorya Sabounchi, Cristian Ionescu-Zanetti, Roger Chen, and Luke P. Lee
Berkeley Sensor & Actuator Center, University of California, Berkeley, USA

ABSTRACT

We present the design and characterizations of a novel fast solution exchange
microfluidic device for the kinetic analysis of single cells. The lateral cell trapping
junctions enable fast hydrodynamic trapping of cells from the bulk cell suspension while
adjacent microfluidic injection sites enable fast precise delivery of nano-liter volume of
reagents to trapped cells .

Keywords: Microfluidics, Single cell analysis, Fast perfusion

1. INTRODUCTION
Microfluidic devices have become essential tools for the analysis of cell-based assays

due to their significant advantages of rapid analysis, reduce sample/reagent consumption,
and elimination of contamination. Analyzing individual cells will inherently be more
accurate than any other cell-based sensor that relies on ensemble-averaged experiments.
However, only few studies have carried out experiments on individual living cells using
various microfluidic device [1, 2].

Controlled and accurate delivery of a small amount of a solution to a specific location is
a critical issue in many cell-based assays [2]. Many methods have been developed to

scanning microfluidic device in patch-clamp recordings of ion channel activity, as a tool for
rapid solution exchange and sequential delivery of ion channel ligands [3, 4]. Here we
present a new method of solution exchange which is simpler than existing methods based
on scanning pipettes since no mechanical movement is required and the proximity of the
injection sited to the cells are fixed.

2. DESIGN AND FABRICATION
We recently reported a patch clamp device where the lateral cell trapping junctions

enable fast hydrodynamic trapping of cells from the bulk cell suspension [5]. Here we
propose a new design where adjacent microfluidic injection sites enable fast precise 
delivery of nano-liter volume of reagents to trapped cells (Fig. 1a). Central to our setup is a
fluidic injection system that uses a two-way solenoid valve. Pulsed chemical reagents flow
through this injection system allowing characteristic response of single cell array to be
performed in rapid succession. This technique provides a general method for studying
kinetics of cell membrane proteins.

The fast solution exchange midrofluidic device is fabricated using a two-layer SU-8 and
soft lithography of PDMS. The main channel is 50 µm in height (Fig. 1b) and lateral
fluidic channels are 3 µm in height (Fig. 1c). Pulsed chemical reagents flow through the
injection system allowing solution exchange of chemical reagent around single trapped
cells (Fig. 1d-f).

rapidly change concentration around a trapped cell. Orwar et al. reported on the use of a
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3. EXPERIMENTAL 

Compound delivery parameters are verified using fluorescent markers (Figure 2). By
monitoring the concentration of fluorescent dye molecules 5 µm away from the injection
we have shown that application and removal of reagent can be accomplished at a rate of 10
Hz, or in a time span of 100 ms. The rise time (10-90%) is less than 33 ms, which is the
resolution of our video acquisition. For a measurement time of 2 s (0.5 Hz), the reagent
consumption volume is 0.2 nL.

Membrane binding kinetics of two different fluorescent dye is studied under 0.5 Hz
pulsed flow (Figure 3). An amphiphilic fluorescent dye (FM 2-10) which reversibly labels
cell membranes is used to characterize reversible binding kinetics (Fig. 3a). A lipophilic
fluorescent dye (HAF) which resides on the membrane surface was used is used to
characterize partially reversible binding kinetics (Fig. 3b). The delay of membrane
intensity vs. extra cellular solution can be used to extract the kinetic parameters of
membrane trafficking.

4. RESULTS AND DISCUSSION
Figure 2 shows that the amplitude of the solution exchange drops as the frequency is

increased. The limitation of the pulse frequency is due to the elastomeric properties of
PDMS. The fluidic channels show a capacitive behavior when the reagent is pulsed through
the injection channel. This combined with the fluidic resistance of the small channels create 
a low pass fluidic circuit system which can not pass higher freuncies of pulsed flow.

5. CONCLUSIONS
In summary, the fast solution exchange microfluidic device for kinetic analysis of single

cell array is designed and characterized. Membrane binding assay at single cell level is
performed under pulsed flow. This device can be used as a single-cell detector which
combines the natural signal amplification of whole-cell biosensors with the flexibility and
specificity of immunological recognition.
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Figure1. (a) Schematic design of the fast solution exchange microfluidic device. A
solenoid valve (not shown) provides the upstream pulse flow. Negative pressure is used to
trap the cells. (b-c) SEM image of the device before bonding. (b) The main channel is 40
µm in height. (c) Lateral trapping channels are 3 µm in height. (d-f) Chronological
sequence of solution exchange (i.e. reagent flow) around single cell array for 1 Hz pulsed
flow.

Figure2. Injection of 10 nM fluorescein measured 5 µm away from the injection channel.
(a) Averaged pulse at rate of 0.5, 1, 2 Hz. (b) Averaged pulse at rate of 3, 6, 9, 12 Hz . The
flow rate in the main channel is kept at 100 µL/min. Intensity measurements have been
normalized with respect to 1 Hz pulsed flow. The error bars represent standard deviation
from three different devices.

Figure3. Membrane binding kinetics under 0.5 Hz pulsed flow. (a) Amphiphilic
fluorescent dye (FM 2-10) (b) Lipophilic fluorescent dye (HAF). The delay of fluorescent
uptake can be used to extract the binding parameters. Intensities have been normalized and
background subtracted for comparison. The error bars represent standard deviation from
three different trapped cells.
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INVESTIGATION ON MICROFLUID FOCUSING
BY PHASE TRANSFORMATION OF LIQUID

AND ANALYTICAL EVALUATION

Sang Uk Son1, Duckjong Kim2 and Seung S. Lee1

1Korea Advanced Institute of Science and Technology, Korea
2Korea Institute of Machinery and Materials, Korea

ABSTRACT
This paper describes investigation on microfluid focusing by phase transformation of

liquid into vaporized state, and analytical evaluation of it. Water in vertical branches of a
cross-shaped microchannel of 300 m in width was vaporized with a microheater and
formed interfacial lines on fluid passing in horizontal direction, resulting in reversible
microfluid focusing as the interfacial lines expanded or contracted. Focusing process by
2-dimensional simulation using a free surfaces (VOF) module of CFD-ACE+ supported the
experimental results, whereas a critical flow velocity where the focusing became unstable 
mismatched as 100 m/s in simulation and 17.8 mm/s in experiment, respectively.
Keywords: Focusing, Microfluidics, Microheater, Microchannel, Simulation

INTRODUCTION
Microfluid width, which is generally determined by the cross-section of a microchannel,

is one of factors affecting mixing efficiency of reagents in microsacle and sorting
cells/beads in microchannel [1,2]. Currently, hydrodynamic and electrokinetic methods
have been used for manipulating microfluid width and flow direction of cells/beads due to
an easy operation and well established techniques. Hydrodynamic method, however,
needs additional pumping systems increasing the volume and cost of the microfluidic
systems, and reconfiguration of electrodes is limited in electrokinetic method. In this
paper, we present a reversible microfluid focusing method by phase transformation of
liquid into vaporized state with an integrated microheater, and simulation results.

PRINCIPLE
Fig. 1 depicts the schematic of microfluid

focusing and the design of a microfluidic
device. Water in the vertical branches of the
cross-shape microchannel was vaporized with
the integrated microheater, and thereby
expansion of interfacial lines between
vaporized water and fluid resulted in focusing
the fluid to order of ten micrometers in width
[3]. The focusing was reversible as the
interfacial lines moved by expansion or
contraction of vaporized water, and in
addition to high aspect ratio microfluid could

Fluid

Microheater

Microchannel

Interfacial line

Vaporized
water

Initial
width

Reduced
width

Fig. 1. Schematic of microfluid focusing
by transforming liquid into vaporized state
with a microheater.
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FABRICATION
Fig. 2 shows the microfluidic

device. It was simply fabricated by
patterning a microheater on a glass
substrate and coating spin-on-glass
as a dielectric layer, and bonding the
substrate with a microchannel layer
which was prepared by molding
polydimethyl siloxane (PDMS) on a
microchannel of 50 m in height,
defined with a negative photoresist
of SU-8. Silicone tubes were attached for inlet and outlet using PDMS.

EXPERIMENT
Fig. 3 shows the focusing experiment with three vertical branches which had different

ratio of 2.0, 1.0, and 0.5 to horizontal width of 300 m, respectively. It was aimed to
determine a configuration of microchannel for stable focusing. Water in the each vertical
branch boiled and was vaporized as soon as the microheater was manually connected to a
9-V battery, and formed an interfacial line to fluid which passed at 0.1 20 mm/s with a
peristaltic pump. The focusing was stable and easy to control when the ratio, T/W, was
one compared to others, and the focused width was achieved as up to 22 m [3]. Flow
velocity of fluid also affected the focusing even though the interfacial line movement
mainly contributed to the focusing.

1 mm

0.00s 0.07s 0.39s 1.46s

T

W

Vaporized water

Fig. 3. Microfluid focusing in time sequence at different locations of which the ratios of
vertical width to horizontal width, T/W, were 2.0, 1.0, and 0.5, respectively from left to
right, where W is 300 m.

SIMULATION
Numerical calculation was based on a control-volume finite difference method in which

transient free surfaces with arbitrary topology and deformations were tracked using a
volume of fluid algorithm incorporated into the Navier-Stokes equations. Governing
equation is as follows:

t
FV

t
F

(1)

where , V , and F are density, velocity vector, and volume of fluid function,
respectively.

Outlet Inlet Microheater1 cm 1 mm

Microchannel
Fig. 2. Microfludic device.
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In simulation, vaporized water was replaced with air at 25°C for simplicity and the
contact angle of fluid, water at 25°C, on PDMS wall was set to 113.4° [4]. Since the
focusing in a plane was significant, 2-dimensional simulation was conducted. Fig. 4
shows the focusing process by simulation using a free surfaces (VOF) module of
CFD-ACE+, which was well coincident with the experimental results. Distortion and
break of the interfacial lines between fluid and vaporized water, however, were mismatched
in terms of critical flow velocity, which was 100 m/s in simulation and 17.8 mm/s in
experiment, respectively, as shown in Fig. 5. Pressure of the air was set to 1 kPa, whereas
that of the vaporized water was not measured.

(a) (b) (c)300 m

Air

Fluid

Fig. 4. Simulation results of microfluid focusing process using a free surfaces (VOF)
module of CFD-ACE+, which were coincident with experimental results.

(a)

Fluid

Air

(b)

Vaporized
water

Fluid 300 m

Fig. 5. Distortion of the interfacial lines: (a) at 1 kPa and 100 m/s in simulation, and (b)
at 17.8 mm/s in experiment, respectively.

DISCUSSTION
Microfluid focusing by transforming water into vaporized state with a microheater was

demonstrated in a microchannel of 300 m in width, and the experiments were supported
with simulation using a free surfaces (VOF) module of CFD-ACE+. The focusing process
was well coincident with experiments, whereas critical flow velocity where distortion of the
interfacial lines between fluid and vaporized water occurred was mismatched. 
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OPPOSING ELECTROKINETIC AND HYDRODYNAMIC
FLOWS: PARTICLE MIXING AND CONCENTRATION

DEVICES
Andrew J. Skulan, Louise M. Barrett, Gregory J. Fiechtner, Mike Kanouff,

Anup K. Singh, Eric B. Cummings and Blake A. Simmons
Sandia National Laboratories

ABSTRACT
We present a novel, low voltage particle mixing and concentration paradigm that

exploits the interplay between electrokinetic, dielectrophoretic, and pressure-driven flows.
Applying electrokinetic and pressure-driven forces of similar magnitudes in opposite
directions largely cancels these two forces and results in the smaller dielectrophoretic force
becoming significant. The sum of these three forces throughout the microchannel results in
particle concentration and mixing regions. The devices presented utilize weak DC fields
(5-25 V/cm) and patterned, insulating microfluidic channels. This approach has been
applied to latex beads varying in size by two orders of magnitude (2 µm – 20 nm) using one
channel geometry and has been applied to both biological and synthetic particles.

Keywords: Electrokinetic, pressure-driven, dielectrophoresis, concentration

1. INTRODUCTION
A key design goal in developing small, deployable microfluidic devices for chemical and

biological agent detection is minimizing the power required to run the device.[1] Particle
mixing and concentration are integral components of microscale total analysis systems.
This has inspired the development of a novel, low voltage particle concentration and
separation paradigm that exploits interplay of electrokinetic, dielectrophoretic and pressure-
driven flows.

Electrokinesis is the net force experienced by a particle in an electric field due to electro-
osmosis (motion of the carrier fluid, water, in response to an electric field), and
electrophoresis (motion of charged, suspended particles in response to an electric field).
Dielectrophoresis is the movement of a particle in response to gradients in an electric field.
When a particle with negative dielectrophoretic mobility, such as a latex bead or an E. coli
cell in water, approaches a region of increasing electric field strength, it experiences a
dielectrophoretic force in the opposite direction to the field gradient, repelling it from this
region. A pressure-driven flow acts in response to a pressure head generated by an
imbalance in fluid reservoir heights or pumping by a syringe. As the origin of pressure-
driven fluid motion is independent of that of electrokinesis and dielectrophoresis, the
pressure-driven force can be applied opposite that of electrokinesis, resulting in mixing and
concentration of suspended particles, given the correct balancing of these forces.

2. EXPERIMENTAL
The channels presented in this study of competing electrostatic and hydrodynamic flows

were designed using the uniform-field faceted channel design approach of Fiechtner and
Cummings.[2, 3] The channels consist of a deep inlet and outlet channel joined by a
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shallow ridge (Fig 1a.). The use of a rationally designed channel simplifies analysis of the
resulting data, although we anticipate that this phenomenon is not limited to this type of
channel. They were fabricated using a two-level, isotropic etch in a glass substrate. The
rounded features that are characteristic of isotropic etching are seen at the right of the top
deep channel, and the left of the bottom deep channel of Fig. 1b. The channels discussed
have a deep channel depth of 50 m and a shallow channel depth of 5 m.

Figure 1. a) 3-D representation of a ridge in a microfluidic channel. The inlet and outlet
regions are deeper than the central ridge. The flow in the inlet and outlet (shown by black
arrows) is slower than that over the ridge (white arrows) b) Transmission microscope
image top view of a real ridged channel as fabricated using isotropic etching. The width of
the inlet and outlet channels is 258 µm.

3. RESULTS AND DISCUSSION
The behavior of DC electrokinetic and pressure-driven flows in ridged channels are well

understood, both experimentally and theoretically.[2-4] Experimental electrokinetic and
hydrodynamic velocity fields are shown in Fig. 2 and show near spatially-uniform velocity
for electrokinetic flow, while pressure-driven speed increases with distance from the
channel walls and facet interface. Dielectrophoretic effects are negligible except at the
field non-uniformity at the ridge.

Figure 2. a) The electrokinetic flow profile of the ridged channel of fig 1b. b) The
corresponding pressure-driven flow profile.

When the electrokinetic and pressure-driven flow fields are near-balanced, they can
produce regions where dielectrophoretic transport is locally significant, resulting in the
latex particles being repelled from the region adjacent to the ridge. The combination of
these three forces results in the formation of particle recirculation pockets that can
accumulate particles, simultaneously mixing and concentrating them. Fig. 3 shows the
results of this phenomenon. Fig. 3a shows a fluorescence image of channel filled with
water containing suspended 20 nm latex beads (individual beads appear as black and are
too small to be individually discerned in the image). The particle distribution is uniform,
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and in low concentration resulting in the deep channel regions appearing light grey, with
the exception of particle aggregates (dark spots at the deep-shallow channel interfaces, and
one large aggregate to the right of the facet in Fig. 3a). The deep channels are darker grey
as there are more beads in a 50 m deep channel cross-section than in one that is 5 m
deep. Fig. 3b shows the same channel 45 seconds after application of a 1 V/mm potential
(resulting in electrokinetic flow) near-balanced by a slightly weaker pressure-driven flow in
the opposite direction. The directions of the two forces is shown in Fig. 3b. The net fluid
flow is left-to-right in Fig. 3b, with particles being trapped in front of the ridge, while
particle-depleted water continues over the facet to the deep channel on the right. The
density of particles within the concentration region increases with time as more particles
become trapped, until the region saturates with particles, causing the concentration zone to
grow in volume.

Figure 3. Experimental particle concentration at a ridge. The darker regions contain 20-
nm fluorescent latex beads; white regions have no particles present. The large dark
regions are concentrated regions of beads. a) Uniform particle distribution at t=0s, b)
particle concentration on the left of the facet (dark region), particle-depleted region to the
right of the facet (white).

In the region immediately adjacent to the ridge the electrokinetic component is stronger
while pressure-driven flow is stronger slightly further from the ridge (Fig 2a, b). The
interplay of electrokinetic, dielectrophoretic and pressure-driven forces generates a
recirculating vortex in the particle concentration region. This can be used to mix ensembles
of particles including cells and polystyrene beads.
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PERMEATION INDUCES FLOWS IN SILICONE BASED-
MICROFLUIDICS

Emilie Verneuil, Axel Buguin, Pascal Silberzan
Laboratoire Physico-Chimie Curie (UMR 168), Institut Curie, Paris, FRANCE

ABSTRACT
For most macroscopic systems, the permeation of water through silicone elastomers can

be safely neglected, but this is no longer true in high surface/volume ratio structures. In the
present study we show in particular, that in microstructures made of silicone elastomer, this
effect induces flows strong enough to overcome diffusion phenomena. These flows have
been quantified by tracking fluorescent tracers in channels of various geometries. The
average drift velocity is inversely proportional to the channel cross section to a good
approximation and can be interpreted by a simple theoretical model. This effect can be
advantageously used to concentrate and crystallize colloids.

Keywords: pervaporation, crystallisation, flow control, PDMS micro-channels

1. INTRODUCTION
Soft lithography is an easy and cheap way to make fluidic systems at a sub-micrometer

level, by molding a curable silicone elastomer [1], a material generally believed to be inert
with respect to water. On the other hand, silicone membranes are well known for their
selective permeation properties to liquids and gases, a property used in separation processes
(pervaporation). Several models based on the diffusion of water molecules in the rubber
have been proposed [2] that provide an estimate of the solubility of water in silicone 
(C0~1kg.m-3) and of its diffusion coefficient (D~10-9 m²/s). We demonstrate experimentally
in the present paper that permeation can generate strong flows in silicone-based micro-
fluidic structures.

Figure 1: (a) Schematic representation of the PDMS molded channel (b) with one inlet, and with the
x-axis origin at its closed end. (c) Top view of the closed end of a channel 6 hours after the filling
with a dilute suspension of fluorescent latex beads. The white bar represents 200 µm.

2. EXPERIMENTAL METHODS
The microchannels are fabricated by “soft lithography” [1]: briefly, an imprint of the

channel is reproduced in a negative photoresist by photolithography. A replica of this
master is then molded with polydimethylsiloxane (PDMS), a heat curable silicone
elastomer. The result is a channel of length L 10 mm, width w ranging from 10 to 500 µm
and thickness h from 1 to 100 µm in a PDMS block of 2 x 6 x 20 mm. We drill an inlet in
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the block at one channel’s end and seal it by assembly of two incompletely cured PDMS
blocks, and by completing the curing to a total time of 24 h. The channel is sketched in
fig.1(a-b). Immediately after their fabrication the channels are filled with a suspension of
fluorescent latex beads (diameter 0.5 µm) in ultra-pure water. These beads are used as flow
tracers, and their motion is observed by fluorescence microscopy using a CCD camera (20
fps) and analyzed with a multi-particles tracking software. The mean velocity of the beads
along the channel length is extracted from these measurements.

3. RESULTS 

Figure 2: (a) Mean velocity of the flow V(x) in PDMS channels of height h=20 µm and various 
widths w as a function of the distance x along the channel. V increases linearly with x : V=k.x. (b)
Log-log plot of k as a function of (S.ln(b/a))-1 with S=w.h, b=0.6 mm and a=(w+h)/4 for a series of
various widths and heights channels.

Whatever the channel size, we observe an accumulation of the fluorescent beads at its
closed end (fig. 1c). This is the direct consequence of the permeation of water through
PDMS: a net convective flow develops to balance the water evaporation through the
rubber. For a given channel, this drift velocity increases linearly with the location x, as
shown in fig. 2a. In order to further check the hypothesis of permeation, we observe how
the drift is affected by the immersion of the entire block in water. With the progressive
saturation of the elastomer with water, we find that the drift velocity decreases to 0 with a
characteristic time of 2 hours, in agreement with classical permeation measurements [3].
We also note that temperature has a strong influence on the drift: V increases by 5% per °C.
Finally, as shown in fig.2a, the width w and height h of the channel are the key parameters.

4. INTERPRETATION 
We propose here a description based on the diffusion of water molecules within the

elastomer. For symmetry reasons, we can postulate that the volume of water q permeating
through the walls of the channel is constant with x per unit length and time. This volume is
calculated exactly in the case of a cylindrical channel (radius a) in a cylindrical block
(radius b) by Crank [4], being the density of water and C0 the water solubility gradient:

02
ln
CDq
b a

(1)

Dealing with parallelipedic geometries, we approximate the block and the inner channel by
cylinders of effective radii b and a so that b is a typical dimension of the PDMS block and
2a=(w+h)/2 [5]. Since q depends only logarithmically on a and b, these estimates are
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sufficient for our purpose. Finally, the volume conservation in a [x;x+dx] slice of the
channel leads to ( )w h dV q dx , whose integration combined with (1) gives [6]:

02 1( ) .
ln

D CV x x k x
wh b a

(2)

Equation (2) describes well the linear behavior of V with x (fig. 2a). In addition, we can
get an estimate of b~0.6 mm (see fit in fig. 2b), indeed close to the block millimeter-sized
dimensions. We can then estimate the permeation rate: D· C0~0.5 x10-9 kg.m-1.s-1, in good
agreement with the litterature data [2]. Finally, we note that the increase of V with T is
qualitatively described by eq.2, since the water solubility C0 increases with T.

By a good control of the section of the channel, we can thus finely tune the flow
velocity. Therefore, it is possible to balance drift velocity and diffusion of the beads at the
closed end of the channel. For some well chosen geometries, we have been able to observe
a crystallization of these colloids (fig.3). These channels can therefore be used to make
colloidal crystals with no drying.

Figure 3: Reflection microscopy image of the crystallization of polystyrene beads (diameter 1µm) in
a PDMS channel (w=80µm, h=20µm) that form a hexagonal pattern. Image vertical
dimension=25µm.

5. CONCLUSIONS
We have quantitatively studied the flows induced by permeation in microfabricated

silicone channels and showed how it can be described by a simple diffusion-based model.
This effect results in the concentration of the solutes at the channel end. In the favourable
conditions, colloid crystallization was observed and we believe that a tuning of the channel
geometry could also match the crystallization conditions for nanoparticles or proteins and,
combined to a parallel approach, could give an efficient device for screening their
crystallization conditions.

We thank A. Ajdari and J. Leng for discussion.
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PHASEGUIDE STRUCTURES FOR PIPETTE ACTUATED
LAMINAR FLOW BASED SELECTIVE SAMPLE

RECOVERY
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Urban2, Marco Tartagni1, Roberto Guerrieri1 and Nicolo` Manaresi3
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ABSTRACT
The selective recovery of particles after separating them with dielectrophoretic (DEP)

forces is demonstrated. The principle is based on a two-lane laminar flow and uses pipette
pressure as an actuation mechanism. Phaseguides enable a controlled extraction and
injection of the liquid into the separation chamber.

Keywords: phaseguides, pipette actuation, dielectrophoresis, recovery

1. INTRODUCTION
Silicon Biosystems’ proprietary dielectrophoresis technology enables the separation of

bioparticles by moving them from one side of a fluid chamber to the other side using the
cage-speed separation mechanism [1]. In order to selectively recover the separated
particles, a double pipette is used that establishes a laminar flow in the separation chamber
and recovers the two halves of the sample liquid separately (see figure 1). Interface hole-
diameters are adapted to the size of the pipette tip, enabling liquid actuation by pipette
pressure. Since the separation mechanism is very sensitive to unwanted liquid flows,
hydrostatic flow has to be prevented by directly introducing the sample in the chamber. The
resulting liquid/air interface is controlled by the introduction of phaseguides.

2. THEORY
Phaseguides are intended for guidance of a liquid/air interface in a microchamber by

introducing narrowings or stripes of a different material perpendicular to the flow direction.

Figure 1. Dielectrophoretic sample
separation (left) and recovery (right)

Figure 2. Principle of fluid handling; a
sealed pipette tip enables the insertion and
extraction of liquid by pipette pressure,
while phaseguides ensure a controlled
filling
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A similar principle has been widely applied for creating hydrophobic valves [2]. The
resulting differences in capillary forces locally slows down or accelerates the advancement
of the liquid front. The difference in capillary pressure between the phaseguide material
and the lid material can be described as follows:

botch
ch

botphg
phg

phgch hh
P coscoscoscos, (1)

Where is the liquid/air surface tension, hphg and hlid the chamber height under the
phaseguide and lid respectively and phg, lid and bot the respective contact angles of the
phaseguide, lid and bottom material (see figure 2).

3. EXPERIMENTAL 
 Phaseguides were created using a 30 µm thick Ordyl SY330 dry film resist (DFR) and a
thin film layer of SU-8. In both cases the material was applied on an indium-tin oxide
(ITO) coated glass lid that acted as a top electrode. The thin film phaseguides in SU-8 were
created by diluting SU-8 2002 ten times with cyclopentanone. The final thickness of the
guides was measured to be around 60 nm using a Tencor P-11 surface profiler.

A 100 µm microchamber was created in thick dry film photoresist ([3], Elga Europe).
The chamber was double bonded to a silicon chip with platinum electrodes and gold
connections (see figure 3a).

Dynamic contact angles of the different materials were measured using a DSA10-Mk2
droplet analysis system (see table 1). Using equation 1, the advancing and receding
pressure difference are 5 Pa and 90 Pa respectively for the DFR guides, and –113 Pa and –
283 Pa for the SU-8 guides, while considering a surface tension of 73 mJ/m2.

DEP experiments were carried out
using a Sliderunner high frequency
power source (Silicon Biosystems,
Italy). 25 µm polystyrene beads were
separated from 3 µm polystyrene
beads using the cage-speed separation
protocol [1] at a 500 kHz frequency
and amplitudes of 2.5 Volt.

4. RESULTS AND DISCUSSION
Figure 3b shows the retraction of a two-layer liquid flow by pipette suction using the

DFR phaseguides. As follows from the straight liquid front, the liquid-air interface follows
the phaseguides perfectly, resulting in the separate recovery of the two dyes. The thick
DFR phaseguides, however, inhibit the electric field distribution, resulting in a DEP field
minimum underneath the phaseguides where the beads are gathering. The SU-8
phaseguides were instead thin enough not to inhibit the electric field for the high
frequencies that were used. Figures 4a and b show the end of a separation protocol at the
extreme sides of the separation chamber and the figures 4c and d show the recovered
separation product and separation remainder respectively. The recovered separation product
had a large to small bead ratio that was 12 times the ratio of the original sample, while for
the separation remainder this ratio was one quarter of the original ratio. These numbers
indicate the efficiency of the DEP-separation protocol in combination with the fluidic

Table 1. Dynamic contact angle
measurements 

Material Advancing
contact angle

Receding
contact angle

ITO 75o 16o

Platinum 81o 30o

Ordyl SY330 82o 60o

SU-8 84o 55o
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recovery. In practice, the contamination due to the phaseguides-based fluidic recovery
protocol is negligible and does not hamper DEP separation performance.

In the case of this experiment, thick phaseguides have had the disadvantage over thin-
film phaseguides that they influence the electric field distribution and even optical
visibility. However for different applications they have the advantage that they are less
sensitive to changes in surface properties during experiments and that the phaseguide
material could be made out of the same material as the lid.

5. CONCLUSIONS
The principle demonstrated in this abstract is excellent for recovery of spatially

separated particles and requires minimal surface area for microfluidics. This is especially
interesting when expensive silicon chip technology is used. The principle can be easily
applied for many other applications in which small undiluted samples need to be handled
(e.g. biosensor arrays).
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Figure 3 a) Assembled
dielectrophoresis chip with thick
DFR phaseguides
b) Controlled recovery of two dyes

Figure 4 a, b) Extreme sides of the separation
chamber after a recovery experiment. Note
that the thin film phaseguides are too thin to
be visible c, d) Recovered separation product
(c) and remainder (d)
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MICROCHANNEL
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ABSTRACT
We developed a novel micromixer using AC electroosmotic flow induced with a pair of
coplanar meandering electrodes in microchannel. Applying AC voltage (10 Vp-p, 1 kHz) to
the electrodes, 90 % mixing was achieved within the length of 2 mm (mixing time 0.15 s)
for flow velocity up to 12 mm s-1. The performance of the present mixer was compared
with reported mixers, and effectiveness of the present mixer was demonstrated.

Keywords: AC electroosmosis, activemixer, microelectrode, micromixer

1. INTRODUCTION
Efficient mixing of fluids in microchannel is required for many chemical and biochemical
applications. A number of passive[1, 2] and active[3] micromixers have been reported for
the past decade. Here, we developed a novel micromixer based on AC electroosmotic flow
(AC-EOF)[4] perpendicular to the flow of the fluid in microchannel. Figure 1 shows the
cross-section of the microchannel in which coplanar electrodes are integrated. By applying
AC voltage to the coplanar electrodes, AC-EOF is induced from the center to the channel
wall on the electrodes, which resulted in circular flow of the fluid as indicated by arrows.
To use the AC-EOF for mixing of fluids, in this paper, we fabricated meandering
electrodes-integrated microchip (AC-EOF mixer) and evaluated the mixing performance.

2. EXPERIMENTAL
The AC-EOF mixer was fabricated by the procedure described before[5]. Mixing of fluids
was visualized by conventional dilution experiments of fluorescent dye. Two streams,
aqueous fluorescein solution and water (pH 9.2), were introduced to the mixer by a syringe
pump, and AC voltage was applied to the meandering electrodes.

Microchannel

Electrode

~

Microchannel

Electrode

~

Figure 1. The cross-section of microchannel in which the coplanar electrodes are
integrated. The direction of AC-EOF is indicated by arrows.
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3. RESULTS AND DISCUSSION
Figure 3 shows the typical images of mixing by AC-EOF. The images clearly showed that
applying AC voltage caused rapid mixing of the fluids as shown in Figure 3(b), while
mixing was hardly observed without applying AC voltage in Figure 3(a). Figure 4 shows
the relationship between mixing length and flow rate of fluid. For flow rates up to 12 mm
s-1, 90 % mixing was achieved within the length of 2 mm (0.15 s), while 100 mm (8.8 s)
would be required to achieve the same extent of mixing by molecular diffusion. These
results were compared with reported mixers. As shown in Figure 5, the chaotic and
serpentine channel mixers[1, 2] worked well in the range of higher Peclet number (> 2
103). Although the ultrasonic mixer[3] was effective for lower Peclet number, it needed
longer mixing length. On the other hand, the present AC-EOF mixer achieved efficient
mixing with Peclet number below 2 103, which was suitable for various continuous flow
chemical processing we have developed[6]. In conclusion, we succeeded in rapid and

Figure 2. Photograph of AC electroosmotic micromixer.

Figure 3. Fluorescence micrographs of mixing between two streams by AC-EOF (a)
without applied voltage and (b) with applying sinusoidal wave (10 Vp-p , 1 kHz). Mean
velocity in the mixing channel is 8.1 mm s-1.
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active micromixing of fluids by the present AC-EOF mixer. In addition to the dramatically
reduced mixing length, the present AC-EOF mixer was easily fabricated, and worked with
small electric energy. Therefore, the AC-EOF mixer can be a powerful tool for
microfluidic technology.
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Figure 4. Flow rate dependence of X90,
which means mixing length required for
90 % mixing. The closed diamonds are
X90 obtained for the present AC-EOF
mixer. The open circles are X90 without
AC-EOF, which are calculated based on
the diffusion coefficients of fluorescein
(D = 3.67 x 10-10 m2 s-1).

Figure 5. Peclet number dependence of
nondimensional mixing length for the
present AC-EOF mixer(■), the serpentine
channel mixer(△, [1]), the chaotic
mixer(○, [2]), and the ultrasonic
mixer(▽, [3]). dh is the hydraulic diameter
of microchannel.
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Figure 1.  Schematic of pipe-line type massively 

parallel microfluidic devices. 

SIMPLE CONSTANT VOLUME INJECTION PUMP FOR 
DROPLET SEPARATION IN MASSIVELY PARALLEL 

MICROFLUIDIC DEVICES 
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Abstract 
This paper reports a new design of pneumatic-driven micro pump which quickly deliveries 
a constant volume per one cycle of pneumatic action, even in a tough condition which the 
back pressure strongly changes. Therefore it is suitable for inserting oil-droplet between 
aqueous solution samples in microfluidic channel. This operation is required for massively 
parallel microfluidic device in which a number of samples such as cells, beads, or aqueous 
solutions separated by oil, flow in one common fluidic path and treated continuously. The 
pump is easily made by stacking three PDMS layers of air channel layer, thin PDMS 
membrane, and solution flow channel layer. This layer configuration can make valves, so 
that it is suitable for large-scale integrated microfluidic device.  

Keyword: micro pump, droplet separation, PDMS 
   
1. Introduction 
Recently, many microfluidic systems are developed. Among them people pay attention to 
pipe-line architectures in which a massive number of individual samples such as cells, 
beads, particles, and solutions are transported in single channel separated by oil or air and a 
series of operation is done 
continuously. That enables 
massively-parallel operation in 
microfluidic devices for chemical 
processing with high efficiency. 
Schematic of this system is 
described in figure 1. In this system, 
a quick and constant volume 
delivery pump is needed to execute 
sample separation, reagent 
injection, and preparative isolation 
at proper timing synchronized to 
sample motions. 
  We suggested a new design of pneumatic-driven micro pump, which is similar to 
conventional PDMS made peristaltic pump [1]. However, it has two advantages. (1) Only 
one pneumatic line is needed per one pump, while three pneumatic lines are needed in 
peristaltic case. (2) Reverse flow is suppressed to very low by easy-fabricated check valve, 
while a certain amount of reverse flow exists in peristaltic pump when the last air line is 
depressurized.
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Figure 2.  Cross section and plan view of the pump. 

Figure 3. Pumping operation by evacuation and pressurization of air line.

2. Experimental 
Figure 2 illustrates a cross-sectional and plane view of this pump. The air layer and liquid 

layer are made by standard photolithography technique with SU-8 thick resist and PDMS 
molding.  Typical channel height of each layer is 70µm. The two layers are stacked with 
PDMS membrane of 30µm thick.  

The Pumping operation is described in figure 3. When the air line is evacuated, the inlet 
valve is opened, and the liquid is sucked from inlet into the middle chamber. Then the air 
line is pressurized, first inlet valve is closed, then the membrane push out the liquid to 
outlet through the check valve.  

3. Result and discussion
Figures 4 shows a series of photo during pumping operation. Fig.4a is a photograph of 

initial stage when the air channel is atmospheric. The liquid is filled in left part of the liquid 
channel, and the front end of the liquid is located near the center indicated as  point A.  
Fig.4b shows the status just after airline is depressurized.  The liquid is sucked from inlet 
into the middle chamber, however the meniscus does not move because of check vlave. 
Finally, the air channel is pressurized, and the top of liquid is moved to the point B (Fig.4c). 
By repeating this pneumatic action, liquid is pumped from left side to right side. The 
volumes per each cycle are determined by middle chamber capacity, therefore are kept 
constant.
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Figure 5. Discharge volumes per each 

pneumatic cycle.

Figure 4. A series of photographs during pumping operation.

Figure 5 shows the discharged volume per each pneumatic cycle. This result shows that
the pump achieves reproducible constant injection. The average value of 10 times is 18.2
nl/cycle. The response time is less than 100ms / cycles.

Finally, we performed a demonstration of aqueous sample separation by constant volume
oil injection using this pump. Fig.6 shows a photograph of the action. The bright part is
water and the dark one is oil. It indicate that water is successfully separated into droplet by
oil using this system.

4. Conclusion
A new design of pneumatic-driven micro pump which quickly deliveries a constant

volume per one cycle of pneumatic action were developed. It can inject a constant volume
of sample about 18.2nl/cycle quickly into different liquid phase. This pump was considered
to be suitable for droplet separation for massively parallel microfluidic devices.
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SUPER-HYDROPHOBIC PASSIVE MICROVALVE FOR 
MANIPULATING PROTEIN-CONTAINING LIQUIDS 

T. Yasuda, M. Ezoe, and K. Ishizuka 
Graduate School of Life Science and Systems Engineering, 

Kyushu Institute of Technology, Japan 

ABSTRACT 
This paper presents a passive microvalve which can manipulate protein-containing 

liquids such as cell-culture medium, blood plasma, etc. This microvalve was fabricated by 
anodizing Si surface of a microchannel wall and making the channel surface partially 
super-hydrophobic. The super-hydrophobicity could be modified by changing anodization 
time and current density during an anodization process. Experiments using cell-culture 
medium showed that the fabricated microvalve successfully opened and closed, and that it 
could be opened in about 0.5 sec by an inlet pressure from 3.5 to 7 kPa. 

Keywords: Anodization, Microvalve, Super-hydrophobic 

1. INTRODUCTION 
A hydrophobic passive microvalve using different liquid surface tensions on hydrophobic 

and hydrophilic surfaces inside a microchannel is one of the most beneficial components for 
Bio-MEMS devices because it has simple structure without any mechanically movable parts 
and can be driven by low pressure [1-3]. However, when a handling liquid includes proteins, 
the microvalve performance deteriorates because adsorption of proteins to a hydrophobic 
surface due to the hydrophobic interaction principle prevents the hydrophobic surface from 
repelling the liquid. In order to solve this problem, we fabricated a novel microvalve 
including a super-hydrophobic surface which inhibits adsorption of proteins. 

 

Liquids

Valve closedAir

Pressure
applied

Valve opened

Si wafer

PDMS cover

Hydrophilic
channel

Liquid
inlet

Liquid
outlet

Air vent

Super-hydrophobicb cb c
channel

 
(a)                           (b) 

Figure 1. (a) Schematic of a microvalve. (b) Principle of microvalve operation. 
 
Figure 1 shows the schematic and operation principle of a microvalve which consists of a 

super-hydrophobic and hydrophilic microchannels. Liquids injected into the hydrophilic 
channels stop at the boundary between the super-hydrophobic and hydrophilic channels. The 
air that was initially in the super-hydrophobic channel separates the two liquids, 
corresponding to a state where a valve is defined to be closed. When pressure is applied from 
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UTILIZING SILICA MONOLITHS IN MICROCHIPS
FOR ELECTROCHROMATOGRAPHIC SEPARATIONS

Deqing Xiao and J. Michael Ramsey
Department of Chemistry, University of North Carolina, Kenan Lab 107A, Chapel Hill, NC,

USA

ABSTRACT
Silica monoliths with porous structure were made in glass microchips by employing

structure-directing agents for the assembly and subsequent polymerization of sol-gel
precursors. Loading capacity and chromographic properties for the monolithic microchip
were compared with that for an open channel microchip. An increased loading capacity was
seen for the monolithic microchip and reduced analysis time and sharper peaks were seen
for the later eluting peaks when using gradient elutions. Sample stacking effects were
studied and used to concentrate samples and reduce injection bias.

Keywords: silica monolith microchip electrochromatography

1. INTRODUCTION
The surface-to-volume ratio of open microchannels is limited for chromatographic

applications as they allow a limited phase ratio and thereby a low sample loading capacity.
This characteristic is problematic when dealing with complex samples such as proteolytic
digests. Microchip chromatographic devices have been filled with polymer monoliths to
increase the phase ratio and sample loading capacity but have lower efficiencies than that
of silica-based columns because of polymer shrinking or swelling[1]. We have
demonstrated the incorporation of silica monoliths in glass microchannels and their use for
electrochromatographic separations. Our method differs from the sol-gel
photopolymerization (of 3-trimethoxylsilylpropylmethacrylate) method reported by Zare[2]
in that no organic component was incorporated in the monolithic structure[3]. With the
benefits of EOF propulsion, CEC or HPLC on a microchip packed with a silica monolith
should attain high chromatographic efficiencies in relatively short analysis times.

2. EXPERIMENTAL 
The microchips were fabricated in-house from glass substrates using photolithographic

patterning and wet chemical etching followed by wafer bonding. The procedures for
monolith reaction solution preparation, monolith drying and monolith calcination were
based on Tanaka[3] with the following modifications: A precursor solution consisting of
TMOS: PEG: acetic acid =1677: 64: 1 at 0 oC was made. The solution was introduced into
the microchip to a desired solution filling length followed by sol-gel reaction at 40 oC for
12 h. The chip was then calcinated in an oven at 550 °C to remove all organic components.
Subsequently the monolith is washed with NH4OH to further tailor the mesopore size
distribution. The monolithic supports were then coated with chlorodimethyloctadecylsilane
(C18) to form the reverse stationary phase.
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The loading capacity of a monolithic microchip was compared with that of an open
channel microchip by observing eluting peak widths at half peak height versus sample
concentration. Figure 1 shows that the silica monolith increased the loading capacity of the
microchip by at least a factor of 10. Good peak shapes were found for a sample loading up
to a concentration of 480 µM of coumarin 450. Figure 2 shows a gradient elution
chromatogram produced with a silica monolithic channel. Gradient elution provided
reduced analysis time and sharper peaks for more highly retained components than isocratic
elution, as expected. It is also observed that more hydrophobic components produced
smaller peaks, presumably due to an injection bias that is based on chromatographic
retention. In order to probe the injection bias, the acetonitrile concentration of the running
buffer was decreased in the sample buffer compared to the running buffer. Figure 3 shows
that a stacking effect was observed using this buffer combination. Longer injection times
under these solvent conditions resulted in increased injection of the more hydrophobic
analytes without significant loss in separation efficiency. Stacking effects can be achieved
in 1 s by further increasing the difference between the sample and buffer solvent strength.
Figure 4 shows that an open channel microchip did not result in similar stacking effects
which suggests that the increased phase ratio of the silica monoliths enables sample
stacking at the sample concentrations used.

The preparation of monolithic silica gel in microchannels proved to be more challenging
than in silica columns due to the smaller size and more complicated geometry of the
microchannels. This research has demonstrated the ability to fabricate silica monoliths in
microchannels that provide good chromatographic performance.

4. CONCLUSIONS
In conclusion, silica monoliths were successfully polymerized in the separation channel

of a microfuidic chip with porous structure observed by optical and SEM images. The silica
monoliths increased the loading capacity of the microchip separation devices by at least ten
fold compared with a open channel microchip. Gradient elutions of the coumarin samples
was achieved by designing the voltage settings on each of the reservoirs of the microchip
and it was found high efficiencies and less separation time were needed for the more
hydrophobic dyes. Sample stacking effects were observed and utilized to address
hydrophobicity-based sample injection bias.
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Figure 3 (c)
Figure 3. Effect of injection duration and
solvent strengths on chromatographic
performance using a monolithic microchip
coated with C-18.
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VISUALIZATION AND OPTIMIZATION FOR FLUID
FLOW OF TRAVELINGWAVEMICROPUMP

USING MICROPIV AND NUMERICAL SIMULATION
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ABSTRACT
We observed the fluid flow induced by traveling wave micropumps using micro particle

image velocimetry (micro PIV) system. From the comparison between the observed and
calculated results, it was confirmed that the energy conversion efficiency can be estimated
from experimental and numerical results in order to optimize the structure of the traveling
wave micropump.

Keywords: MICROPIV, Optimization, Traveling wave micropump

1. INTRODUCTION
The specific flow induced by traveling wave micropumps is different from Hagen-

Poiseuille’s and plug flows induced by pressure pumps and electroosmotic flow (EOF) [1].
The traveling wave micropump with a thin flow layer is suitable for particle separation and
quantification without valves, heat and strong electric field. We have proposed a valveless
micropump driven by the traveling wave, and demonstrated high efficiency [2].
Furthermore, we have carried out the numerical simulation and the optimization of the fluid
flow induced by the traveling wave [3]. However, actual fluid flow induced by the
traveling wave micropump has never been observed to improve the pumping performance
of the traveling wave micropump. In this paper, we investigated the fluid flow of traveling
wave micropumps using micro particle image velocimetry (micro PIV) system and
numerical simulation to optimize the structure of the microchannel in order to increase the
performance of the traveling wave micropumps.

Figure 1. Schematic of integrated
microchannel

Figure 2. Cross-sectional view of
micropump in A-A’

60mm

30mm Measuring point 2
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2. PRINCIPLE OF TRAVELINGWAVE MICROPUMP
The proposed micropump is composed of flexible microchannel wall with piezoelectric

bimorph cantilevers as shown in Figs. 1 and 2. The flexible microchannel was made by
casting PDMS (Polydimethylsiloxane) into molds made of thick photoresist SU-8 2025
using the soft-MEMS technology.

Traveling wave was induced on the surface of the microchannel by applying sinusoidal
voltages to each piezoelectric cantilever with the different phase, and the motion of the
microchannel wall transports the fluid.

3. EXPERIMENTAL MEASUREMENT USING MICROPIV
The fluid flow induced by the travelling wave micropump was obserbed using the

microPIV system, which tracks the fluorescent microbeads in the fluid. Figures 3 and 4
show the time-averaged velocity profiles under the piezoelectric actuator and at the
downstream 30mm of the micropump, respectively. The velocity profiles under the
actuators are the asymmetric flows, in which the maximum flow layer is occured near the
moving flexible wall induced by the actuators. On the other hand, the profiles at the
downstream 30mm from the outlet of the micropump are approximately parabolic. As seen
in these figures, the fluid flow is gradually growing from the specific to the Hagen-
Poiseuille’s flows.

(a) In y-z plane (b) In width direction (c) In height direction
Figure 3. Time-averaged velocity profiles under the piezoelectric actuator

of the traveling wave micropump

(a) In y-z plane (b) In width direction (c) In height direction
Figure 4. Time-averaged velocity profiles at the downstream 30mm from the outlet

of the travelling wave micropump
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Figure 5. Numerical time-averaged velocity profile

4. NUMERICAL CALCULATION
We numerically calculated the fluid flow induced by the travelling wave micropump

using an analytical procedure [3]. The numerical fluid flow from internal to the
downstream of the micropump is shown in Fig.5. The specific flow under the actuators
grows to the Hagen-Poiseuille’s flow at the downstream 50 m from the outlet of the
micropump. The numerical results have a similar trend to that of the experimental data
observed using the micro PIV system. This agreement confirms that the efficiency of the 
traveling wave micropump is improved by means of forming the shape of the micropump
using the analytical procedure. The energy conversion efficiency between the vibration of
the wall and the fluid flow can be estimated from experimental and numerical results, and
the structure of the traveling wave micropump will be optimized to increase efficiency. 

5. CONCLUSIONS
In this paper, we investigated the fluid flow of traveling wave micropumps using micro

particle image velocimetry (micro PIV) system and numerical simulation. The energy
conversion efficiency can be estimated from experimental and numerical results in order to
optimize the structure of the proposed traveling wave micropump.
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ABSTRACT
In this article the electro-orientation phenomenon in microchannels was investigated.

Finite element simulations showed that electro-orientation of non-spherical particles is
strong enough and can be used in microchannels for rotation of particles into different
directions. Combining this phenomenon with an integrated particles shape sensor, which
registers the shadow of the particles on the bottom of the channel, can provide a three
dimensional image on the particle.

Keywords: Electro-orientation, Flow Cytometer, Particle Shape

1. INTRODUCTION
An integrated particle shape sensor has many potential application areas. Detection of

the shape of red blood cells can reveal diseases like sickle cell anemia [1]. Crystal
morphology is important in crystallization [2]. When the particle shape is known,
orientation can be inferred from the projected shadow. If the orientation is measured after
electro-orientation the electrical parameters of the particles can be determined [3]. There is
a vast amount of different techniques to obtain shape information but there is always a
trade-off between speed and accuracy. When an inexpensive, on-line shape measurement is
needed the integrated approach has to be investigated, because it provides small size and
low cost due to batch fabrication of MEMS devices. In [4, 5] an integrated particle shape
sensor was reported. This device can measure shape with a one dimensional integrated
photodiode array fabricated into the bottom of a silicon wafer. When particles are passing
over the array it scans the shadow of the particles line by line. The shape of the particles is
restored with a subsequent signal processing on the computer. Figure1 shows the principle
of operation.

Figure 1. Schematics of the Flow cytometer
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This device, however, measures particle shape only from one direction. Furthermore this
direction is not known due to the fact that the particle orientation is random at the entrance
of the channel. In this article electro-orientation is proposed to use in microchannels to
orientate particles into desired directions. When two perpendicular directions are chosen in
the plane of the channel cross section a quasi 3D picture can be obtained about the particle.

2. THEORY
Fluid forces: In [6] Jeffery showed analytically that ellipsoidal particles immersed into

simple shear flow experience a torque and have rotational movement. The end of the
ellipsoid moves along a spherical ellipse which is referred to as Jeffery’s orbit. Later this
model was also experimentally verified [7]. Bretherton [8] extended the theory and showed
that particles in Poiseuille flow, which develops in microchannel, also behave in a similar
way.

Electric forces: When an ellipsoidal particle is immersed into an electric field it exerts
torque on the particles [9]. The magnitude of this force when the undisturbed field E0 is
homogeneous is described by (1).

(1)
Where a, b and c are the semi axes of the ellipsoid, 1 is the dielectric constant of the liquid,

1, 2 are the complex dielectric constants of the liquid and the particle, respectively, and
is the angle between the direction of the undisturbed electric field and the longest axis of
the particle. Lx and Ly are elliptical integrals and are defined by (2).

(2)
Combining elecro-orientaion with microflow provides an attractive means to investigate

particles in a microchannel. Numerical analysis and the principle of operation of the quasi
3D particles shape sensor are presented in the next section.

Figure 2. Finite element model with the vector plot of the velocity
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3. SIMULATIONS
Fluidic simulation: The first task is to determine the torque acting upon an ellipsoidal
particle, which translates freely in the fluid, but its rotation is fixed. The electrical torques
determined later need to exceed this value in order to be able to establish constant
orientation. Due to the complexity of the problem finite element analysis had to be applied.
Figure 2 above shows the velocity plot of the applied model. Coordinate system fixed to the
particle was used in order to be able to determine wall shear stress in Ansys. Based on this
model the magnitude of the torque acting upon the particle was found in the range of

variation of the fluid torque versus the particle angle in the channel. It can be seen, that
the closer the particle is to the channel the larger the torque becomes. 

Torque v. Particle Angle
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Figure 3. Torque exerted by the fluid v. particle angle at different height in the channel

Electric Forces: Investigation of the electric forces was also done with finite element
simulation. In order to verify our approach, the results of a simple model was compared
with the torque equation given by the analytical model (1). The results showed good
agreement. Figure 4 shows one of the electrode arrangements with the calculated electric
field. Electrodes both on the top and the bottom were used to avoid dielectrophoresis
caused repelling.

Figure 4. FE model of electrode pairs placed on top and bottom of the channel to reduce
dielectrophoretic effect.

hundredth of fNm when the particle velocity was in the range of mm/s. Figure 3 shows the.
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Applying 5 volts on the electrodes the electric force falls also into the range of
when the particle is oriented 45° (Figure 5). This means that electro-orientation of

particles can provide a means to stop shear flow induced particle rotation in microchannels.
Furthermore, due to the frequency dependent Clausius-Mossotti factor (present in the
torque formula) the direction of orientation can be changed with the frequency by 90
degree. When two electrode pairs driven with different frequencies are used in the
microchannel (equipped with a two integrated particle shape sensor) the particle can be
scanned from two direction with a single device. This makes it possible to reconstruct the
qusi 3D image of the particle.
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Figure 5 Torque versus particle orientation

4. CONCLUSIONS
In this article a new quasi 3D particle shape sensor was proposed. The device uses

electro-orientation to fix particles at two different orientations along the channel.
Measuring the projected shadow at these orientations give possibility to reconstruct the
quasi 3D shape of the particle. Finite element simulation was used to investigate the fluidic
and electric forces. It was found that electro-orientation is strong enough to fix particle
direction in microchannels. Our next goal is to fabricate a device and verify the results
experimentally.
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ABSTRACT
The effects of fluid elasticity in the flow of non-Newtonian fluids in microfluidic

planar abrupt contraction-expansion geometries are investigated. We explore the structure
of inertio-elastic flow instabilities and elastic corner vortices, which develop upstream of
the contraction plane and rely on the presence of both fluid inertia and elasticity. It is found
that the type, size and evolution of these flow structures are dependant on the elasticity
number, which depends only on fluid properties and the characteristic size of the channel.

1. INTRODUCTION
The small lengthscales inherent to microfluidic devices have key implications on the

flow behaviour of fluids containing very low concentrations of a high molecular weight
polymer. The high shear-rates and small Reynolds numbers result in unique flow
conditions that cannot be achieved in the equivalent macroscale experiment. As a result, it
is possible to induce strong viscoelastic effects in fluids that would otherwise behave as
Newtonian fluids at larger lengthscales.

2. EXPERIMENTAL
a) Geometry and Flow Characterization

Figure 1. SEM images of the PDMS micro-fabricated geometry with a uniform depth of 50 m;
(a) plan view, (b) view of the contraction and (c) cross-sectional view (400 m × 50 m)

The 16:1:16 abrupt planar contraction-expansion geometry illustrated in Figure 1 is
used to investigate the interplay of inertia and elasticity in a weakly elastic polymer solution
undergoing acceleration as it passes from a large upstream width (wu = 400 m) channel to a
small downstream width (wc = 25 m) channel. Micro-particle image velocimetry ( -PIV)
is used to quantify the velocity field upstream of the contraction plane and the onset of fluid
inertia and elasticity. Fluorescent microscopy streak imaging is also used to observe the
evolution of inertio-elastic flow structures.
b) Dimensionless Groups and Fluid Rheology

The key dimensionless groups used to characterize entry flows are the Reynolds
number, Re the Weissenberg number, Wi and the elasticity number, El. The Weissenberg 
number is defined as the ratio of two timescales, Wi = /tflow, in which is the relaxation
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time of the polymer, and the timescale of the flow, tflow, is approximated as the inverse of
the average shear rate in the contraction throat. High Weissenberg number flows (Wi>1)
correspond to those which exhibit a high degree of fluid elasticity. The Reynolds number is
defined by Re = <V>cDh/ 0, in which is the fluid density, 0 is the zero-shear viscosity
and <V>c is the average velocity in the contraction throat of hydraulic diameter, Dh. The
importance of lengthscale in the flow of complex fluids is manifested in the Elasticity
number, El =Wi/Re = 0 / l2, which becomes large at micron length-scales.

Table 1: Fluid properties and values for the Elasticity Number
Solution Relaxation time (ms) Zero-shear viscosity 0 (mPa.s) Elasticity no. El

0.1 wt.% PEO in water 1.5 2.3 8.4 
0.1 wt. % PEO in 60
wt% glycerol/water

23 18.2 1020

Table 1 contains the properties of two semi-dilute solutions containing 0.1 wt.%
polyethylene oxide (PEO, MW = 2 106 g/mol) which were prepared using a) water and b)
a mixture of 60 wt.% glycerol in water as the solvents, in order to tune the rheological
properties of the two solutions while maintaining a constant polymer concentration. Since
the same geometry (Figure 1) is used in all experiments, each fluid may also be represented
by a characteristic elasticity number.

3. RESULTS AND DISCUSSION
a) Vortex Growth and Inertio-Elastic Instabilities

The streak images in Figure 2a illustrate the well-known phenomena of fluid elasticity
having the opposite effect to inertia. We compare the flow (left to right) of a Newtonian
fluid (El = 0) and an elastic fluid (El = 8.4) at approximately the same Reynolds number.

Re = 11 Wi = 0

Re = 29 Wi = 0 Re =28 Wi = 240

Re = 9.4 Wi = 80

El = 0 El = 8.4

Re = 3.7 Wi = 0 Re = 3.1 Wi = 27

Re = 11 Wi = 0

Re = 29 Wi = 0 Re =28 Wi = 240

Re = 9.4 Wi = 80

El = 0 El = 8.4

Re = 3.7 Wi = 0 Re = 3.1 Wi = 27

Re = 0.28 Wi = 286

Re = 0.08 Wi = 82

Re = 0.20 Wi = 204

Re = 9.4 Wi = 80

Re = 25 Wi = 213

Re = 34 Wi = 293

El = 8.4 El = 1020

Re = 0.28 Wi = 286

Re = 0.08 Wi = 82

Re = 0.20 Wi = 204

Re = 9.4 Wi = 80

Re = 25 Wi = 213

Re = 34 Wi = 293

El = 8.4 El = 1020

Figure 2a. Effect of fluid elasticity on vortex
growth behaviour; comparison of a Newtonian fluid
(El =0) and a viscoelastic fluid (El = 8.4)

Figure 2b. The effect of elasticity number on
vortex growth behaviour; El= 8.4 and El=1020.

The primary effect of fluid elasticity (El = 8.4) is to eliminate downstream vortices, and to
generate elastic upstream vortices as the Reynolds number and Weissenberg number are
increased. Figure 2b illustrates the effect of the elasticity number on the upstream flow
kinematics. We compare the flow of two solutions (El = 8.4 and El = 1020) at
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approximately the same Weissenberg number, for which the Reynolds number differs by
two orders of magnitude. It is found that the onset of fluid elasticity occurs at a lower
critical Weissenberg number for a lower elasticity fluid; the critical value for El = 8.4 is
Wi ~ 40 compared with Wi ~ 100 for El = 1020. The results presented in Figures 2a and 2b
suggest that the generation of elastic vortices relies on the presence of both fluid inertia and
fluid elasticity.
b) Onset of Fluid Elasticity and Fluid Inertia: Centreline velocity analysis

Full-field -PIV measurements were used to explore the kinematics associated with
flow regimes around the onset of fluid elasticity. This was achieved by quantifying the
centreline velocity profile, which was extracted from -PIV data, as shown in Figure 3a.

Figure 3b. Centreline velocity profile over a range of flow conditions in which both inertia and elasticity
are important.

Figure 3b illustrates the centreline velocity profiles for a second high Elasticity number
fluid (El = 448), which were measured over a range of flowrates corresponding to
57 < Wi < 141 and 0.13 < Re < 0.32. An increase in flowrate results in a change in shape of
the profile, from which it is possible to identify features that are attributed to inertia and
elasticity. At low Reynolds numbers (Re = 0.13 - 0.19), the axial velocity increases
monotonically with axial distance along the centerline. As the Reynolds number increases,
the velocity increases more rapidly within a region closer to the contraction plane (region
I). The more discrete effect of fluid elasticity is observed further upstream, in region II, in
which higher Wi flows experience an earlier increase in the axial velocity with respect to
axial position. This is a well known feature of viscoelastic flows, in which the fluid selects
its own kinematics in order to reduce the strain rate upstream of the contraction plane and
minimize the total elastic stress induced by the extensional flow.

4. CONCLUSIONS
The generation of elastic vortices in the flow of viscoelastic fluids through planar

abrupt contraction-expansion geometries relies on the presence of both fluid inertia and
fluid elasticity. By analysis of the centerline axial velocity profile, it is possible to identify
the relative contributions of inertia and elasticity to the flow. The coupling of elasticity and
inertia, is likely to have important implications in the design of future microfluidic devices,
particularly those intended for biological processes.
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MODELING OF A MICRO FLOW STABILIZING DEVICE
FOR LAB-ON-A-CHIP APPLICATIONS

Bozhi Yang and Qiao Lin
Dept. of Mechanical Engineering, Carnegie Mellon University, USA

ABSTRACT
This paper presents a lumped-parameter model for a flow stabilizing device that exploits

vibrations of compliant membranes to passively remove fluctuations in pulsatile flow. The
model considers the coupling of fluid flow and membrane vibrations, as well as interactions
of individual vibrating membranes, and reveals the general trend in experimental data.

Keywords: Flow control, flow stabilization, lumped-parameter model, squeeze film

1. INTRODUCTION

We previously reported a passive micro flow
stabilizing device that consists of a fluid channel
embedded with a series of compliant membranes
(Fig. 1) [1]. Passive membrane vibrations remove
flow rate and pressure fluctuations, converting a
pulsatile flow into a considerably more steady
flow. Here, we present a dynamic model of the
device, in which membrane vibrations in
associated channel sections are represented by
the motion of a rigid plate attached to an elastic 
spring and subjected to a hydrodynamic force.
The models for the individual channel sections
are then connected to construct a system-level 
model for the entire system, which accounts for
the dynamic coupling of individual membrane
vibrations as well as flow resistances
representing microfluidic loading.

2. STABILIZER MODELING
Each microchannel section (Fig. 2a), along with the associated membrane, is numbered,

from upstream to downstream, with index i = 1, 2, 3,…, n. It is modeled as a thin fluid film
(of nominal thickness h) sandwiched between a stationary rigid plate (channel ceiling) and
a moving rigid plate that, which is attached to an elastic spring K and moves quasistatically
with displacement i. The fluid film in between is approximated to be square in shape with
area A equal to the actual membrane area. As the liquid film thickness is much smaller than
the membrane diameter, at low fluctuation frequencies it is reasonable to ignore the fluid
inertia and assume the pressure, p, to be uniform along the fluid film thickness. The
Reynolds equation [2] then describes the hydrodynamics of the liquid film:

3( ) 12i i
ph

x x
and inlet outlet 1,i ip p p p

where µ is the liquid viscosity, and pi and pi+1 are pressures upstream and downstream of
channel section i, respectively. The fluid pressure can be calculated, and used to obtain the

Compliant
membrane

Through-holes
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Fig. 2. Model for (a) a single membrane
section, and (b) the entire device.

Fig. 1. Schematic of the micro flow
stabilizer.
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equation of motion for membrane vibrations: 1( ) / 2i i i i iK D p p A , where K is the
spring coefficient (below) and 2 3/( )i iD A h represents squeeze film damping effects. In
addition, iQ and 1iQ , the flow rates into and out of channel section i respectively, must
satisfy 1i i iQ Q A and are related to the chamber inlet and outlet pressures by

3
1 1( ) ( ) / 6i i i i iQ Q h p p . With each channel sections modelled by these equations,

the device can be represented as a system (Fig. 2b) consisting of n channel sections and an
outlet channel of flow resistance 48 /( )L tR l r , where lt and r are the outlet tubing
length and radius. Giving pout = 0 and Qin = Qavg+ Qincos(2 ft), where f is the fluctuation
frequency and t the time, the model can be solved numerically to obtain Qout= Qavg+ Qout

cos(2 ft), yielding the stabilization ratio Rf = Qin / Qout.

3. RERSULTS AND DISCUSSION
We have applied the model to simulate a

device with five compliant PDMS membranes,
with membrane radius R = 2.5 mm, thickness hm
= 48 µm, and edge-to-edge separation 0.5 mm.
The channel is 5 mm wide and 30 mm long with
height h = 110 µm. The outlet tubing had radius r
=0.4 mm and length lt = 50 mm [1]. The Young’s
modulus, Poisson’s ratio and density of PDMS
were taken to be 750 kPa, 0.49, and 920 kg/ m3,
respectively. The outlet flow resistance RL (Fig.
2b) is represented by the outlet tubing.
Neglecting residual in-plane stress, we consider
the movement of the PDMS membranes in the
large-deflection regime, with a nonlinear spring
coefficient K( i) = Ahm i

2E/(0.29R4) [3]. The
model predicts that stabilization occurs if f is
much larger than a characteristic frequency fc =
Kc h3/(2 µA2) where Kc is a characteristic spring 
coefficient. Taking 20 µm|

icK K for the given

device yields fc 0.01 Hz.
Fig. 3 shows the calculated time courses of

flow rates and pressures under inlet flow
conditions Qavg = 50 µl/min, Qin = 20 µl/min and f = 2.5 Hz. The simulated device
response reaches steady state within about 5 seconds of calculation time, and it shows that
steady-state fluctuations in both flow rate and pressure decrease monotonically from
upstream to downstream. This yields a flow rate stabilization ratio of Rf = 16.4, in
agreement with the experimental value of 15 [1].

Simulation results for additional flow conditions also agree with experiments [1]. Fig.
4a shows the influence of Qavg on Rf at inlet flow conditions f = 2.5Hz with Qin ranging
from 40 to 50 µl/min. The calculated flow stabilization ratio Rf decreases from 8.6 to 2.8 as
Qavg increases from 50 to about 450 µl/min, consistent with the experimental data. The
decrease of Rf with Qavg can be explained by the fact that larger Qavg causes the membrane
to move outwards and stiffen due to large deflection effects. Fig. 4b shows the influence of
the inlet flow fluctuation amplitude Qin on Rf with Qavg = 90 µl/min and f = 2.5 Hz.

Qi, i=2, 3, 4, 5, 6

pi, i =1, 2, 3, 4, 5, 6

(a)

(b)

Fig. 3. Calculated (a) flow rates and
(b) pressure at different positions of
the device.
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Numerical results show a similar trend as the
experiment data, where Rf decreases from 15.8 to
7.5 as Qin increases from 10 to 80 µl/min. It is
believed that the decrease of Rf with Qin is also
caused by large membrane deflections. As Qin
increases, the increase in membrane vibration
amplitude can not follow the increase in Qin
since the membranes become stiffer. The
influence of f on Rf is shown in Figure 4c with
Qavg = 50 µl/min and Qin = 30 µl/min. Both
experimental and simulation results show that Rf
increases with f for the frequency range
considered. The simulated stabilization ratio Rf
increases from 6 to 18.6 as f increases from 0.5
to 3.5 Hz, following the same trend as the
experiments. It is believed that the device has an
optimal operating frequency fopt at which Rf is
maximized. The flow stabilization ratio Rf
decreases considerably at frequencies close to fc,
at which the membranes do not respond
sensitively to flow fluctuations. At very high
frequencies, fluid and membrane inertia effects,
while neglected in the current model, will be
significant to cause the vibration amplitude to
decay. Figure 4c suggests that the device
operation will be optimal at a frequency higher
than 3 Hz.

5. CONCLUSIONS
We present a dynamic model for a micro

flow stabilizer, which accurately represents the
interaction of fluid flow and membrane
vibrations inside and between individual channel sections. Modeling results agree with
experiments and show that smaller average flow rates, smaller fluctuations, and higher
frequencies lead to improved flow stabilization. The model suggests that the device’s flow
stabilization performance can be improved by using thinner and larger membranes as well
as shallower channels such that the device has a smaller characteristic frequency. 
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PRODUCING CONTROLLED CONCENTRATION
GRADIENTS ALONG MICROCHANNELS

Barbara Lonetti, Jacques Goulpeau, Armand Ajdari and Patrick Tabeling
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ESPCI, 10 rue Vauquelin, 75005 Paris, France

ABSTRACT
We propose and demonstrate a simple, compact and integrable method to generate
concentration gradients along microchannels that can be converted into a sequence of
chambers of increasing concentration. The method is robust and universal as it relies on the
fast hydrodynamic stretching of a front in a microchannel of narrow rounded cross-section.

KEYWORDS
hydrodynamic dispersion, concentration gradient, PDMS

1. INTRODUCTION
Controlled composition gradients are of great interest for screening techniques in analytical
chemistry and biology [1]. In the microfluidic world, many methods have been proposed
that produce gradients normal to the axis of the microchannel [2, 3]. Using the control
offered by laminar hydrodynamics we here put forward a way to create longitudinal
gradients in a fast and reproducible way.

Figure 1: (a) sketch of the fluidic system; (b-e) experimental steps of the production of the
concentration gradient. (Time b=0s, c=2.3s, d=3.7s, e=6.7s). The diffusion coefficient for
fluoresceine is smDth

21010'.2 −= .

2. EXPERIMENTAL
The system we propose is sketched in Figure 1a. It is built using multilayer soft lithography
[4] with PolyDimethylSiloxane (PDMS). It consists of a fluidic layer containing a Y
shaped microchannel with a narrow rounded cross section (width = 300µm and height =
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25µm). On the top is an actuation layer composed of two valves, a micro pump and a
serpentine channel which are synchronized by a LabView program.

3. RESULTS AND DISCUSSION
The mechanism at work to create the gradient is illustrated in Figure 1b and c with a
fluoresceine solution and DI water. In (b) the fluidic channel with a round cross section is
initially filled with fluoresceine, in (c)a pulse of DI water is flushed in the solution (by
opening the top valve on the left of Figure 1a and closing the lower one). Because of the
channel shape, the velocities are much larger in the central part of the channel, which leads
to a hydrodynamic stretching of the initial fluoresceine/DI water front. If the flow is
stopped at point (c), transverse diffusion takes place over the width so that a smooth
continuous gradient is formed along the channel. Alternatively, one can isolate separate
chambers using the serpentine actuator (d), and let diffusion homogenize the content of
each chamber (e), resulting in a set of chambers with a discrete stepwise increase of the
concentration covering the whole range between pure fluoresceine and pure DI water
(Figure 2).
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Figure 2: Measured normalized fluorescence intensity as a function of the chamber number
(from Fig. 1e)

To check our control of the gradient formation, we have studied in detail the evolution of
the concentration field in the channel during the hydrodynamic stretching (b to c), when the
fluoreceine is allowed to flow in the channel filled with water.
Figure 3a shows the experimental concentration profile along the channel in normalized
coordinates for different times during step (c). The fluorescence intensity is normalized by
the intensity of the original fluoresceine solution; the x-coordinate is normalized by the
length L(t) of the gradient. The experimental profiles so obtained are reasonably accounted
for by direct hydrodynamic dispersion as evaluated by lubrication theory (dashed lines in
Figure 3a). Refining further and including transverse diffusion along the height (but not
along the width) leads to an even better agreement (Figure 3b), demonstrating the reliability
of a simple convection-diffusion approach to quantify the phenomenon [5].
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(a) (b)(a) (b)
Figure 3: (a) experimental normalized fluorescence concentration along the channel as a
function of the adimensionalized position (b) Same plots for the associated model.

4. CONCLUSION
An important operational lesson from this study is that the generated gradient is determined
by the channel geometry, and is essentially independent of the solute species provided it
does not have time to diffuse appreciably along the width of the channel.
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STRUCTURED SYNTHESIS OF PLANAR DILUTION
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ABSTRACT
We present a modular dilution network architecture and method for generation of

arbitrary concentration outputs with N-bit resolution. The network architecture is based on
a binary weighted serial dilution network element implemented using integer-ratioed flow
restrictors greatly simplifying component matching issues. The resulting network is a
universal structure with output concentration programmed with a few jumper orifices. An
example basic BSDN was fabricated using conventional PDMS methods and tested.

Keywords: Fluidic networks, Microfluidics, Mixing, Titration

1. INTRODUCTION
Dilution networks are important components in microfluidic systems for the

simultaneous generation of different analyte concentrations and the rapid parallel
measurement of assay titrations [1]. In serial dilution networks (SDNs) the analyte output
concentration is decreased by a series of successive dilutions. Despite the presence of
several noticeable ad-hoc SDNs in the literature [2][3] their utility is limited by the lack of
systematic design methodologies for specific applications. This paper reports for the first
time the structured synthesis of planar pressure-driven SDNs with arbitrary concentration
outputs and the implementation of the method for a binary dilution network.

2. THEORY
The general dilution network problem consists of the synthesis of a network with two

(analyte and solvent) concentration inputs T
saI CCc ),( where sa CC and N

concentration outputs T
NO CCc ),,( 10

which define a desired discretized output
concentration waveform. In planar, single fluidic level networks, the input vector has in
general M > 2 inputs, each input connected to either Ca or Cs. The input and output vectors
are related by a characteristic matrix

IO cc whose element values depend on the
network topology. This problem can be reduced to the synthesis of a linear passive (N+M)-
port network with 2(N+M) flow and concentration constraints. In single-level networks, all
nodes where mixing occurs display the characteristic non-crossing chicken-wire
connectivity shown in Fig. 1(a). Unlike generally believed the network configuration that
produces arbitrary concentration outputs is not the well known N-output pyramid structure
[3][4] but the N-output inverted pyramid shown in Fig. 1(b). This is a consequence of the
interpolatory nature of these networks and the dimensionality of matrix . A pyramid
network with M inputs and N > M outputs is overdetermined; hence it can only generate
output spatial concentrations with no more than M-2 slope sign changes. For example, a
pyramid network with two inputs can only generate monotonic concentration outputs (a
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ramp), and one with three inputs
can generate spatial gradients with
one slope sign change (a peak or
valley), and so on.
In contrast, the inverted

pyramid configuration has more
inputs than outputs (N<M); hence
it is underdetermined, and its
output concentration vector is
unrestricted. The inverted pyramid
network can be further reduced to
a parallelogram with N inputs and
N outputs and unique square
matrix . Such networks can be
constructed entirely using four
terminal mixer-splitter elements
shown in Fig. 2. When pressures

PA and PB are applied at inputs A, and B, two flows of different composition, QA of
concentration CA and QB of concentration CB are combined inside the mixing resistor RM. If
the mixing resistor is sufficiently
long at node F, the mixing is
complete with concentration
CF=(CAQA+CBQB)/(QA+QB). The
mixed flow is then split into two
flows (QX,,QY), both of
concentration CF. Each modular
mixer-splitter element is hence
characterized by its output flow
rate QM = Qo = QA+QB , and
flow splitting ratio .
Mixer-splitter elements can be

connected in a cascade
configuration to generate arbitrary
concentration outputs as shown in
Fig. 3 for the most common case

)0,(),( osa CCC . For example, if

ii CC 1
the B input of the i+1

mixer-splitter should be connected
to Ca=Co and if ii CC 1

the B
input should be connected to
Cs=0. If pressures for its N-2
inter-element nodes are selected to
preserve the flow direction, the
network elements are uniquely
defined.

(a) Pyramid mixer
structure

(b) Inverted pyramid mixer (c) Parallelogram mixer

M inputs (top)

N outputs (bot.)

T
MsaI CCCc ),,,(

T
NO CCc ),,( 10

(a) Pyramid mixer
structure

(b) Inverted pyramid mixer (c) Parallelogram mixer

M inputs (top)

N outputs (bot.)

T
MsaI CCCc ),,,(

T
NO CCc ),,( 10

Figure 1. Chicken-wire connectivity of single level
non-crossing mixing networks. The pyramid structure
cannot generate arbitray outputs because it is
overdetermined if M<N.
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A particularly useful example
of this method yields a binary
weighted network where all flow
resistors are ratioed by integer
factors. This produces networks
with components that could be
matched accurately through
duplication. Fig. 4 shows an
example of an integer-ratioed
binary weighted SDN (or BSDN).

3. EXPERIMENTAL 
 Fig. 5 shows the
implementation of a 3-bit BSD
network with PDMS technology
and the observed response of
water with a fluorescent dye The
network is layed out using
multiples of the mixer element
with PDMS technology, and the

observed response of water with a green food coloring dye under a fluorescence imaging
microscope. Each of
the fluidic channels
was 20 m and 10
m high occupying a
(mixer) area of
1.8 2.9 mm2. The
flow of analyte and
solute were about 10
L/min and the
pressure drop was
about 10 PSI. The
concentration of the
outputs show
roughly a 10% error
with respect to the
expected values. The
error is caused by
incomplete mixing
in the mixing resistor. A more accurate output can be achieved using longer serpentine
resistors or more efficient mixer elements. These more sophisticated mixer elements must
be duplicated everywhere as flow resistors of the ratioed network.

4. A UNIVERSAL DILUTION NETWORK
A universal dilution network layout is constructed using a planar BSDN and a flow

selector/mixer as shown in Fig. 6. This network can generate a single output of arbitrary
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concentration with N-bit resolution. The network requires two fluidic levels, one for the
BSDN and another for the selector solvent and waste drainage horizontal lines. The single
output concentration is set by the location of “jumper” orifices which select either a flow
from a BSDN bit output or an equal flow of solvent. The jumper location is thus set by
binary bit vector T

Nbbb ),,( 10
. The selected flows are next mixed together yielding a

single (programmable) concentration output
1

0

2
N

i

i
i

o
out b

N
CC (1)

which clearly can assume any value between 0 and )2()12( 1 NC NN
o with N-bit

resolution and uniform flow 2/oQN . An N-output arbitrary output generator hence
requires N BSDNs/selector units, one for each output.

5. CONCLUSIONS
A methodology is

presented for the
generation of dilution
networks with arbitrary
concentration outputs.
Arbitrary outputs can
also be generated using a
universal network layout
consisting of a binary
serial dilution network
(BSDN) and a flow
selector/mixer with
programmable binary
weighted setting. An
example 3-bit BSDN unit
was fabricated and
tested.
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INTEGRATED ACTUATORS IN MICROFLUIDIC
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Abstract: In this paper, we report experimental investigation on the emission of droplets in
a micro-channel. It is shown that this emission is periodic and behaves like an oscillator. By
externally forcing the ejection of drops, we show that it is possible to control their sizes and
emission frequencies.

Keywords: two-phase flows, droplets, control, actuation

1.INTRODUCTION
Microfluidic technology has been shown to offer new capabilities for handling,
transforming or using emulsions. [1]. The present paper reports a novel method for
accurately controlling the droplets characteristics (sizes and emission frequencies) produced
in microfluidic systems without changing the flow rates of the respective phases. We
achieve this control by using an integrated mechanical actuator, located close to the region
of drop formation.

2. EXPERIMENTAL SETUP
The experimental systems are made in PDMS. They consist in main channels and side
channels, equipped with local actuators (figure 1). The section of the channels are either
20*200!m

2
or 40*200!m

2
. The mechanical actuator is formed by the superimposition of a

channel, located above the working channel, and separated from it by a thin PDMS
membrane. This system is microfabricated by using Multi Layer Soft lithography technique
[2]. The actuation is made by periodically applying a controlled pressure, through a system
composed of external valves. The working fluids are oil with SPAN 80 for the continuous
phase and water labelled with fluorescein for the dispersed phase.
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Figure 1. Upside view of the experimental set up. Oil and water are injected in the upper level; the
actuating channel located in the lower level crosses the secondary channel. b: Schematic cross section
of the experimental setup. When a pressure P is applied in the actuating channel, it closes partially or
totally the secondary channel. c: Typical natural spectra of production of droplets.
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In T-like junctions, depending on the flow rates, one can obtain either stratified regimes or
drop regimes; we focus here on the droplet regimes. In these regimes, drops are ejected at
natural frequencies f0 that depend on the flow rates of the respective phases. Our approach
is to impose a mechanical perturbation close to the region where the drop is formed so as to
affect the droplet emission frequency without changing the flow rates. By mass
conservation, it will follow that the droplet size will be affected as well.

3. HIGH COUPLING CASE
In a first set of experiments, we used a setup made with a first lot of PDMS Sylgard 184

(from Dow Corning, lot n° 0001723186), the cross section of the channel is 20x200 !m
2
.

We observe that synchronization between the forcing and the drop turns out to be achieved
in a broad range of experimental conditions; this is shown in figure 2, demonstrates the
control of the emission frequency over one range of magnitude (from 2 to 40 Hz). In the
meantime, we obtained that the droplet sizes are varied as well over one range of magnitude
(from 800 pL down to 40 pL). The accuracy of the size and frequency control is on the
order of a few percents.

Figure 2. : In this first set of experiment: evolution of the volume of droplets in function of the
frequency of actuation. Flow rates are 4!l/min for oil and 0.1 !l/min for water. The concentration of
span in oil is 3% w/w. The 3 images are taken at f = 4.9, 12 and 25 Hz.

4. LOW COUPLING CASE
In a second set of experiments, we used systems made from a different lot of PDMS
Sylgard 184 (lot n°0001505655). The cross section is either 20x200 or 40x200 !m

2
. With

this system, one observes typically 2 regimes: either synchronization between the forcing
and the ejection of drops or a quasiperiodic regimes (i.e. including two distinct, independent
frequencies). The ranges of existence of such regimes are shown in figure 3.
Synchronizations occur when the ratio f0/fforcing is close to 1, 1/2, 1/3, 2/3, 1/4 or 1/5.
Outside the synchronization “tongues” one obtains quasiperiodic regimes, and the droplet
show irregular sizes (see Fig 3).
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Figure 3: Synchronization regions in gray in a diagram of external pulse pressure (the pressure
applied in the actuated channel) vs. the ratio of the natural frequency f0 to the external pulse frequency
fforcing. Outside the gray regions, the system is not synchronized. Typical drops are shown for 2
locked modes (1/2 and 1/5) and one QP mode, in the 2 first modes, one can observe the regularity of
emitted drops contrarily to the QP state. Flow rates are for most of the experiment 4 !l/min for oil,
and 0.3!l/min for water. The concentration of span in oil is 1% w/w.

5. CONCLUSION
In conclusion, we have shown that it is possible to control the characteristics of droplets
formed in microchannels, without changing the flow-rates, by using an integrated
mechanical actuator. Other behaviors have been observed: it can be more or less complex;
in all cases, accurate droplet emission frequencies and sizes control are successfully
achieved. The difference between the two behaviors may be due to different wetting
properties of the two PDMS. We think, that in the first set of experiment, the channel was
more hydrophobic than in the second one, this hypothesis remains to be checked.
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ABSTRACT
A dynamic satellite sorting system has been demonstrated. The microfluidic sorting

design allows the creation and collection of droplets that are less than 100nm in diameter
without using surfactants. In the sorting system, satellite droplets can be selectively
separated into different collecting zones. The sorting of satellite droplets is designed to
correlate with the cross channel position of the satellite droplet during the break up of the
liquid thread. With our droplet generation system, satellite droplets with radii of
2.23µm±0.11µm, 1.55±0.07µm, and 372±46 nm have been dynamically sorted and
collected.

Keywords: Satellite droplets, microfluidic sorting, nanoparticles

1. INTRODUCTION
Submicron emulsions are commonly used in pharmaceutical, cosmetic food, and material
industries to synthesize drugs, creams, and particles.1 The creation of submicron droplets
generally results in wide size distributions making it difficult to have precise quality control
over the emulsification products.2 In contrast to the high shear used to create submicron
droplets, even under no shear conditions, the shape of the interface near the singularity
point of viscous liquid threads reaches atomic scales.3 The continuous break up of these
threads leads to the production of satellite droplets.4,5 It is reported that the produced
satellite droplets in air can reach ~1% in volume of the primary droplets.6 Previously, we
demonstrated the sorting of the satellite droplets through controlling shear stress gradient at
the bifurcating junction.7,8 Takashi et al8 also recently demonstrated filtering of satellite 
droplets generated from a T-junction microfluidic device. Unlike previous channel
designs, our new device features the switchable droplet collecting stream, and the dynamic
manipulation of droplet position to allow for the collection of monodispersed satellite
droplets.

3. THEORY
The dynamic control of the shear stresses on the surface of the liquid thread is used to
control the position of satellite droplet break up and the location of the collected satellite
droplets. As shown in figure 1, the liquid thread shifts toward region of lower stress which
is directly related to the flow rate and the local channel geometry. Consequently, the parent
droplets and the satellite droplets generated from the liquid thread will be shifted toward
one side of the channel. The distribution of the shear stresses in the channel quickly allows
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parent droplets to be aligned toward the center of the channel, and in contrast the satellite
droplets will remain in the same relative position created by the flow and eventually be
separated from the parent droplets through either a bifurcating or trifurcating flow.

3. EXPERIMENTAL 
When flow trifurcates at the sorting junction, a three directional force is exerted onto the
droplet by the shear forces. Parent droplets are at least 15 times larger than the satellite
droplets, and the droplet experiences equal and opposite shear stresses exerted by the
upward and downward flow, which cancels out and leaves the parent droplet moving
toward the center collecting zone, which allows satellite droplets to be collected into either
the top or bottom collecting zone.

In the channel shown in figure 1, the inlets are filled with water and oil. In the top
collection zone shown in figure 3, when the position of the liquid thread shifts according to
the applied flow rates, the satellite droplets are sorted accordingly into the numerated
channels. Referencing the liquid thread position in figure 1, when the top-to-bottom flow
ratio is adjusted from (3µL/min : 7µL/min) to (1µL/min : 9µL/min), the liquid thread shifts
from the center of the channel to the top of the channel causing the satellite droplets to sort
from channel 1 to channel 4.

4. RESULTS AND DISCUSSION
Due to the limitations in fast speed microscopy imaging, the sorting of only three sizes of
satellite droplets have been identified. The continuous break up of the liquid thread leads
to the production of primary satellite droplets, secondary satellite droplets, and tertiary 
satellite droplets. The primary satellite droplets have been sorted to be monodispersed
while the secondary and tertiary satellite droplets have been partially sorted from each other
as shown in figure 4 (left). The sorting of secondary satellite droplets from tertiary satellite 
droplets is possible but would require a more precise flow control system. Due to the
narrow size distributions created by the sorting system and the evenly distributed droplet
matrix formed by the generation mechanism, the collected satellite droplets in the reservoir
do not coalesce after hours of generation as shown in figure 4 (right).

5. CONCLUSION
The unique creation and sorting mechanism allows satellite droplets to be sorted and
collected. These satellite droplets are micron and submicron “self-stabilizing” units that
can subsequently undergo a variety of chemical processing steps. The monodispersity of
these miniature carriers can have future applications as single molecule reaction vessels and
nano-particle synthesis machinery.
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Figure 1. The asymmetric flow are used to control the position of the liquid thread.

Figure 2. Geometry of the satellite droplet generation and sorting system.

Figure 3. Dynamic sorting of satellite droplets into the enumerated channels.
The satellite droplets shifted from channel 1 to channel 4 as the flow conditions changed
from (3µL/min:7µL/min) to (1µL/min:9µL/min)

Figure 4. (Left) Collected tertiary satellite droplets and secondary satellite droplets.
(Right) After several hours, the satellite droplets remain
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ABSTRACT

We have prototyped and investigated new geometries to enhance self-regulated

multiphase container manipulation in microfluidics. Furthermore we have developed a new

strategy to integrate manipulation procedures into a single platform with user–

programmable digital microelectrode arrays [1, 2]. Examples of applications are microscale

reactors for evolutionary biotechnology, active microfluidics for !TAS and molecular

computing in microreactors [3-5]. Through operational feedback and multiple

reconfiguration, they can also be iteratively optimised in an evolutionary process [6].

Keywords: multiphase microfluidics, vesicle, droplet, artificial cell

1. INTRODUCTION

Artificial containers such as droplets and vesicles in microfluidic environments represent

an important area of research in downscaling combinatorial chemistry but can also assist to

engineer artificial [7, 8] and minimal cells [9]. We analysed the integration of digital

microfluidics using immiscible fluids in closed channels, for droplet generation, fusion and

transport as well as programmable liposome manipulation by digital pulsed electrical fields.

2. MATERIALS AND METHODS

Simple reactors were fabricated in micromolded PDMS (polydimethylsiloxane) or

bonded silicon to glass. The fabrication process for devices containing user-programmable

electrodes starts with two lithographic steps for embedding and structuring the metal layer

containing the electrodes, wires and contact pads. The following step is a Plasma Enhanced

Chemical vapour deposition of a silicon oxide passivation layer. After opening the

passivation layer at the electrode and conducting pad areas, fluidic I/O holes were placed

using deep etching by Inductively Coupled Plasma (ICP) which allows the use of a reverse

side fluidic connector [2].

3. EXPERIMENTAL RESULTS AND DISCUSSION

We extended previous work [10] to integrate continuous droplet generation and

autonomously regulated serial droplet fusion (figure 1). The formation of moving

containers at defined locations, and the manipulation of their contents (e.g. fusion is shown

here), will allow chemical reactions to be performed in dynamic local volumes en route to

artificial cells. We sought to extend these results to amphiphilic lipids. First experiments

aimed at droplet generation of lipids in aqueous solutions, as opposed to water droplets in

oil, remained unsuccessful in hydrophobic PDMS based microfluidic devices, but proved

successful in silicon-glass microstructures (figure 1, picture series right).
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Figure 1. Pictures series left: Combination of automated droplet formation and continuous

accumulation of aqueous droplets in a small microreactor vessel. After fusion of three

droplets (1-3 sec), one new larger droplet is released from the microfluidic vessel and

transported downstream for further processing. Picture series right: formation of a lipid

droplet. In the middle channel a mixture of paraffin and 1,2-Dioleoyl-sn-Glycero-3-

Phosphocholine (DOPC) flows through a 40 !m wide silicon microchannel from top to

bottom. Both outer channels were filled with a 100 mM sucrose solution. (Scale bar: 50 !m)

To investigate the handling and electronic programmability of lipid containers, Giant

Unilamellar Vesicles (GUVs) were chosen as model system. They can be detected readily

by Differential Interference Contrast (DIC) or fluorescence microscopy. Furthermore,

various methods for formation of GUVs are in common use [11]. Only marginal

interactions with the hydrophobic channel walls were found (left picture in figure 2), so that

extremely slow flow rates in PDMS-microchannels can be achieved (<1!l/h). We then

demonstrated vesicle manipulation (retention and release) by digitally pulsed fields

(figure 2, right), with strong effects because of a relatively high dielectric-constant,

eliminating the need for charged lipid membranes.

Figure 2. Left: Several sizes of giant vesicles flowing through a microfluidic channel, as detected by

DIC. Right: Electronic manipulation of fluorescence labelled GUVs in a triple branched

microfluidic channel geometry. The electrodes were visualized by rectangles inside the

middle channel. There are two states: A. electrodes switched-off – the main liposome

material flows through the outer channel arms, and B. electrodes switched-on with liposome

accumulation on the upper electrode and reinforced material-flow in the middle channel.

(Scale bars: 50 !m)

A B

vesicle flow
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4. CONCLUSIONS

New microfluidic devices for automated droplet formation and manipulation of

liposomes have been successfully designed and tested. Experiments performed with

individually programmable microelectrodes have demonstrated the possibility to

accumulate and deflect GUVs by digitally pulsed fields in microfluidic geometries.

The next steps will include investigation of droplet fusion for initiating chemical

amplification reactions in these multiphase systems and the investigation of vesicle fusion

and fission processes (under electronic control), allowing discrete resource replenishment,

chemical amplification and division for artificial cells.
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ABSTRACT
This paper presents a novel microchip platform with integrated heating and

sensing elements for real-time investigation of explosive vaporization of metastable liquids
in enclosed cavities. To this end, a nL amount of liquid is vaporized within few µs at
heating rates of up to 107 K/s and the resulting bubble formation is monitored optically and
electrically. As the chip design can be easily adapted to different chamber geometries, it
allows the influence of the enclosure on the vaporization to be studied.

Keywords: Bubble growth, Explosive vaporization, Microcavity, Microheater

1. INTRODUCTION
Vaporization of minute amounts of liquids has many applications in

micromachined devices. These range from actuation of pumps to liquid propulsion (ink jet
printer) or optical multiplexing. However, the thermodynamics behind explosive
vaporization at microscale is still not well understood and requires further study. To this
end, we have developed a microchip platform, which allows to rapidly (< 10 µs) vaporize
liquid samples in the nL range by resistive heating. The resulting bubble formation and
temperature changes can be monitored by a set of integrated sensors including platinum
thermoresistors and electrodes for conductivity measurement. The microchip is bonded to a
silicone chip with microfluidic channels and a measurement chamber to form a closed
cavity.

2. THEORY
Explosive vaporization occurs when a liquid is heated so fast that density

fluctuations on the liquid become the dominant vaporization mechanism rather than
heterogeneous nucleation. Heterogeneous nucleation takes place when the temperature of
the bulk liquid approaches saturation temperature and thus reaches equilibrium with its
vapour. In contrast, explosive vaporization occurs when the liquid approaches a region of
intrinsic instability because its temperature rises too close to the superheat limit.

Vaporization of a liquid inside a cavity with an elastic wall has been analytically
studied by Carey [1]. He demonstrates that the resulting increase of pressure in the cavity
due to the formation of a vapour phase may increase the superheat needed to produce
explosive vaporization. This effect depends on the rate of change of chamber volume with
pressure inside the chamber, (dV/dP), and the more rigid the chamber, the more superheat
will be needed.
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3. EXPERIMENTAL
Chip fabrication starts with lift-off patterning of a 100-nm-thick platinum layer on

a 100-mm glass wafer to form heaters, temperature sensors and conductivity electrodes
(Fig. 1). The metal layer is then covered by silicon nitride, which is opened locally by dry
etching for contact pads and electrodes. The microfluidic cover chip is fabricated by casting
of poly(dimethyl siloxane) (PDMS) on a silicon wafer with 150-µm-high SU8 structures as
mold [2]. This PDMS chip provides a measurement chamber (200×200 µm2, 8 nL) at the
heater site and 50-µm-wide access channels for filling of the structure. Explosive
vaporization is achieved by applying a short (<5 µs) current pulse (~1 A) to the heater
which leads to a rapid temperature rise by ~200 K within few µs. To visualize vaporization
the heater is monitored through the PDMS layer by a microscope where illumination source
is replaced by an arc lamp (Fig. 2). The trigger for the lamp is synchronized with the
heating pulse; the delay between both signals can be tuned to acquire sequences of images
at µs delays. 

Fig. 1: Close-up view of the device from the
top; heater is in the center, cavity with

inlet/outlet and sensor for bubble detection.

Fig. 2: Sketch of the basic set-up for bubble
generation and visualization.

4. RESULTS AND DISCUSSION
Voltage and current traces for a typical test run are depicted in Fig 3. A constant

current source is used to apply an electrical pulse of 4 µs to the heater. Simultaneously, the
voltage drop across the heating resistor is measured using a current-to-voltage converter
combined with a high-speed oscilloscope. These signals allow to calculate the temperature-
induced change in electrical resistance of the heater and thus, using calibration data, the
average temperature on the heater can be calculated (Fig. 4). The substrate temperature was 
monitored in close vicinity to the heater by an integrated platinum resistor. However, as
desired, only insignificant heating was observed here, which is due to the short pulse time
used. Heating rates as high as 107 K/s have been obtained. Fig. 5 shows a sequence of
images corresponding to vaporization of alcohol by a heating pulse of 1.3 Ampere and 2 µs
duration.

5. CONCLUSIONS
A platform for the investigation of explosive vaporization has been fabricated. The

platform includes a square, planar resistor of 100 µm length made in platinum. This resistor
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acts as both, heater and temperature sensor. The fluidic channels and chamber are made in
PDMS and visual monitoring of the vaporization phenomena has been made using a
stroboscopic microscope setup. We are currently working towards optimization of the
conductivity sensor readout to achieve electrical detection of bubble formation. The
platform will be applied to investigate the effects of confinement in rapidly heated liquids.

Fig. 3: Voltage and current traces for a
typical run test.

Fig. 4: Average temperature for 1 Ampere,
4 µs pulse duration.

Fig. 5: Visualization sequence of vaporization of alcohol.
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ABSTRACT
A microscopic radiation-pressure interface-deformation method was developed in order

to characterize chemical and mechanical properties of liquid interface in microchannels.. In
this method, amplitude and phase signals of forced capillary waves induced by periodic
irradiation of excitation beam were measured. Validity of this method was demonstrated
by measuring critical micellar concentration of surfactant at water / heptane interface.

Keywords: Micro multiphase flow, radiation pressure, liquid interface, laser 
spectroscopy

1. INTRODUCTION
We have investigated integrated solvent extraction and wet chemical analysis utilizing

micro multiphase flows in the microchannels [1]. In extraction process, solute molecules
adsorb on the interface from one phase and are released to another phase. Although optical
methods are suitable for in situ measurement, interface-selective measurement is impossible 
by conventional spectroscopic methods such as spectrophotometric or fluorometric
methods. Furthermore, just around the interfaces some anomalous behaviors are observed,
such as vortices under low Reynolds’ number conditions. We have reported a
spectroscopic tool for micro liquid-liquid interfaces, which is named microscopic quasi-
elastic laser scattering (µQELS) method [2,3] for characterizing the interface phenomena.
Although µQELS method is effective for interface-selective adsorption/desorption
measurements, characterization of mechanical properties of the interfaces is still difficult 
because µQELS method measures thermally activated capillary waves passively. In this 
report, a microscopic radiation-pressure interface-deformation (µRaPID) method is
developed. While µQELS method measures thermally activated capillary waves at the
interface passively, µRaPID method measures forced capillary waves by radiation-pressure,
which is advantageous for discussing viscoelastic properties of the interface.

2. THEORY AND EXPERIMENTAL
Figure 1a illustrates principle of the interface deformation by radiation pressure. Since

momentum of light depends on refractive index of medium, the momentum does not
balance at a straight liquid-liquid interface and radiation pressure is induced. The interface
deforms to balance radiation pressure with interfacial tension. Figure 1b illustrates
measurement method of deformation. The deformation acts as optical lens and degree of
the lens can be measured by the probe beam intensity after a pinhole. When excitation-
modulation frequency is low, the deformation can follow the modulation. However, in case
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of high modulation frequency, the deformation cannot follow the modulation, where the
deformation delays comparing with the excitation and amplitude of the deformation is
reduced. Measurement results of the frequency-dependent interface motion can be
translated to physical parameters, such as interfacial tension, viscosity and viscoelasticity.

Figure 2 shows a schematic diagram of µRaPID method. The excitation laser beam is
modulated by an acousto-optic moludator (AOM). The probe laser is coaxially aligned
with the excitation beam. The beams are focused by an objective lens to micro liquid-
liquid interface in the microchannel. After passing through a long-pass filter and a pinhole,
probe beam intensity change synchronous to the modulation is measured by a lock-in
amplifier.

(a) (b)

Figure 1 (a) Principle of radiation-pressure interface deformation (RaPID). fication is utilized. In the
condensation part, capillary condensation phenomenon is utilized.

Figure 2 Block diagram of microscopic RaPID method.

3. RESULTS AND DISCUSSION
Figure 5 shows µRaPID result at water-butylacetate interface. The solid line shows

theoretical values. The phase signal has slight deviation from its theoretical value while the
amplitude corresponds well with its theoretical value. In Figure 6, we have demonstrated
interface tension measurement of heptane-aqueous solution of AOT interfaces. Interfacial
tension becomes constant over a critical micellar concentration (CMC) of AOT.
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Our µRaPID method is effective for interface-selective and in situ characterization of liquid
interface properties.

(a) (b)

Figure 3 (a) RaPID signals (amplitude and phase) at water-butylacetate interface. The solid lines
indicate theoretical values. (b) Interfacial tension measurement results at heptane-AOT aq.
interfaces. The arrow indicates critical micellar concentration (CMC) of AOT.
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PHASE SEPARATION OF ORGANIC-AQUEOUS
DROPLET AND SEGMENTED MIXED PHASE FLOWS
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ABSTRACT
In this paper, we report a new two-phase separation method for organic-aqueous mixed

and segmented mixed phase flows utilizing a capillarity restricted modification method [1]
and backpressure control. Successful separations were obtained for 11 organic solvents and
maximum flow rates for complete separation were investigated.

Keywords: Phase Separation, Segmented Flow, Surface Modification

1. INTRODUCTION
Microchip technology has versatile applications especially in analytical, synthetic and

bio chemistry. We have developed continuous flow chemical processings (CFCP)
combining micro unit operations (MUOs) [2]. In CFCP, two-phase laminar flow is
frequently utilized, and stabilization of the laminar flow to realize stable phase separation is
one of the most important technologies. When phase separation of the segmented flows
becomes possible, the separation method can be applied to sequential chemical processings
utilizing the segmented flows [3, 4] and error handling of the laminar two-phase flows.
However, the separation method for the segmented flows has not been established because
of difficulties concerning to pressure balance during separation. In this report, we have
demonstrated a new separation method utilizing a hydrophobic-hydrophilic patterning of a
microchannel and backpressure control.

2. EXPERIMENTAL 
 The layout of microchannels on a glass microchip is shown in Figure 1a. The microchip
has an organic-aqueous separation microchannel having asymmetric section as shown in
Figure 1a. The microchannel has deep and shallow parts, which are called main and side
channels, respectively. The main channel has a 90-µm depth and 200-µm width, and the
side channel has a 10-µm depth and 100-µm width. The main channel has hydrophilic
surface while the side channel has a hydrophobic surface. This selective surface
modification was achieved by utilizing a capillarity restricted modification method reported
in our previous report [1].
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3. RESULTS AND DISCUSSIONS
The organic-aqueous segmented flow was introduced to the main channel and only

organic phase was separated to the side channel. Figure 1b illustrates two pressures
working at the liquid interface. One is Laplace pressure, PL, due to hydrophobicity and
another is dynamic pressure, PD, required for fluid drive. Laplace pressure prevents for
aqueous phase to leak to the side channel and dynamic pressure drives organic phase into
the side channel. When no backpressure was applied to the main channel, organic phase did
not proceed because of PD was insufficient for driving organic phase. In order to increase
PD backpressure was applied.
Micrographs of the separation of organic phase from segmented flow are shown in

Figure 2. Segmented flow, in which organic phases are sandwiched with aqueous phases,
formed at junction of microchannels as shown in Figure 2a. In Figure 2b, transparent
hexane phase is gradually separated to the side channel. At the downstream of observation
point, aqueous and organic phases were completely separated and were recovered to
different outlet holes. We have investigated maximum flow rate conditions for complete
separation 11 organic solvents and found the maximum flow rate linearly depends on a
parameter of viscosity/interfacial tension as shown in Figure 3 where the inclination means
a dimensionless capillary number.

Figure 1. (a) Layout and structure of separation microchip. Main channel has deep and
hydrophilic channel, and side channel has shallow and hydrophobized channel. (b) Cross
sectional view of separation part and pressure balance at organic-aqueous interface.
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4. CONCLUSION
In this report, we demonstrated a new method of organic-aqueous droplet and segmented

mixed phase flow. Maximum flow rates for complete separation were investigated for 11
organic solvents, and linearly dependence of maximum flow rate on a parameter of
viscosity/interfacial tension was found. The separation method developed in this report is
very important for wide applications of microfluidic systems. We are now investigating
sequential chemical processings utilizing this separation method.
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Figure 2. (a) Experimental Procedure of forming
segmented flow. (b) Transparent hexane phase to
side channel

Figure 3. Relationship between maximum
flow rates for successful separation for 11
solvents. Each point is corresponding to
the solvents as follow. 1 ethyl acetate, 2
diethyl ether, 3 carbon tetrachloride, 4
cyclo-hexane, 5 toluene, 6 nitro benzene,
7 1-buthanol, 8 bromobenzene, 9 hexane,
10 heptane, 11 benzene



SEGMENTATION FOR ENHANCED DETECTION,
STORAGE, AND ROUTING OF ANALYTES

David S. Reichmuth and Eric B. Cummings 
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This paper demonstrates post-separation column segmentation of analytes into nanoliter-
sized droplets to enable detection, peak picking, and peak storage without diffusion,
hydrodynamic dispersion or surface retention. Analyte droplets are segmented between
packets of an immiscible fluorocarbon liquid which eliminates dispersive and diffusive
losses inherent in single-phase laminar flow. We report the robust ability to multiplex
(segment) and demultiplex (desegment or pool) droplets by both active and passive means
including microfabricated polymer valves and patterned surface energy modification. We
demonstrate the application of this novel ability to enhance fluorescence detection, routing
of selected nanoliter peaks between devices on separate substrates, and storing separated
analytes for further analysis. This ability allows the development of systems of devices that
utilize a shared microfluidics bus architecture like that of electronic microprocessors.

The behavior of multiphase flows using aqueous droplets contained within a fluorinated
hydrocarbon carrier streams have been previously examined by several groups[1, 2]. Such
droplets are useful as virtual microfluidic containers for use as chemical reactors[2] and cell
culture vessels[3], among other things. However the size and timing of passively formed
droplets are constrained by geometric and fluid properties[4]. Previously, we have
demonstrated the use of a simple photo-fabricated on-chip microvalve to meter injections
reproducibly for HPLC[5] and have also used methods to modifying surface energies[6].
This work employs these capabilities to produce analyte multiplexers and demultiplexers
that operate reproducibly over a considerably wider range of conditions, including solvent
composition, than purely passive devices, enabling a range of novel multiphase
microfluidic devices and interconnection technology that is critical in developing a
chemical microprocessor.

Augmented passive multiplexing (segmentation) and demultiplexing (de-segmentation) was
achieved in custom polyetherimide (ULTEM) capillary connectors. Designs of augmented
multiplexers and demultiplexers were developed by studying segmentation in T
intersections in cyclic olefin copolymer (Zeonor) microchips. In these devices, the flow of
a fluorinated carrier (Fluorinert) and aqueous stream into the T junction causes the
formation of water droplets separated by the insulating Fluorinert (Figure 1) Active
multiplexing was also demonstrated using an on-chip microvalve, as shown in Figure 2
The use of a valve to actively create segmented flow is significant, as it allows droplet size
and timing to be controlled independently from the geometric and fluid properties. This
technique holds promise for segmenting the output of, e.g., gradient separations, as the
droplet volume can be held constant even as the liquid composition or flow rate changes.

A demonstration of segmentation for fraction collection and detection is shown in Figure 3
A five-second injection of a fluorescent target peak was segmented into droplets inside a
capillary then transported 1 m to a fluorescence detector. When segments containing the
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target peak appeared, the flow was reduced to enhance detection. The segments permit
“lock-in” or low-frequency rejection schemes to eliminate background fluorescence and
baseline drift. The absence of dispersion and surface retention allows detectors to be
located at considerable distances from the separation column with no performance loss,
simplifying integration with advanced detection systems.

Figure 1 Droplets formed using an ULTEM capillary connector. Fluorinert FC-84 flow
rate is 150 µl/hr, water flow rate 50 µl/hr. The T junction results in 2.6 nanoliter water
droplets contained in an 150 µm ID capillary. The capillary internal surfaces were modified
with tridecafluoro-1,1,2,2,-tetrahydrooctyltriethoxysilane.

Figure 2 A silica chip containing a polymer microvalve allows active formation of aqueous
droplets. The valve is controlled by the pressure differential between the input lines, and
can be switched at >5Hz. The valve allows droplet formation independent of geometric and
fluid properties.

325 µµm

valve

Fluorinertdyed water
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Figure 3 a) Fluorescent dye is injected into an aqueous stream, and then segmented by a
fluorinated hydrocarbon carrier. A T-junction produces droplets and the dye concentration
is determined using laser-induced fluorescence measurements. A 6-port injection valve was
used to create a plug of dye in a water stream with flow rate 50 µl/hr. Fluorinert FC-84 at
150 µl/hr and a T capillary connector produced a regular series of droplets. The
fluorescence was measured at the end of a 1m capillary. The injection valve and capillaries,
upstream of the segmentation point broaden the dye peak through hydrodynamic dispersion.
b) A subset of the data (indicated above by dashed box) shows the dye peak is segmented
into distinct droplets. Total flow rate was reduced to 50 µl/hr to allow detection of
individual droplets.
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STABILIZATION OF TWO-PHASE OCTANOL/WATER
FLOWS IN PDMS CHANNELS USING POLYMERIC

WALL COATINGS
H.J. van der Linden, L.C. Jellema, M. Holwerda and E. Verpoorte

Groningen Research Institute of Pharmacy, University of Groningen, the Netherlands

ABSTRACT
A novel method for stabilizing two-phase solvent flows in poly(dimethylsiloxane)
microchannels is presented. Stable two-phase flows of water and octanol were obtained by
coating the microchannel walls with linear polymers. The performance of different
polymers and different coating strategies was evaluated.

Keywords: Octanol, Partition coefficient, PDMS, Two-phase flow

1. INTRODUCTION
In our group we are developing a microfluidic partition-coefficient analyzer to rapidly

determine partition-coefficient values in water/n-octanol systems. We have developed a
novel method for stabilizing two-phase, water/n-octanol flows in microchannels. The
method, based on polymer coatings, is to the best of our knowledge the first example of the
use of physisorbed polymer coatings to stabilize two-phase flows. Furthermore, this is the
first example of stabilized two-phase flows in microchannels formed purely in
poly(dimethylsiloxane) (PDMS).
Our method is different from the method presented by the group of Kitamori1. In their
method, stabilization ridges were etched inside the glass channels transporting the two-
phase flow. Although their method works in glass microchannels, our method is more
attractive for use in PDMS microchannels, because the integration of ridges in PDMS
microchannels is not easily achieved. Like Zhao et al.2, we use laminar-flow patterning to
locally modify surface energies in a microchannel. However, our method relies on coating 
the microchannel walls with linear, high-molecular weight polymers rather than self-
assembled monolayers of silanes, to change the surface properties of the microchannel. In a
simple process, polymer solutions are flushed through the microchannels for 30 minutes to
2 hours to achieve good wall coatings.

2. EXPERIMENTAL
During the experiments, n-octanol and water were used as the two liquid phases. Different

polymers i.e. poly(vinyl pyrrolidone) (PVP; 1.3 MDa), poly(2-hydroxyethyl methacrylate)
(PHEMA; 1 MDa), poly(vinylalcohol) (PVA; 85-124 kDa) and poly(ethyleneoxide) (PEO;
1 MDa) were tested. All polymers were obtained from Aldrich. All the polymers, except
PHEMA, were dissolved in ultrapure water (1mg/mL). The PHEMA was dissolved in a 1:1
water/ethanol mixture (1mg/mL). Ultrasonic agitation was used to speed up the dissolution
process.
Furthermore, two different coating approaches were investigated. The first approach 
consisted of coating the channel homogeneously with a single type of polymer, while the
second method consisted of coating the two halves of the channel with two different
polymers (Fig. 1). The advantage of the latter method is that the surface energy can be

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 1149



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1150

independently defined in the two halves of the channel. It is thus possible to adjust the
wettability of the channel walls along each side of the channel.
The coatings were applied by flowing the polymer solutions (rate: 10 nL/min.) through the
microchannel for a certain time period. For most coatings, a two-hour period sufficed.

Figure 1. The principle behind the two-polymer-flow coating process.

3. RESULTS
Initial tests showed that a slug flow occurred when water and octanol were flowed
through the same PDMS microchannel (Fig. 2, left). This motivated us to investigate
polymer wall coatings to obtain stable, laminar two-phase water/octanol flows.
The homogeneous coatings worked quite well for PVP and PHEMA, and stable two-phase
flows were generated, albeit with some small interfacial imperfections (Fig. 2, right).
However, the physisorption of PEO and PVA did not lead to stable flows. This fact may
have been caused by an absence of binding to the PDMS by these two polymers.
Alternatively, it could be that the polymers may have changed the surface energy of the
PDMS in a way which does not stabilize a two-phase flow inside the microchannel.

Figure 2. Left: discontinuous octanol/water flow in a native PDMS device. Right: two-
phase flow after homogeneous coating. The divisions of the integrated ruler are 1 mm wide.
The flow rate for the solvents was 1 µL/min. with water from above, octanol from below.

Since both polymer coatings were capable of stabilizing two-phase flow, PVP and PHEMA
were used as the two coatings in the second (heterogeneous) coating approach. After
flushing the solutions through the channel for a one hour period, it was seen that this
heterogeneous coating approach led to nice flow patterns with very well-defined, straight
interfaces when the octanol flowed over the PVP-side and water over the PHEMA-side
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(Fig. 3). However, when the octanol and water flows were exchanged, the flow profile
deteriorated. This indicates that the polymer coating has to be matched to the solvent.
As previously mentioned, the superior performance of this heterogeneous coating approach
is most likely due to the different surface energies in the different channel halves. This
effect causes the different solvents to favor a certain halve of the microchannel and keeps
the different solvent streams in well-defined regions of the microchannel.
It can be concluded that although the heterogeneous coating method is a bit more elaborate,
this coating method is preferred since it yields better defined interfaces between the water
and octanol. It is important to have a stable and reproducible interface since this interface
will influence the reproducibility of a partition coefficient analysis.

Figure 3. Two-phase flow inside the microchannel after coating with two different
polymers. The divisions of the integrated ruler are 1mm wide. Flow rate for each solvent:
1 µL/min. Upper stream: n-octanol; lower stream: water. 

4. CONCLUSIONS
The polymer coating approach presented here is a novel, fast and effective method to

generate stable and well-defined two-phase flows in PDMS microchannels. These flows are
interesting for extraction purposes and chemical analysis.
Although both coating methods work, the heterogeneous coating method gives a more well-
defined and stable interface. This is most likely due to improved wetting properties of the
two channel halves which match the type of solvent well.
It is likely that this method can be used in microchannels made in other substrates such as
glass and silicon. As with PDMS, the polymer could be coated onto the channel surface by
a physisorption process, or otherwise by a covalent polymer grafting approach.
Furthermore, it seems highly likely that different solvent systems could be used for the two-
phase flows.
Currently, we are continuing the development of the partition-coefficient analyzer. Our next
step is to study the partitioning phenomenon in the polymer-coated microchannels and to
integrate optical detection into our analyzer.
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DEVELOPMENT OF MICROFLUIDIC INTERFACES
FOR A SURFACE ACOUSTIC WAVE (SAW)

BIOSENSOR SYSTEM
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ABSTRACT
This work reports of a fabrication method for microfluidic devices for the interfacing of a

surface acoustic wave (SAW) biosensors with the fluidic components. Double-sided hot
embossing of thermoplastic elastomer materials in combination with subsequent chemical
bonding techniques have been used for the fabrication of fluidic interfaces. These devices
consist of closed microchannels with cross-sections of about 200x200µm, fluidic
interconnections and the fluidic chambers with sealing structures. A novel two-chamber
microfluidic device allows in-situ immobilization of two different receptor molecules on
different sensors on the same biochip.

Keywords: Biosensors, lab-on-chip, hot embossing, microfluidic

1. INTRODUCTION
Fluidic interfaces are important parts for the development of an analytical biosensor

system. We have developed a modular biosensor system[1] for the detection of molecular
interactions such as protein-protein binding in real time [2,3]. It is based on surface acoustic
waves (SAW) sensors that consist of gold interdigital transducers (IDTs) fabricated on
quartz substrates with a silicon dioxide guiding layer. A novel design of the fluidic interface
with two chambers allows in-situ immobilization of two different receptor molecules on the
same SAW chip. The modular designed bio-analytical system and the low price of the
materials used allow an easy exchange of the fluidic devices and their use as fluidic
disposables.

Figure 1. Fluidic device on SAW chip holder. The insert shows the two
chambers (Volume of 8µl) with three fluidic interconnections and the sealing
structure with a width of 200 µm.
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2. EXPERIMENTAL
The microfluidic devices have been produced by using double-sided hot embossing

techniques [4] with an alignment accuracy of +/-3 µm. The thermoplastic elastomer
materials which have been used are based on polyurethane (PU).

This material possesses good sealing properties and chemical resistance against the used
organic solvents and buffer solutions. In order to form closed-channels the embossed
structures were subsequently chemical bonded with a cover foil using a weak organic
solvent. Figure 1 shows the chip holder made of PMMA with the PEEK capillary
connections and the embossed fluidic interface. The alignment between the polyurethane
foil and the SAW biochip is assured by embossed pillars on the foil and corresponding
holes in the PMMA holder. A spring-loaded mechanical force was then applied to assure
the sealing. The seal is about 200µm high and has a width of 200-300µm leading to the
formation of two chambers with a volume of 8µl each (see insert in Fig.1). The PEEK
capillaries from the autosampler are directly sealed to the fluidic device by using small
mechanical pressure. The sample solutions are than guided to the SAW sensor through the
closed fluidic channels with a 200µm cross-section and a length of about 5cm. The two
chamber configuration allows the in-situ immobilization of two different receptor
molecules on the sensor surface.

3. RESULTS AND DISCUSSION
Figure 2a shows the in-situ immobilization process of thrombin antibodies and Bovine

Serum Albumin (BSA) on two different sensor areas using the two-chamber fluidic device.
First a self-assembled monolayer (SAM) was prepared on the gold surface of the sensors by
using 11-mercapto-undecanoic acid. The phase signal of the two sensors during the
activation process (see grey markers in Fig. 2a) of the SAM by using 200 mM EDC(1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and 50 mM NHS (N-hydroxysuccinimide)
and the subsequent injection of thrombin antibodies (black line) and 5 µM BSA (grey line)
(indicated by the black markers) are shown in Fig. 2a. The sensor signals confirm a
negligible cross-talk between the two fluidic chambers during the immobilization process.

b)a)

Figure 2. a) In flow-through immobilization process of thrombin antibodies
(black line) and BSA (grey line) on SAW sensor. b) Binding process of
Thrombin to its antibody (black line) and low amount of unspecific binding of
thrombin to BSA (grey line) for different concentrations.
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Figure 2b shows the normalized sensor response for the injection of thrombin with
different concentrations of 10nM, 100nM and 1000nM (indicated by grey markers in Fig.
2b). Large phase changes are observed for the sensor with the immobilized thrombin
antibodies (black line). The other sensor channel with the immobilized BSA (grey line)
shows only small changes and an almost reversible signal response due to unspecific
binding events.

4. SUMMARY
We have developed novel and cost effective microfluidic interface disposables based on

thermoplastic elastomers. They were used to obtain in-situ immobilization of thrombin
antibodies and BSA on two different sensor channels using a two-chamber fluidic device.
Only a very small cross-talk between both sensor areas during the immobilization process
has been obtained. By using BSA as a reference the highly selective binding of thrombin to
the immobilized thrombin antibodies have been observed.
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ABSTRACT
We describe a new optical connector plug made from polydimethylsiloxane (PDMS). The

plug integrates several optical fibers on one side aligned to an identical number of spherical 
lenses [1] on the other side (Fig.1). The plugs allow an easy coupling of different fibers in
an array or matrix form to a fluidic system for multiplexed and simultaneous detection.

Keywords: optical detection, optical interconnections, reversible packaging, polymer
microlenses

1. INTRODUCTION
Integrating optics is very challenging since optical components can be difficult to align and

mount, requiring considerable manual work often done under optical microscopes.
Moreover, at the micro scale it is very difficult to couple a sufficient amount of light to
maintain a high signal-to-noise ratio. In this work, we present a new optical connector plug
allowing an easy integration and simultaneous mounting of different optical fibers and the
focusing of light into the system. Issues with fastidious alignment are alleviated since the
focusing lenses ensure coupling of almost identical amounts of light even if the fiber is not
perfectly centered to a waveguide or detection point of the system [2] (Fig.2).

2. THEORY
Ray optics theory is used to develop a two-dimensional model of the optical plug that

considers the radius (R) of the lens, the radius (r) and the numerical aperture (NA) of the
fiber, the relative position between the fiber and the lens (x0), the refractive index (n1) of the
material used for the plug, and the refractive index of the medium in which the light
propagates after the plug (n2), (see also Fig.2). Using the following equation

y
Rn
nn

n
n

2

12
1

2

1
2

−
−= ϑϑ (1)

it is possible to estimate the theoretical trajectory of a ray of light through the plug, creating
an angle O1 with the x axis and meeting the lens at a point of height y, as well as its
propagation after the plug. The height y can be calculated considering the intersection
between the line representing a specific ray and the circle representing the lens, while the
angle O1 can be calculated knowing the numerical aperture of the fiber and the refractive
index of the plug.
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3. EXPERIMENTAL
The PDMS-based optical connector plug is fabricated from a pre-machined aluminum

mould using conventional milling and mechanical polishing. The mould is composed of a
bottom part reproducing the negative shape of the lens, and an upper part (aligned to the
bottom part using pins going through both parts), where pillars are fabricated for
reproducing holes into the plug centered on to the lenses, allowing insertion and alignment
of the fibers. After the plug is created by casting and baking the PDMS, the fibers are
inserted into it and further PDMS is cast to fill the fiber housing completely. Finally, epoxy
is used to improve the stability of the plug.

In order to test the efficiency of the connector plug, it and a cleaved fiber were mounted
on a stage and placed perpendicular to the objective of an optical microscope (ZEISS
Axiovert 200 inverted fluorescence microscope) connected to a CCD camera (AVT Marlin
F-046C, SVGA 780 x 582). The plug and the cleaved fiber were focused onto the
microscope to define a “zero” position and then displaced from that position using a
translation stage. The opposite ends of the fibers were connected to a laser diode (λ =
637nm, P=7mW, Thorlabs) and the distribution of light through the fiber alone and through
the fiber-plug combination was recorded. The images were exported to Matlab and analyzed
to extract the distribution of light as a function of the lateral position [3].

4. RESULTS AND DISCUSSION
An average roughness of 0.1µm after polishing of the mould has been measured. Images

of the light distribution show agreement with the model (Figure 3), where it is possible to
collimate or focus the light at specific locations as a function of the distance between the
fiber and the lens. The measurements show a maximum light intensity for the plugs, which
is ~50% higher than for the cleaved fiber itself and more focused with respect to lateral
distribution (Fig.3).

5. CONCLUSIONS
In conclusion, the presented optical connector plugs are based on an inexpensive

moulding approach ensuring high replication numbers. They allow fast and easy integration
of several fibers at the same time into a fluidic system for either absorbance or fluorescent
measurements [4], featuring collimation and focusing of light at specific points.
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Figure 1. Schematic view of the PDMS connector plug (left), and close-up of the spherical lenses and
the ring allowing alignment and fixing of the plug to a fluidic system (right).

Figure 2. Maximally tolerated alignment errors (left), geometrical model (right)

Figure 3. Intensity of light versus lateral position (left); comparison of the theoretical propagation of
light through the plug and the images taken with the CCD camera (right).

mm

300µµm

Lateral position [ µm]

In
te
ns
ity
of
lig
ht

Cleaved fiber

PDMS plug



A MICROFABRICATED VAPOR-JET PUMP FOR LOW
PRESSURE GENERATION
M. Doms, J.-P. Hauschild, J. Müller

Hamburg-Harburg University of Technology (TUHH), Germany

ABSTRACT
A MEMS vapor-jet pump is presented which is based on the well-known princi-

ple of vapor-jet and diffusion pumps. A high velocity gas- or vapor-jet is used for
vacuum generation. Starting from atmospheric pressure, a high pumping speed of
more than 6.2 ml/min and an absolute pressure of 495 mbar were generated with
this new type of micropump. Lower pressure regimes will be accessible with a full
integration of all components. Microfabricated pressure sensors based on the Pirani
principle have been integrated into the micropump to monitor and control its function.

Key Words: vapor-jet, pump, micro

1. INTRODUCTION

As pumps are an essential part of many systems for chemical and biomedical analysis,
the development of micropumps is a fundamental challenge in the introduction of microsys-
tems in these fields. Many approaches to realize miniaturized vacuum pumps have been
pursued [1]-[4]. The proposed pumps use either mechanically moving parts (membranes,
valves), which may result in a short lifetime and decreased reliability, or do not meet the re-
quirements for a high pump speed and low pressure generation.
In this paper a new approach to micropumps is presented: Based on the theory and design
of macroscopic vapor-jet and diffusion pumps, a miniaturized pump without moving parts is
designed, fabricated and characterized which meets the needs for a high performance microp-
ump.

2. THEORY, DESIGN AND FABRICATION

A detailed mathematical and physical descriptions of vapor-jet pumps in general and the
presented micro vapor-jet pump can be found in [5] and [6], respectively. A three-dimensional

side the high-pressure unit (jet assembly) is converted to the kinetic energy of a high velocity
jet by expanding through a nozzle. The pumping is achieved by momentum transfer on the
pumped gas molecules in the jet direction. A complete system consists of a heater unit to
evaporate the working fluid, the jet assembly from where the vapor expands through the noz-
zles, an area where the pumped gas mixes with the vapor-jet and the momentum transfer is
achieved, cooled side walls to condense the vapor and a mechanism to return the working
fluid to the heater unit. In macroscopic diffusion pumps an additional foreline pump is re-
quired. The presented micro vapor-jet pump can be operated at atmospheric pressure due to
its small dimension.
To simplify the first approach and to prove the applicability of the working principle in a
microsystem, an external supply of the working fluid (nitrogen gas, water vapor) is used
without recirculation. Different pump geometries were designed, simulated, fabricated and

drawing of the fabricated pump is shown in Fig. 1. An elevated pressure of a gas or vapor in-
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Figure 1: The fabrication process and a 3D drawing of the micropump. (1) Outlet,
(2) Fore vacuum side, (3) Water cooled silicon side walls, (4) Jet assembly (high-
pressure unit) with feed through for external supply, (5) Laval nozzle, (6) Vacuum
side, (7) Connection channel for external sensors.

Figure 2: Absolute pressure on the vacuum side and pumping speed as a function of
nitrogen pressure inside the high pressure unit for different side wall angles. Nozzle:
20 x 100 µm.

characterized. The side wall angles of the pump body and the distance between the nozzles
and the side walls were investigated to determine their influence on the performance of the

DRIE (STS ASETM ) is used to fabricate the pump body in 100 µm thick silicon substrates.
The pumps are hermetically sealed with two borosilicate substrates by anodic bonding. Glass
capillaries are used to attach external sensors.

3. RESULTS

Nitrogen gas and water vapor were externally supplied to the high pressure unit and used
as working fluids. Pressure and flow sensors were attached to the system to measure the gen-
erated low pressure and pumping speed.
Fig. 2 depicts the pump characteristics of systems driven by nitrogen gas. With a 5◦-side wall
angle, the maximum pump speed of 3.2 ml/min was reached as well as the minimum absolute

pump systems. A rough outline of the fabrication process of the pump is shown in Fig. 1. A
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pressure of 760 mbar. Other side wall angles evidently impede an effective pumping. Inves-
tigations of different distances between the nozzles and the side walls showed a maximum
pump speed of up to 6.2 ml/min due to the increased pumping area.
Using water vapor as a working fluid resulted in a minimum absolute pressure of 495 mbar
for a pump with a 5◦-side wall angle. The lower pressure, obtained with water vapor as a
working fluid, is caused by the at least partial condensation of the vapor due to the cooled
side walls. This results in a reduced ”foreline” pressure inside the pump assembly which in-
fluences the pump performance. The consumption of water as a working fluid for this system
lies in the range of 200µl/min. Fully integrated micro-heaters will be used to provide the
necessary amount of vapor.

4. CONCLUSION AND OUTLOOK

The first micromachined vapor-jet pump is presented. It is proven that the pumping
mechanism can be transferred to microsystems. A pump system with an external supply
of nitrogen gas and water vapor, respectively, has been designed, fabricated and character-
ized. Starting from atmospheric pressure a maximum pumping speed of 6.2 ml/min and a
minimum absolute pressure of 495 mbar were reached with different pump geometries. The
performance will be further improved by the use of different working fluids, multiple noz-
zle stages and the full integration of a heater and the working fluid recirculation which is
already in progress. The aim is a fully integrated and microfabricated vapor-jet pump which
is capable of generating high pumping speed and low pressure in the range of several Pascal.
Microfabricated Pirani pressure sensors [7] will integrated into the micropump to monitor
and control its function.
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A TUNABLE LIQUID MICROLENS DRIVEN BY
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ABSTRACT
In this paper, we present a tunable liquid microlens whose focal length can be tuned

under the actuation of a temperature-sensitive hydrogel. The temperature-sensitive
hydrogel ring undergoes a volumetric change as temperature changes. This causes the
water-oil interface (liquid lens) to change its curvature, thereby tuning the focal length of
the liquid microlens. The results show the focal length tuning of the microlens ranges from
7.8 to 13.1mm. This tunable microlens system actively responds to the local fluid
temperature and does not require high voltage or external pressure, enabling the microlens
to be of compact design facilitating use in new application areas.

Keywords: Tuning, microlens, focal length, hydrogel

1. INTRODUCTION
Lenses are key components of most optical systems. Tunable microlens holds promise

for the miniaturization of optical systems by eliminating the need for mechanical moving
parts to realize optical alignment and scanning [1]. Different approaches using liquid
crystal [2], electrowetting [3], and pressure-driven mechanism [1] have been previously
investigated. However, the performance of liquid crystal microlenses is influenced by non-
uniformities in the electric field that results in aberrations. The operation of electrowetting-
based microlenses requires high driving voltages. Additionally, pressure-driven microlens
typically needs an additional pumping system to introduce liquid or air in and out of the
chamber to change the curvature of the elastic membrane.

We demonstrate a tunable liquid microlens whose focal lengths can be tuned under the
actuation of a temperature-responsive hydrogel. The microlens responds to its local fluid
temperature and does not require high voltage or external pumping pressure. In addition,
the microlens can be fully integrated in microfluidic systems, which enables miniaturization
of on-chip optical elements for diverse applications.

2. CONCEPT
Fig. 1 describes the schematic diagram of the tunable liquid microlens. The microlens

sits on a microscope glass slide substrate and is integrated with microfluidic channels. A
temperature-sensitive hydrogel ring is constructed to actuate the deionized water drop
inside it. A drop of mineral oil is placed on top of the water to prevent evaporation. A ring
heater is adhered to the underside of the substrate to control the local temperature. Initially,
the microlens provides an inverted image, which verifies the formation of a convex lens
from the water-oil interface (Fig. 1(c)). When temperature increases (decreases), the
hydrogel ring contracts (expands), causing the interface to become less (more) convex. A
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change in the position of the interface also accompanies this. This tunes the microlens and
induces a larger (smaller) focal length.

3. FABRICATION
The fabrication process of the device utilizes liquid-phase photopolymerization [4]. A

375µm thick polycarbonate cartridge (Grace Bio-Labs, Inc., Bend, OR, USA) is affixed to
1.0mm thick glass slide. A hole is previously punched through the cartridge at the center
position of the microlens. The cartridge cavity is filled with an isobornyl acrylate-based 
pre-polymer (poly (IBA)). When exposed to UV light (intensity, I=7.8mW/cm2; time, t=32s)
through a film photomask, the microfluidic channels are photopatterned. The device is
developed in a bath of ethyl alcohol for 4 min. Next, an N-isopropylacryamide-based
temperature sensitive hydrogel (poly(NIPAAm)) pre-polymer is introduced to the cartridge
and photopatterned to form an actuator ring (I=15mW/cm2, t=10s), followed by a rinse with
ethyl alcohol for 15min. The hydrogel is chemically designed to have a Lowest Critical 
Solution Temperature (LCST) (onset of operation) of 30 C.

4. RESULTS AND DISCUSSION
The fluid height is deliberately kept above cartridge surface to allow visual analysis with 

available instruments. Fig. 2 shows the shapes of the microlens at two temperature taken by
a goniometer. At low temperatures, the expansion of the hydrogel ring squeezes the liquid.
The water-oil interface rises, having a larger curvature, to push the fluid upward. Based on
the topography of the microlens, the theoretical focal length is tuned from 7.8 to 13.1mm.

The repeatability of the change is studied by cycling the temperature between 24 C and
40 C, and measuring the height of the fluid above the cartridge surface (Fig. 3). The result
shows the height change is nearly the same from the third cycle onwards.

A scanning test of the microlens is conducted with a stack of three arrows placed
underneath the microlens with an alternate distance of 100µm. A CCD camera coupled to a
microscope is used to videotape the experiment. As temperature changes, the focused
image of one arrow gradually fades out, while another arrow becomes focused (Fig. 4).

The tuning mechanism of the microlens is not completely understood yet. In the case
where the water-oil interface is kept beneath the underside surface of the cartridge, three
factors affect the curvature change of the water-oil interface: 1) volumetric change of the
hydrogel adjusts the inner diameter of the ring, 2) water transport through the hydrogel
network interstitials affects the position of the water-oil interface, and 3) change of surface
properties (hydrophobic/hydrophilic) of the hydrogel changes contact angles with water
and oil [5]. However, in the other case where the water-oil interface makes contact with the
underside surface of the cartridge (Fig. 5), the curvature change is determined by the
surface tension along the bottom edge of the center hole. Since the cartridge is hydrophobic,
as water is squeezed out or pulled downward, the contact line is pinned to the bottom edge.
But the interface shape is free to change, resulting in contact angle variations and bringing
about a focal length shift.

5. CONCLUSIONS
We have demonstrated a tunable liquid microlens driven by a temperature-sensitive

hydrogel. The focal length is tuned from 7.8 to 13.1mm. The scanning function of the
microlens is successfully realized which is promising for many applications. A more
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compact microlens system can be realized by fabricating resistive wires directly on the
glass substrate. Hydrogels can be chemically tuned to be responsive to different stimuli,
such as pH, electric field, and light [6], allowing added flexibility in the design and
operation of the tunable microlens for different applications.
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Figure 1. (a) Schematic structure of a tunable
microlens. High local temperature causes the
hydrogel ring to shrink (solid line), while low
temperature causes it to expand (dashed line).
(b) Optical image of a microlens. The scale bar
represents 2mm. (c) An inverted real image ‘m’
indicating a convex lens.
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Figure 2. The shape of the water-oil interface
changes at different local temperatures due to
the volumetric change exhibited by the
temperature-sensitive hydrogel surrounding the
liquid microlens.
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Figure 3. The height of the liquid lens above
cartridge in five temperature cycles (24-40 C)
to verify repeatability.

Cartridge

Hydrophobic
surface

Hydrogel
ring

Pinned
contact line

Glass substrate

Water

Oil

Figure 5. Surface tension plays a critical role
on changing curvatures of water-oil interface
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ABSTRACT

We present infrared (IR) thermography analysis of microfluidic nebulizer chips. We can
measure both chip thermal response due to integrated platinum heaters, and we can
visualize the gas jet ejected from a microfluidic nozzle. Time resolution of 20 ms and
spatial resolution of ca. 30 m allow us to monitor chip thermal behaviour in minute detail.

Keywords: thermography, infrared, silicon, nebulizer

INTRODUCTION

Miniaturisation of fluidic systems offer advantages such as smaller sample volumes and
faster response times. Coupling microfluidic systems to mass spectrometers (MS) is
delicate because we cannot afford to lose any of the sample and therefore spraying from the
chip into MS inlet becomes critical. The shape and direction of the exiting gas flow are thus
important parameters. If we wish to optimize heating for each analyte separately, the chip 
has to be ramped up and down in temperature. In this paper we report the measurements of
thermal and fluidic features of microfluidic nebulizer chip. The set-up is based on a infrared
camera, allowing visualization of the shape of the jet plume and evaluate the thermal
ramping of the chip.

EXPERIMENTAL

In IR thermography, temperature distribution of a surface is measured by detecting emitted
thermal radiation with a calibrated IR camera. In these experiments, a 320 x 240 pixel FLIR
SC3000 Quantum Well IR Photodetector (QWIP) infrared camera was used. The camera
operates at 8-9 m wavelength and is equipped with three lenses offering nominal spot size
down to 31 m. The thermal sensitivity of the camera at room temperature is < 20 mK and
its measurement accuracy better than ±1% of full scale or ±1°C, whichever is larger. With
the camera, it is also possible to record live, full-frame thermal image at 50 Hz rate.

The nebulizer chip [1] contains fluid inlets, flow channels for both the liquid sample and the
nebulizer gas, a mixing chamber, an integrated microheater and an exit nozzle, Fig. 1. Three
photomasks were required for chip fabrication. The first mask defines the channels and
mixer patterns in silicon, the second one defines the inlet holes on the backside of the
silicon wafer, and the third one is used to fabricate the integrated microheater on the glass
wafer. Both wet etched and DRIE versions of the chip have been fabricated.
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RESULTS AND DISCUSSION

A bonded silicon-glass nebulizer chip was measured both in steady state and during
temperature ramping. A platinum heater was fabricated on the glass wafer and bonded so 
that it coincides with the flow channel etched in the silicon wafer. Maximum heating
voltage was 30 V, but practical operating temperatures call for 10-20 V. The maximum
glass surface temperature directly on top of the platinum heater was selected as the
characteristic parameter.

Integrated platinum heaters can heat up to chip to 900K, i.e. glass softening point. In
continuous operation 600 K is the maximum temperature. At this temperature vaporisation
of liquid sample is efficient and residue formation minimized. The limiting factor is the
thermal stability of the polymeric materials used in connecting the chip to macro-world.
Both glued Nanoport connectors and PDMS fluidic connectors [2] have been used.

A

VHeating

Curtain plate
Liquid inlet Gas inlets

Corona needle

Nozzle

a b

Fig. 1. a) Nebulizer chip; b) Atmospheric Pressure Chemical Ionization set-up. 

In the gas jet plume characterization, the chip was mounted so that the outbursting helium
jet hits an edge of a parallel imaging screen sheet (Fig. 2). For the imaging screen, standard
office paper sheet was chosen because of its low thermal conductivity (order of 0.1
W/m*K), thinness, and high emissivity (measured 0.9). Low thermal conductivity and
thinness are important, because otherwise the heat of the impinging jet would diffuse too
quickly in the lateral direction of the screen, disabling conclusions of the real size of the jet.
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Fig. 2. a) Set-up for the gas plume shape measurement; b) imaging sheet for vertical and
horizontal plume characterization.
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Power was switched on and the imaging sequence was initiated. In Figure 3a, the
equilibrium temperature distribution is shown. Figure 3b depicts the maximum temperature
rise as function of time as extracted from the sequence. Because the nozzle is not
symmetric, both horizontal and vertical cross-sections of the jet were visualized, as shown
in Figure 2b. Dimensions of the jet’s thermal footprint on the screen were defined in order
to obtain information about the size and shape of the jet and, furthermore, about the
performance of the nozzle. DRIE etched nozzle in Fig. 3c results in clearly more confined
jet than the wet etched nozzle (Fig. 3d), but both micronozzles are superior to macroscopic
versions.
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Fig. 3. Top view IR image of equilibrium temperatures at 30 V heater voltage (a); thermal
rise time of the chip (b); images of plume shape in vertical plane for: DRIE nozzle (c) and
wet etched nozzle (d).

In conlusion, visualization of the shape of jet exiting from the micronebulizer nozzle has
been done by infrared thermography, showing microchips to be superior to macroscopic
designs. Thermographic movie shots prove the rapid thermal ramping capability of the chip.
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POLYMERIC MICROFLUIDIC DEVICE FOR ON-CHIP
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ABSTRACT

This paper describes the fabrication process for the development of a plastic
microfluidic device for on-chip cell lysis and purification of nucleic acids without any
presample treatment. The microchip was made in a cyclic polyolefin polymer by hot-
embossing with an SU-8 master. The cell lysis was done using chemical lysis relying on
diffusive mixing and the isolation of nucleic acids was achieved through solid-phase
extraction in a porous monolithic column embedded with silica particles.

Keywords: Microfluidic, polycycloolefin, cell lysis, nucleic acid extraction, porous
monolith

1. INTRODUCTION

The extraction of nucleic acids from microbial and mammalian cells is a vital step in
many biological and diagnostic applications. Hence there has been a growing interest in
integrating the cell lysis and purification processes of nucleic acids on chip-based
microfluidic devices to ensure higher throughput, lower sample/reagent consumption and
cost reduction [1]. DNA purification in microfluidic systems have been previously
demonstrated in glass/ silicon devices with microchannels packed with silica beads, silica
based sol-gel, or through affinity capture using silicon microstructures [2]. However,
microfabricated devices made with inorganic materials (such as silicon, glass or quartz) can
be too expensive for making disposable devices. This necessitates the use of alternative
materials, such as thermoplastic polymers, for fabricating microfluidic chips by injection
molding or hot embossing [3].

In this work, we used Zeonor® (Zeonor750R, Zeon Chemicals, Louisville, KY) a medical
grade polycycloolefin, to fabricate a polymeric microfluidic device. Zeonor was used as the
primary chip material, because of its excellent mechanical properties, low autofluorescence
and high UV transmission. The optical properties of Zeonor are essential for both in situ
photopolymerization and the integration of on-chip fluorescence detection module in the
future.

2. THEORY

Microfluidic lysis of cells was done with guanidinium thiocyanate (GuSCN) containing
lysis buffer. Continuous lysis of the cells was achieved due to diffusive mixing of the cell
sample with the lysis buffer in the serpentine mixing channels.
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The isolation of nucleic acids was done with a solid-phase extraction system formed by
trapping silica particles in a porous polymer monolith. The extraction was based on the fact
that nucleic acids bind to silica particles in the presence of chaotropic salts [4].

3. EXPERIMENTAL

Figure 1 shows the schematic of the microchip. The Zeonor microdevice was formed by
hot-embossing with an SU-8 master. The master itself was formed by standard
photolithographic techniques.

Figure 1: Layout of the microchip

The cell sample (WS1, Human dermal fibroblasts) and the lysis buffer were introduced
into the mixing channel at a flow rate of 100 µL/ hour with syringe pumps. The lysis buffer
was mixed with DAPI (4',6-Diamidino-2-phenylindole), which is a cell impermeant
fluorescent nuclear stain. The lysis of cells was studied with a fluorescence microscope.
Since DAPI is cell impermeant, fluorescence was expected to be observed only if the cells
were lysed.

The porous monolithic column was formed within the channels of the device by
photoinitiated polymerization of a mixture of methacrylate and dimethacrylate monomers,
UV sensitive free radical initiator and porogenic solvents. The channel surfaces were
pretreated via photografting with a diacrylate monomer to covalently attach the monolith to
the channel walls. The proteins absorbed on the solid-phase were washed out with the wash
buffer (70% ethanol). Finally the nucleic acids was eluted in water. The method allows for
successful extraction and elution of nucleic acids. The extraction efficiency was
qualitatively determined by fluorescence imaging with the DAPI fluorophore.

4. RESULTS AND DISCUSSION

Figure 2: Lysis of cells in the microfluidic channel
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Figure 2 shows the lysis of the cells in the microfluidic mixing channel. The chip design
allows for the cells to be flanked on both sides by the lysis buffer. As seen in the
micrographs, the fluorescence gradually increases as the cells and the lysis buffer are mixed
in the channel. The fluorescence peaks at the end of the channel indicating complete lysis of
the cells.

The large pore size of the monolithic material, as seen in Figure 3, minimized flow
resistance and prevented mechanical breakage of the monolith. As seen in Figure 4, DAPI-
DNA adsorbed strongly onto the silica embedded in the microchannel and bright
fluorescence was observed in the channel. In contrast, no fluorescence was seen in the
channel after the DNA was eluted with water, indicating good elution efficiency.

5. CONCLUSIONS

We have developed a polymeric microfluidic platform for rapid lysis of cells on-chip and
purification of nucleic acids. The nucleic acids obtained from the lysed cells were
successfully extracted using a porous polymer monolith embedded with silica particles. The
work described in this paper is a step towards developing a polymeric microdevice for on-
chip purification of nucleic acids from real-life biological samples.
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ABSTRACT

The detection of volatile organic compounds (VOCs) in liquid samples using a fully

integrated resonant cantilever sensor is presented. The sensor system, fabricated in a

standard 0.8-!m CMOS (complementary metal oxide semiconductor) process, is composed

of four cantilever sensors that are monolithically integrated with dedicated analog and

digital circuitry. For the VOC detection in water, two cantilevers have been coated with thin

chemically sensitive polymer layers, and two cantilevers remained uncoated as references.

The cantilevers are excited at their fundamental resonance frequency and act as frequency-

determining elements of the integrated feedback loop. The physisorption of VOCs in the

sensitive polymer layer leads to an increase of the cantilever mass, which, in turn, causes a

decrease of the cantilever resonance frequency. Concentrations as low as 1 ppm of different

environmental pollutants (toluene, ethylbenzene and xylenes) have been detected in pure

water. The sensor chip has been designed as the key component of a packaged microsystem

including an integrated pump and a particle filter for sample handling and pretreatment.

Keywords: Resonant Cantilever, Chemical Sensor, Liquid Phase Detection

1. INTRODUCTION

Polymer-coated resonant cantilevers have been widely used to develop sensors for

volatile organic compounds in air. Different actuation schemes, such as piezoelectric [1],

capacitive [2], electrothermal [3], or electromagnetic [4] have been developed by different

research groups. Cantilevers are promising candidates for portable sensor devices due to

their small footprint and low power consumption. While the majority of these devices

operates in gas phase only, liquid phase measurements are required for a wide variety of

analyses, such as, water quality or blood analysis. The use in liquid phase, however,

imposes special requirements on the design of the sensor and the integrated electronics, as

well as the packaging. The fluid damping and the increased effective cantilever mass have

to be dealt with in order to achieve stable cantilever oscillation. Furthermore, special care is

needed to expose the sensing area to the liquid while protecting and isolating the electrical

components and bond wires from the electrically conducting fluid.

2. EXPERIMENTAL SETUP AND PROCEDURE

After packaging of the sensor array [5], the chemically sensitive polymer layers are

applied by means of spray-coating. Each cantilever of the array can be individually coated

by using shadow masks. The chemical sensitivity of the sensor system was measured by

exposing the coated cantilever chips to various analyte concentrations in aqueous solution.

The various analyte concentrations (1 ppm - 60 ppm) were prepared using two syringe

pumps, one for the pure water and the other for a 100-ppm analyte solution, both feeding

via a Y-connector into the fluidic cell.
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All three analytes show a linear response. Ethylbenzene has the largest liquid-phase

partition coefficient (Kc=464) with PIB and, therefore, shows the highest signals closely

followed by xylenes (Kc=458). In the case of toluene the frequency shifts are much smaller.

Figure 3 shows the comparison of the frequency shifts of two cantilever coated with

polyepichlorohydrin (PECH) at different polymer thickness. As expected the cantilever

with the thicker polymer layer shows a higher sensitivity towards the analyte. It is expected

that for small polymer thickness, as used here, the sensitivity linearly increases with the

polymer thickness. For larger polymer thicknesses this is no longer the case because of the

considerably lower initial resonance frequency without analyte and saturation effects of the

polymer.

The inset in figure 3 shows the response of a cantilever coated with 0.8 !m of PECH upon

exposure to a 1 ppm aqueous xylenes solution, where the noise was subsequently reduced

with a data processing filter. For this analyte calculations indicate that this corresponds to

an added mass of 50 fg on the polymer-coated cantilever. Assuming that the measured

response is only due to mass loading, the presented work thus demonstrates the high mass

sensitivity of the presented cantilever sensor even in liquid-phase applications.

5. CONCLUSIONS

We have presented a fully integrated resonant cantilever sensor with electromagnetic

actuation for the detection of VOCs in water. Concentrations as low as 1ppm of xylenes in

aqueous solution were measured. Coating each cantilever of the array with a different

polymer will allow for pattern recognition and multi analyte detection. By using thicker

polymer layers and by decreasing the noise (optimization of the set-up and the integrated

circuitry), the limit of detection can be further reduced into the ppb region.
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PERISTALTIC GAS MICROPUMP
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ABSTRACT

We report fabrication and initial test results of a two-stage peristaltic pump structure
designed as proof-of-concept for a multistage (18-stage) gas micropump for use in a micro
gas chromatography (µGC) system. The fabricated pump successfully integrates ‘pull-pull’
dual electrostatic electrodes with small gap distance, active checkerboard microvalves,
flexible polymer (Parylene) pumping membranes, and dual pumping chambers. The
chambers are formed on and connected through two Parylene-bonded wafers. The active
part of the MEMS pump chip measures 0.8 × 0.5 cm2. The micropump produces an air flow
rate of 25 µl/min @ 80 Pa and first-mode resonance frequency of 7 kHz. When the
microvalves are operated in a passive mode (no drive voltage applied to microvalves) the
flow rate is 4 µl/min at 7 kHz. The above pumping rates are lower than expected due to a
few fabrication shortcomings. Future generations will overcome these shortcomings.

Keywords: Dual-electrode, electrostatic, peristaltic, micro gas pump

1. INTRODUCTION

A micro gas chromatography (µGC) system, being developed by the WIMS (Wireless
Integrated Microsystems) Center at the University of Michigan [1], requires a high flow rate
(>1 sccm) and high pressure (>50 kPa) micropump to force the sample gas through it.
Previous micropump designs reported in the literature [2], especially gas pumps, have
limited flow rate and pressure. Flow rate is limited by the small displacement and the
relatively low operating frequency of the pump membrane, while pressure is limited by the
relatively small forces available in micro devices. These limitations can be overcome in a
micropump structure by using high actuation frequency and active microvalves in a
multistage configuration (Figure 1-(I)) [3]. The design reported here includes 1) ‘pull-pull’
dual-electrodes for high-frequency actuation and a high flow rate; 2) active microvalves for
inlet/outlet/transfer flow control; 3) flexible polymer membrane for large volume
displacement; and 4) dual pumping chambers around each membrane to minimize pressure
difference across the membranes. Such a design poses fabrication challenges and thus,
requires the development of new device structures and fabrication techniques.

2. PRINCIPLE OF OPERATION

The pressure rise and flow direction in the pump are controlled by integrated active
“checkerboard” microvalves located between pumping chambers (Figure 1-(II)). As the
main pumping membrane moves up, the pressure in the top chamber increases while the
pressure in the bottom chamber decreases (a). When the pressure in the top chamber
becomes high enough to transfer gas into the next chamber, the inlet valve opens (b). When
the pumping membrane reaches its top position, all the valves close and the next cycle
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begins (c). In the next cycle, the membrane moves down, and gas is transfered from the
bottom to the top chamber as the oulet valve opens (d). The inlet and outlet valve
membranes contain small holes as well as the two drive electrodes. The hole patterns are
staggered between the two electrodes, and the membrane hole pattern matches the hole
pattern on one electrode. The valve closes when the membrane comes in contact with the
electrode with non-matching hole pattern. Figure 2 shows a micrograph of a closed valve
(right top) and opened valve (right bottom).

Figure 1. (I) 3-D view of a two-stage micropump structure, (II) operation principle of a micro pump
unit (bottom left), and (III) fabrication process flow of a two-stage unit using three wafers (right).

3. MICROFABRICATION

The micropump is fabricated using a 3-wafer process, as shown in Figure 1-(III). First,
the areas of the pump and valves (2 × 2 mm2 each) are defined by a shallow recess (~8 µm)
that determines the gap distance from the membranes to electrodes. This gap is a critical
parameter that governs the large membrane deflection and pumping compression ratio.
Then, the recess is doped with boron and dry-etched with perforation holes (1). 10µm-thick
boron-doped electrodes are formed when impurity-selective TMAH wet etching creates the
pumping cavities and other flow passages (2). A Parylene membrane is formed on a third
carrier wafer, patterned, and then transferred at the wafer level to one of the electrode
wafers (3) [4]. The pump is complete after bonding the two electrode wafers together using
a low-temperature Parylene bonding technique without damaging the polymer membranes
(4). The Parylene layer (~2.0 µm) acts as the bonding agent, insulation layers, the pumping
membrane, and the valve actuation element. The Parylene-gold-Parylene membranes (2.0/
0.4/ 2.0 µm thick) are stretched over the perforated electrodes, and form closed pumping
cavities (5). This dual-electrodes or “pull-pull” design increases operation frequency, and



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1175

Figure 2. Top view of a two-stage pump-units after the membrane transfer process over pumping
chambers on the first device wafer.

perforated electrodes minimize air flow damping, which are both critical for high frequency
operation and high flow rate.

A two-stage micropump has been successfully fabricated, as shown in Figure 2. The
pump and valve membranes (~4.4 µm thick) are stretched over the boron-doped electrodes
due to thermally-induced residual tension in the membranes. The valve electrodes have
arrays of holes (20 × 20-µm2 squares) placed at different locations on each electrode. The
valve membrane has an array of holes placed at the same location as one of the electrodes.
The hole arrays are precisely aligned during the membrane transfer bonding process, as
shown in the close-up views in Figure 2. The valve is open when the membrane is
positioned against the electrode with matching hole pattern, and closed when the valve
membrane moves against the other electrode with non-matching pattern. The valve
membrane motion could be caused by the flow within the valve, in which case the pump is
operated passively (passive pumping), or by applying a suitable voltage to the relevant
electrode (active pumping).

4. PUMPING RESULTS AND DISCUSSION

The fabricated pump was tested using a square wave signal with a ±200 V amplitude
over a wide range of frequencies from 100 Hz to 50 kHz to measure the flow rate and
output pressure. Figure 3 shows the pump flow rate as a function of frequency. At low
frequency the flow rate increases with frequency as expected. For frequencies higher than
19 kHz, the flow direction in the pump is reversed. Increasing the actuation voltage from 50
V to 200 V produces an increased flow rate. Active pumping with valves actuation voltage
in phase with the pumping membrane actuation valtage produces higher (6 times) flow rate
than passive pumping. With active pumping, the micropump produces approximately 80 Pa
pressure rise.

Pumping simulations taking into account dynamical effects [3] predict a pressure rise
and flow rate for this micropump of approximately 2.2 kPa and 0.1 sccm respectively at a
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frequency of 7 kHz and a resonance frequency of 30 kHz significantly higher than found in
the device tested. Discrepancies between theory and measured results may arise from
incomplete valve sealing in the micropump. Inadequate valve sealing produces reversed
flow in the pump and, consequently, reduced pressure and flow rate. Tests results also do
not reflect the use of the optimized valve timing. Future micropumps will include smaller
electrode-membrane gap heights to promote larger electrostatic force and better valve
sealing. Valve timing will also be tested in more detail.

Figure 3. Experimental flow rate data (left) of a two-stage pump at varying frequencies and voltages
and pressure restriction data (right) of a single microvalve.

5. CONCLUSIONS
A multi-stage gas micropump has been successfully demonstrated. The micropump

design includes dual-electrodes, active microvalves, flexible polymer membranes, and dual
pumping chambers. The microvalves are designed to provide directionality of gas flows
even without active actuation. The use of active actuation of microvalves increased flow
rates by six times. The challenging fabrication of the pump has been successfully
performed using previously developed Parylene bonding and membrane transfer
technologies. The fabricated two-stage micropump structure is a basic unit for a future
multi-stage peristaltic micropump for the high pressure and high flow rate gas pumping in
an environmental monitoring system being developed by the WIMS Center at the University
of Michigan.
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ABSTRACT
A neuronal microneedle, a single-crystalline silicon microneedle with fluidic

microchannels and microelectrodes, is developed for localized stimulation of and recording
from neural cells. The neuronal microneedle delivers drugs such as excitatory amino acids
at the cellular level as well as electrically records neural signals from neural cells. The
fluidic behavior, the mechanical stability, and the electrode-electrolyte interface impedance 
of the fabricated neuronal microneedle were characterized, respectively. Then, the neural
cell responses of a brain of a male Sprague-Dawley rat to a 25µM kainic acid (KA)
stimulus were acutely monitored by using the developed neuronal microneedle.

Keywords: Kainic acid, Microchannel, Microelectrode, Neuronal microneedle

1. INTRODUCTION
Miniaturized medical and biomedical instruments from the MEMS technology allow the

precise control of the depth and location of the device and the amount of fluid to be
injected or extracted due to their small feature size [1]. Microneedles are used to deliver
agents through the skin, into a blood vessel, or into a cell, or to extract fluids. Microneedles
are also useful tools for introducing pharmaceutic solutions at the cellular level. In this 
paper, the neuronal microneedle is designed and fabricated on the basis of the silicon
microneedle [2] and the microelectrode on a roughened polysilicon film [3]. The
microneedle with both fluid microchannels and electrical microelectrodes injects chemical 
agents and records the extracellular response of neural cells in a localized region.

2. EXPERIMENTAL
The processes for the neuronal microneedle are performed with only one double-

polished (100) silicon wafer. The schematic of the neuronal microneedle and process flow
are shown in figure 1. The buried microchannel in the neuronal microneedle is fabricated
by using the processes of anisotropic dry etching, sidewall passivation, isotropic dry
etching, and trench-refilling with a LPCVD polysilicon film. Because the microchannel
fabrication process uses the isotropic dry etch, the direction of microchannels can be
oriented to any crystallographic direction in-plane. Afterward, the gold microelectrodes are
fabricated top of a polysilicon film which is deposited on top of a SiO2 film. Finally, a fluid
reservoir, a handling body, and a microneedle shank of the neuronal microneedle structure
is defined and released from the silicon substrate by using the anisotropic dry etch. Figure 2
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shows fabricated neuronal microneedles, next to 23 and 26 gauge needles and a Korean 100
Won coin.

The pressure drop of the microchannel in the neuronal microneedle is measured by using
a syringe pump and a pressure sensor, and then the product of the Reynolds number and the
Darcy friction factor of the microchannels is calculated. For the mechanical stability of the
neuronal microneedle, in-plane buckling tests, out-of-plane bending fracture tests, and in-
plane bending fracture tests are performed with a load cell. The electrode-electrolyte 
interface impedance of the roughened microelectrode is measured with an impedance
analyzer (ZAHNER-electrik IM6e, Germany).

The neuronal microneedle is used to acutely monitor the neural cell response to a 25 µM
KA stimulus in the somatosensory cortex of a male Sprague-Dawley rat. The KA is
injected into the somatosensory cortex through the microchannel in the neuronal
microneedle.

3. RESULTS AND DISCUSSION
The SEM pictures of the fabricated neuronal microneedle are shown in figure 3. The

width and the thickness of the shank are 200 µm and 150 µm, respectively. The length of
the shank is 3.3 mm, which was determined in consideration of the location of the
somatosensory cortex of the rat. The dimension of the microelectrode is square-shaped 30
µm × 30 µm, and the distance between microelectrodes is 200 µm. The average roughness
of the microelectrode is 31.4 nm. The significantly roughened polysilicon film on top of the
SiO2 film increased the effective surface area of the microelectrodes.

From the pressure difference of microchannels, the product of the Reynolds number and
the Darcy friction factor of the microchannel results in 99.56. The critical buckling load of
the microneedle shank is measured as 9.43 N. The neuronal microneedle shank is strong
enough to endure 1.142 mN·m of out-of-plane bending moment and 0.865 mN·m of in-
plane bending moment, respectively. The impedances of microelectrodes are measured in a
1 × phosphate buffered saline (1×PBS) solution, and the magnitude and the phase of the
average impedance of 23 microelectrodes are 328 k and - 83.5º at 1 kHz as shown in
figure 4, respectively. The electrode-electrolyte interface impedance is significantly
lowered without additional processes such as electroplating of platinum black and
activation of iridium oxide.

The injected KA evoked neural cell responses, then the neural signals were recorded
with the neuronal microneedle. As shown in figure 5, just after injection of the KA, the
neural discharges from four recording microelectrodes reduce because the bulk flow of the
injected KA produces mechanical effects such as pushing cells away from microelectrodes.
Then, after the injected drug is spread, the neural discharges increase to about 600
spikes/min.

4. CONCLUSIONS
The neuronal microneedle which combines buried microchannels and microelectrodes is

developed and demonstrated for neurophysiologic electrical recording with real time
chemical stimulation at the specified brain region of a rat. Since the injection volume of
drugs and the position of the microelectrode can be precisely controlled, the neuronal
microneedle will enhance the functionality for the diagonistic and therapeutic applications.



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1179

ACKNOWLEDGEMENTS
This research has been supported by the Intelligent Microsystem Center(IMC;

http://www.microsystem.re.kr), which carries out one of the 21st century's Frontier R&D
Projects sponsored by the Korea Ministry Of Commerce, Industry and Energy.

REFERENCES
[1] M.L. Reed and W.-K. Lye, Proc. IEEE, 92, 56-75 (2004).
[2] S.-J. Paik, S. Byun, J.-M. Lim, Y. Park, A. Lee, S. Chung, J. Chang, K. Chun, and D.

Cho, Sensors and Actuators A, 114, 276-284 (2004).
[3] S.-J. Paik, Y. Park, and D. Cho, J. Micromecha. Microeng., 13, 373-379 (2003).

A

A'

B'
B

Reservoir Microchannel

Microelectrode

Microneedle
shank

(a) schematic of a neuronal microneedle.
A A' B B'

(b) microchannel fabrication using trench refill
by LPCVD polysilicon deposition.

(c) gold microelectrode definition on a
roughened polysilicon on a SiO2 film and
microelectrode passivation with triple layer.

(d) structure release with anisotropic dry etch
processes.
Figure 1. Schematic and process flow of the
single-crystalline silicon neuronal microneedle
(not to scale).

Figure 2. Photography of neuronal
microneedles next to the 23 gauge and 26
gauge needles and a Korean 100 Won coin.

A

B

A

microchannel

(a) overall view. (b) reservoir.
B B'

microchannel

microelectrode

B'

(c) end of a shank. (d) microelectrode.
Figure 3. SEM of a neuronal microneedle.

0 5 10 15 20 25
1

10

100

1k

10k

100k

1M

10M

M
ag
ni
tu
de
of
im
pe
da
nc
e
[
]

Number of microelectrodes tested -100

-80

-60

-40

-20

0
0 5 10 15 20 25

P
ha
se
of
im
pa
da
nc
e
[d
eg
re
e]

Number of microelectrodes tested

(a) magnitude. (b) phase.
Figure 4. Electrode-electrolyte interface
impedance at 1 kHz.

0 200 400 600 800 1000 1200 1400 1600 1800
0

50

100

150

200

250

300

350

400

450

500

D
is
ch
ar
gi
ng
ra
te
[s
pi
ke
s
/3
0
se
c]

Time [sec]

site 1
site 2
site 3
site 4

KA

Figure 5. Neural discharges from four
recording microelectrodes in the somatosensory
cortex of the rat.



PIEZOELECTRIC MICROCANTILEVER FOR
MOLECULAR BINDING FORCE MEASUREMENTS
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ABSTRACT
We present a piezoelectric microcantilever for stand-alone molecular binding force

measurements. The cantilever can be operated as both a sensor and an actuator to enable
detection of antigen-antibody binding in a portable sensor system.

Keywords: antibody binding, microcantilever biosensor, molecular force
spectroscopy, piezoelectric cantilever

1. INTRODUCTION
The ability to detect single molecule binding events with an atomic force microscope

(AFM), also known as molecular force spectroscopy, is a powerful tool for measurement of
binding forces between specific antigen-antibody pairs [1]. This method provides sensitive
biological detection with applications in medical diagnostics and environmental sensors.
However, the reliance on the AFM limits the use of this method to laboratory
measurements. In order to provide a portable, stand-alone sensor system using this
sensitive detection technique, we are developing a piezoelectric microcantilever to serve as
both a sensor and an actuator for the detection of antigen-antibody binding events.
Numerous groups are developing cantilever biosensors based on antibody-antigen

binding. Other groups have presented devices in which the binding of numerous target
antigens to antibodies on the cantilever surface produces a resonance frequency change [2]
or stress-induced bending [3,4]. While these methods offer promise for sensitive stand-
alone biosensors, they do not leverage the single-binding event detection capability that has
been demonstrated with the AFM.

2. THEORY
The AFM has been used extensively to measure bonding interactions between many

biological receptors and ligands. Typically, a solid substrate is functionalized with a
receptor and a microcantilever is functionalized with its ligand (or vice versa). Upon
bringing the substrate into contact with the microcantilever, receptor-ligand complexes are
formed making a mechanical connection between the substrate and the tip. Upon retracting
the substrate, the receptor-ligand complex and linking molecules are stretched until the
complex dissociates. The forces required to rupture bonds between specific receptors and
ligands can be quantified though analysis of the cantilever deflection.
When using binding measurements for sensing, it is not necessary to quantify the force

precisely. A microcantilever which is designed for the target rupture force can be
presented to a surface and retracted at a chosen rate. When retracted, the dynamic response
of the microcantilever at rupture can be used to qualify the binding event as specific or non-
specific. Thus, each microcantilever that contacts the surface provides a binary result
indicating whether or not binding occurred. By using arrays of microcantilevers, one can
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quantify the statistical significance of the result and the presence or absence of the target
analyte.
In typical molecular force spectroscopy measurements, the cantilevers are passive

devices and binding force measurement is provided by external components of the AFM.
A moveable stage is used to form and break the molecular bonds, and a laser is used to
monitor deflection of the cantilever. An active cantilever that can function as both a sensor
and actuator can eliminate the need for an AFM and enable a stand-alone sensing system
based on specific receptor-ligand binding. As illustrated in Figure 1, a cantilever
functionalized with an antibody can be actuated to bind a mating antigen, and this binding
can be sensed by the piezoelectric activity induced by the rupture force.

3. EXPERIMENTAL
Devices were fabricated on silicon wafers with thermal oxide which provided the base

material for the cantilevers. The composition of the cantilevers is shown in Figure 2.
Platinum was deposited by electron beam evaporation and patterned by ion milling. For the
piezoelectric layer, Pb(Zr0.53Ti0.47)O3 (PZT) was spin-coated from metal organic precursors
and annealed at 700oC. Gold was deposited by electron beam evaporation and patterned by
liftoff. A final layer of silicon dioxide was deposited using PECVD to serve as the top
insulator. The top insulator was etched away at the cantilever tip in order to expose gold at
the tip of the cantilever for an antibody attachment site. Finally, the cantilevers were
released from the silicon substrate using deep reactive ion etching (DRIE) of the silicon
from the backside of the wafers.

Figure 2: Cross-sectional view of the material
composition of the cantilevers (not to scale).

Figure 3: Microscope image of a fabricated
microcantilever.
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Figure 1: Illustration of the cantilever operation principle. The cantilever is actuated to present
an antibody bound to the cantilever to a second antibody bound to a fixed surface. If a mating
antigen is present, the cantilever must overcome the binding force to return to its rest position.
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4. RESULTS AND DISCUSSION
Both rectangular and triangular cantilevers have been fabricated with varying

dimensions (20-40 m width, 150-300 m length, 0.6-1.4 m thickness) to enable an
evaluation of optimal cantilever geometry. Initially fabricated cantilevers had significant
upward curl due to the combination of the compressive thermal oxide base layer and the
tensile PZT and platinum layers. This curl was later minimized by using an appropriate
thickness of a compressive material for the top insulator. Finite element modeling was used
to determine the appropriate thickness of PECVD oxide for the top insulator as shown in
Figure 4. Cantilevers fabricated based on the model results have nearly flat profiles as
shown in Figure 5.
Actuator functionality of the cantilevers was verified using an AFM. The AFM

photodetector receives input from a laser reflecting off of the cantilever surface. When an
ac voltage signal was applied to the piezoelectric cantilever, a corresponding signal was
observed in the photodetector output, indicative of cantilever movement. The sensing
functionality of the cantilevers will be measured by deflecting the cantilever known
distances with the calibrated AFM stage and measuring changes in current output from the
piezoelectric layer. After initial functionality is calibrated, the cantilevers will be
functionalized with antibodies for binding experiments and sensitivity calculations in
comparison with the laser-based measurement.

5. CONCLUSIONS
Active microcantilevers have been presented that enable the development of stand-alone

sensing systems based on specific antigen-antibody binding. These cantilevers can be
fabricated in arrays to enable quantitative detection of multiple antigens.
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ABSTRACT
We propose a novel single-mask fabrication method for high aspect ratio embedded

microchannels with micro-openings using inclined UV lithography. It can easily make into
a high-density array, e.g. high-throughput patch-clamp.

Keywords: Double inclined UV lithography, Microchannel, Single mask, SU-8

1. INTRODUCTION
A number of microdevice designs for the handling and/or measurements of biological

cells have been reported. In most of them, fabrication is based on either PDMS molding or
anisotropic etching of Si [1, 2], with rather laborious processes. Here, we propose and
experimentally demonstrate a simple fabrication method for such a device. The basic
structure of our device is a high aspect-ratio embedded microchannel with openings at the
ends, as depicted in Fig. 1. A cell is to be immobilized on the opening by suction through
the microchannel, to perform such measurements as patch-clamping of the cell membrane,
or that of cellular responses to externally fed chemicals.

2. FABRICATION PROCESS
Single-mask inclined UV lithography [3, 4] is used for the fabrication, with the mask

pattern shown in Fig. 2. SU-8 photo-resist is placed on the mask, and is tilted by an angle
± around the axis A-A’ to be exposed twice from the backside. As shown by the cross-
sections I-I’ and II-II’ in Fig. 3, depending on the width of the mask pattern w and the
thickness of the photo-resist d, the unexposed area becomes

(I) a triangular shape with the apex angle of 2 S if w/(2 tan S) < d ,
(II) a trapezoid with the narrow side x = w – 2 d tan S ,

Figure 1. Schematic of integrated
microchannel

Figure 2. Al mask pattern for integrated
microchannel
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Figure 3. Principle of double inclined UV lithography

where, sin S = nair / nS sin according to Snell’s law, n is the refractive index and
subscript s SU-8 layer. Therefore, after the development, an embedded microchannel is
formed where the condition (I) holds, and an opening with the width x is formed where
the condition (II) is met. The pattern of Fig. 2 is made in such a way that its width
perpendicular to the axis of rotation is chosen to make an embedded channel with an
orifice at one end and a large opening at the other end.

3. RESULTS AND DISCUSSION
A question may be whether the photo-resist development can be successfully done to

form a long embedded channel, because the triangular unexposed area is on the mask
substrate, and not in direct contact with the developer solvent. However, we found that the
length/width ratio as high as 200 can be fabricated without difficulty by a long-time
development for about one hour in the SU-8 developer, although its mechanism is not clear
at present. The cross-sectional view of the obtained microchannels and the orifice are
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shown in Fig. 4. With the same
method, two orifices can be
fabricated very close to each other
as shown in Fig. 5, so that
simultaneous patch-clamping of
two locations on a cell can be
made. That the cells can be placed
at the 6µm orifice by fluidic
suction is experimentally
demonstrated using H2B-G-19
cells having about 10 m diameter.

4. CONCLUSIONS
The process uses only one

mask, and neither alignment nor
assembling is required. Due to its
simplicity, it can easily make into
a high-density array, so that high-
throughput patch-clamp or
cellular response measurements
with the multipoint in a single cell
can be made.
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Abstract
We developed a stainless-steel diaphragm micropump for micro-channel processes.

Components of this pump features: i) stainless-steel substrates with high durability and
high chemical resistance for alkali and organic solutions, ii) a piezoelectric stack
actuator for controlling the pumping stroke, and iii) an optimized diaphragm structure
without plastic deformation. This stainless-steel micropump utilizing the piezoelectric
stack actuators, is suitable for pumping liquids into micro channels.
Keywords: stainless steel, diaphragm, piezoelectric stack actuator, micropump

1. Introduction
We report on a stainless-steel diaphragm micropump for micro-chemical processes. In

a miniaturized chemical system in which microfluidic processes were realized, a
micropump is required to be portable and compact. Reciprocating silicon micropumps
were used to handle the liquid in the system [1-2]. They consisted of one pumping
chamber and two passive valves or diffusers/nozzles. It was difficult to precisely flow
liquid into the micro channels under high-pressure resistance conditions using
conventional micropumps. Furthermore the performance of the silicon micropumps
gradually gets worse due to alkali and organic solutions. To overcome these problems,
we have developed a stainless-steel diaphragm micropump with piezoelectric-stack
actuators as a mechanically and chemically durable micropump.

2. Design and evaluation
Our stainless-steel micropump utilizing the piezoelectric stack actuators is illustrated

in Figure 1. The micropump consists of three stainless-steel substrates, i.e., top,
diaphragm, and chamber substrates. The stainless-steel (SUS316) substrate was selected
because it has a higher durability and a better chemical resistance. The top substrate has
three through-holes, in which the piezoelectric-stack actuators are assembled. The
diaphragm substrate has a pumping diaphragm and two valve diaphragms (inlet/outlet).
A mesa structure is formed on each round diaphragm. The chamber substrate has
inlet/outlet holes, two connecting sections, and a pumping chamber. The diaphragm and
chamber substrates were etched with a ferric chloride solution. The piezoelectric stack
actuators work under high pressure, precisely controlling the pumping stroke.

Figure 2 shows the stress analysis for designing a diaphragm. When the
piezoelectric-stack actuator presses the mesa structure, the thin diaphragm can be
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deformed. If the stress of the diaphragm exceeds the yield stress, the diaphragm will be
plastically deformed. Under elastic stress, the deformation of the diaphragm greatly
affects the flow rate of the micropump. Therefore, we optimized its size (diameter and
thickness) based on the material properties of the stainless steel. The largest stress,
which occurs at the outskirts of the diaphragm, is less than 20% that of the yield stress
(175 MPa). The calculated stress allows the micropump to be continuously operated
without plastic deformation of the diaphragm.

Figure 3 shows a photograph of the developed micropump. The three stainless-steel
substrates were bonded using thermal diffusion bonding technique. The whole size of
this pump is 20 mm wide, 20 mm long, and 20 mm high.

Figure 4 shows the concepts of the two operational modes. In the syringe mode, the
pumping chamber squeeze liquid out through the outlet hole, and this mode can control
a small volume of liquid (~nL/min) can be controlled and is suitable for chemical
analysis. In the diaphragm mode, all the actuators are initially pushed down to close the
valves and the pumping chamber. Next, the inlet valve and the pumping chamber are
opened sequentially to suck liquid into the chamber. When the liquid is pushed out,
after closing the inlet valve, the pumping chamber is pushed down while the outlet
valve is opened. In this mode, pumping speed (~ L/min) is good for chemical reactions.

In the diaphragm mode, the dependence of the flow rate on the frequency of the
pumping operation is shown in Figure 5. The piezoelectric-stack actuators were
controlled by voltage with a rectangular shape for controlling the inlet/outlet valves and
voltage with a triangular shape was used for controlling the pumping chamber, and used
voltages ranged from 0 to 50 V. The figure shows that the flow rate is proportional to
the frequency. When the frequency increases from 20 to 100 Hz, the flow rate increases
from 3.5 to 9 L/min.
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m
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Figure 1 Three-dimensional schematic
picture of the micropump

Figure 2 Stress analysis of diaphragm
m
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3. Conclusion
We developed a stainless-steel diaphragm micropump for micro-chemical processes.

The size is reduced to 20x20x20 mm3, which is almost 1/5 as small as a conventional
micropump. This micropump has three piezoelectric-stack actuators, making it possible
to pump precisely controlled quantity of liquids into micro channels from 3.5 to 9

L/min in the diaphragm operation mode even under high pressure. Furthermore, this
pump can be suitable for micro-chemical processes, where alkali and organic solutions
would be used, because component material is made up of stainless steel.
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ABSTRACT
A novel method for the fabrication of closed microfluidic microchannels has been

developed. The microchannels are formed in a single layer of negative photoresist that is
exposed in a single photolithographic step. During the exposure, the photoresist layer is
separated from the mask by a fixed distance by using proximity mode lithography. The
diffraction effect present at the opaque-transparent boundaries on the photomask leads to
the formation of hanging structures from the channel walls that can overlap in order to
create closed microfluidic microchannels.
Key Words: microTAS, microchannels, lab-on-a-chip, SU-8

1. INTRODUCTION
It is now clear that Lab-on-a-Chip (LOC) microsystems will have numerous

applications in life sciences ranging from cellular biology, biochemistry and molecular
biology to medicine. Such LOC incorporate basic elements such as inputs, outputs and
functional zones in order to perform various biological/chemical tasks, e.g. purification,
concentration and identification, of liquid samples. We focus here on solving one of the
main problems of such systems, i.e. the transport of liquids around an LOC, by applying
microtechnology. Closed microfluidic microchannels have been fabricated using numerous
materials ranging from everyday microelectronic materials, e.g. SiO2 [1] to polymers, e.g.
photo-patternable materials [2]. The two main fabrication methods are either to bond a
cover to the pre-defined microchannel walls or to remove a sacrificial layer which has been
surrounded by a given material.

In this paper we present a simple method for the fabrication of closed microfluidic
microchannels using a single negative photoresist layer
by making use of diffraction effects which are present
in proximity-mode photolithography.

2. THEORY AND DESIGN
The phenomena of diffraction of a plane wave

from a semi-infinite infinitely thin, perfectly conducting
screen was explained by Sommerfeld [3] around a
hundred years ago. The intensity is given by the
following equation:

Whereby C(u) and S(u) are the Fresnel integral
functions. This configuration matches that of a modern
photomask which contains an opaque metal layer, e.g.
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chromium, deposited on a transparent substrate, e.g.
quartz. The theory describes an exponential angular
decrease of the transmission intensity of the incident
electromagnetic wave below the opaque area of the
mask. Figure 1 shows a calculation of the
electromagnetic intensity at the opaque/transparent
interface as a function of mask dimension (x-axis)
by using Mathematica©. The incident

x-axis zero is centered on the transparent/opaque
boundary of the photomask. Proximity effects in
standard photolithography are often unwanted and
every effort is taken in order to reduce their effect on
the resolution of resultant features. However, such
proximity effects can be harnessed to produce 2.5D
features. When the proximity air gap is of the order
of a few tens of microns, ultra-violet light

propagates below the mask with a reduced intensity to that of the intensity of the source
according to Figure 1. However, the diffracted wave can bring enough energy to allow the
photochemical reaction of the negative photoresist below the opaque region of the mask;
this situation is described in Figure 2. The exposure of a negative photoresist layer,
separated from the mask by a distance d, permits the creation a hanging structure having a
thickness of several microns following development of the photoresist.

3. FABRICATION
In order to demonstrate this technique in

practice we chose the epoxy-based negative
photoresist SU-8 as the working material. In order to
produce arch-like structures we designed a photomask
using the theory described above taking into
consideration the intensity tails into the opaque
regions of the mask. Indeed, the mask design
incorporates two transparent slots which allow the
definition of the microchannel walls. There are 5
microchannel designs on the photomask. The
distance between the slots defines the width of the
resultant microchannel and controls the overlapping
of the proximity diffraction effects which define the
arch-like cover (see Figure 3). For the tests, thick
films (125 µm) of SU-8 2075 were deposited onto 3”
diameter silicon wafers using spin-coating. The
wafers were then pre-baked at 95°C for 30 minutes in
order to remove solvents. Following the pre-bake the
edge-beads are removed from the wafer edge so as not
to impede the subsequent photolithography step.

Figure 2: Schematic representation
of proximity photolithography
diffraction effects at the boundary
of a photomask.

Figure 3: Fabrication Process
of arch-like structures using
proximity diffraction effects.

electromagnetic wavelength has =365 nm and the
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Figure5: Arch thickness at the
center of the arch as a function
of exposure time at a UV lamp
power of 8mW/cm2.

Figure 4: Cross-sectional scan-
ning electron microscopy (SEM)
image of an arch-like structure.

4. RESULTS AND DISCUSSION
In order to study the diffraction effects at the
opaque/transparent boundaries the samples were
exposed using a ultra-violet light using a Karl Suss
MA6 mask-aligner. The mask-aligner was used in
proximity mode whereby the sample/mask distance
was held at 150 µm; it can be noted that this is
contrary to most work concerning the photoresist SU-
8 where one looks for a good mask/sample contact in
order to achieve a high aspect ratio and well defined
vertical edge features. The incident UV intensity was
held constant at 8.2 mW cm-2 during the tests whilst
the exposure time was varied in order to assess the
evolution of the arch-like structures as a function of
the diffraction intensity at the opaque/transparent
boundary. The exposure time was varied from 20-50
seconds in 5 second steps. Figure 4 shows scanning
electron micrograph images of the cross-section of the
resultant resist profiles generated in this study. Figure
5 shows a plot of the depth of the arch-like structure
as a function of the exposure time. The depth of the
arch-like feature is measured at the middle of the arch.
The graph clearly shows that arch thickness is a linear
function of exposure time. The slope of the graph is
determined to be ~0.57 µm s-1 (at 8.2mW.cm-2).
Initial microfluidic tests have been performed using
Upchurch® connections to standard capillary tubes in
order to check the microfluidic robustness of a microchannel having dimensions
50µm×125µm ×2cm. The microchannels were observed to be watertight at a flow rate of
5µl min-1.

5. Conclusions
We have proposed and demonstrated a novel method for the fabrication of microfluidic
microchannels in a single photolithographic step. The technique uses diffraction effects
which occur at the opaque/transparent boundary of a photomask.. A negative photoresist
(SU-8) is used to demonstrate the viability of the technique. Microchannels having
dimensions of 125 µm× 30 µm × 3 cm have been fabricated. Initial microfluidic tests show
that the technique is compatible with microfluidic architectures.
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DESIGN AND PROTOTYPING OF A SURFACE 
MICROMACHINED PARYLENE MICROVALVE WITH

HYBRID ACTUATION SCHEME: ON-CHIP
THERMOPNEUMATIC INITIATION AND

ELECTROSTATIC LATCHING
K.S. Ryu, X. Wang, K. Shaikh, E. Goluch, P.Mathias, C. Liu*

University of Illinois at Urbana-Champaign, USA

ABSTRACT
We report a development of microvalve that combines the advantages of high-

force thermopneumatic actuation and low-power nature of electrostatic actuation.
Microvalve is the most important component in realizing programmable and
multifunctional microfluidic systems. Many researchers seek to develop microvalves with
small leakage, portability, and small footage. Dominantly, external pneumatic source is
used as actuation source. This makes it difficult to be portable. Also, elastomer as dominant
valve material has compatibility issues against other surface micromachined MEMS
components. It is our motivation to develop a microvalve without such external dependence
and limitations.

KEYWORDS: Electrostatic, Parylene, Thermopneumatic, Valve

CONCEPT
As shown in Figure 1, the power input to the heating element induces the pressure

increase to move the valve membrane. Then relatively smaller electrostatic force can hold
the valve membrane. For the valve to operate against higher-pressure, the power input to
the thermopneumatic source can be simply increased accordingly.

The device is unique in the following: (1) wafer through-holes are used as inlets
and outlets: minimizes leakages as there is no lateral passages (2) the whole fabrication
process does not involve assembly or bonding process, (3) Parylene (Young’s modulus: 4
GPa) is used for valve membrane: low spring constant, (4) thermopneumatic actuation does
not rely on phase change: no phase-change material needs to be filled and seed, (5) ZnO is
used as sacrificial layer to elevate the heating element.

Figure 1.Schematic of the microvalve concept.
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FABRICATION
The fabrication processes to realize the
micro valve requires 8 masks and is
described in the following (Figure 2). (a)
First, through holes are drilled from the
backside and 0.3- m-thick Al layer is
patterned to cover the through holes. (b) 0.3-
m-thick ZnO sacrificial layer is patterned
prior to deposition of 1- m-thick Si3N4
layer. (c) Bottom Au electrodes are
patterned and first photoresist sacrificial
layer is shaped to form heating and valve
chambers followed by conformal 2.5- m-
thick Parylene deposition. (d) After top
electrodes are formed, connecting vias are
created by Oxygen plasma etching. Second
photoresist layer is then patterned to form
the chamber on top of the valve membrane
followed by 4- m-thick Parylene deposition.
The Al layer is removed along with sacrificial photoresist layers. Finally, the acetone is
interchanged with ethanol before releasing the device with supercritical drying. Figure 3
shows the released device.
ENGINEERING CHALLENGES AND SOLUTIONS

There were major engineering
challenges in developing the presented
device:
(1) The spring constant of the actuator
membrane has to be reduced. We have
employed a polymer called Parylene,
which has comparably smaller Young’s
modulus (4GPa) compared to the
aforementioned materials. From 
Timoshenko’s “Shells and Plates”, the
spring constant of a membrane can be
modeled as a function of its area and the
material thickness. Spring constant of the
Parylene is modeled to be actuated with 1
psi of pressure. (For 250 m membrane,
2.5 m thick Parylene is used.)
(2) However, the releasing of the
membrane in acetone caused collapse of 
the membrane as the surface tension of
the solvent pulled in the membrane as it
dried up. This was solved by introducing
liquid phase CO2 to change the media.

(a)

(b)

(c)

(d)

photoresist Al Nitride Au ZnO

Figure2. Fabrication process for the
micro-valve.

Figure 3. Completed device after
releasing of sacrificial photoresist layers.

Figure 4. (left) open stage. (right)
membrane in contact with the substrate.
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(3) Isolating the heating element from the substrate is essential for the array of the devices
not to have any cross talking. Amorphous structure ZnO was used as the sacrificial layer to
create nitride membranes. For the device presented, Silicon Nitride layer has been deposited
with PECVD (Plasma Enhanced Chemical Vapor Deposition. One unique feature of ZnO is
that it can be etched away with any acid with 5 times faster lateral etch rate than that of
vertical one. Our parametric study has shown 0.5% HCL solution will etch ZnO layer with
300 Angstrom/s rate but will not etch Aluminum.
(4) Finally, DC actuation of electrostatic device causes charge injection problem to the
dielectric. The Parylene is not free from this problem, either. Testing of the device with DC
actuation at 180 Vpp (only electrostatic actuation) confirmed this problem by collapsing
only after 10 actuations operated at 1 Hz. To reduce the charging problem, bipolar
waveform was used as actuation signal.

TESTINGAND RESULTS
The hybrid actuation scheme was tested by sending a pulse (300ms, 2W) to the

heating element to deflect the membrane and the minimum required voltage to latch the
membrane was measured. The voltage required to latch the membrane with the hybrid
scheme was reduced to 45Vpp from 180Vpp when only electrostatic actuation is employed.
Figure 4 confirms the optical interferometer graph for the valve membrane for open and
closed state. The hybrid actuation scheme was tested against increasing pressure as shown
in Figure 5. It was found both the power input and electrostatic voltage need to be increased
at higher pressure. Nitrogen was used for leakage tests (Figure 6) and the amount of leakage
increases as the pressure is raised with a constant latching voltage at 100Vpp. The surface
roughness of the membrane could have caused passages for the gas to leak even with the
actuator membrane latched. With the current design, the leakage issue can be levitated by
either increasing the holding voltage or by decreasing the gap between the two electrodes.
Future areas of work include integrating a valve seat for better sealing, a method to improve
charge injection problem, and lifetime analysis of the device.
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MICROFABRICATED CYLINDRICAL ION TRAP MASS
SPECTROMETER ARRAYS

A. Chaudhary, F.H.W. van Amerom, J. Bumgarner, and R.T. Short
Center for Ocean Technology, University of South Florida

ABSTRACT
This work presents a novel microfabrication method to build arrays of micro-scale

Cylindrical Ion Trap (CIT) structures in silicon which could be used in low power hand-held
miniature mass spectrometers for chemical analysis. Microfabrication techniques offer a wide
choice of approaches to fabricate high precision 3-D structures required for micro-scale CIT
geometries. The fabrication method is characterized for CIT radii (r0), ranging from 350 to
100 µm. A stack of thin films of silicon dioxide and silicon nitride on a silicon wafer is used
as the starting substrate. Reactive Ion Etching (RIE), Deep Reactive Ion Etching (DRIE), and
wet chemical etching are used to obtain the desired symmetrical CIT half structure, which is
then bonded back to back in a flip chip bonder to obtain the complete CIT structure. Test
results confirm electrical isolation of the ring electrode from the endplate electrodes.
Capacities as low as 140 pF of the CIT half structure were obtained. Improvements in the
device design are under investigation to further reduce the capacitance by reduction of the
metallized area.

Keywords: capacitance, DRIE, endplate electrode, miniaturization, ring electrode.

1. INTRODUCTION
Microelectromechanical (MEMS) fabrication techniques provide new possibilities in the

area of mass spectrometer miniaturization and development by offering a great opportunity to
build micro-structures in silicon. Researchers have investigated new approaches to
miniaturize and optimize mass spectrometers [1-3], inlet systems [4], ionization sources [4, 5]
and detectors [6] to reduce power consumption, weight and size of the sensors for in-situ
analysis. Key advantages of microfabrication are high precision, use of advanced materials,
and the possibility of batch fabrication, which is not possible using conventional machining.
Layers of different materials having desired properties can be deposited to obtain an
integrated device. Integration of different parts of a device into one single unit can help to
reduce the need of complex assemblies.

2. THEORY
The trapping RF potential inside a CIT can be a close approximation to that of the

quadrupole ion trap, with the exception that the higher order multipoles play a major role in
the optimization of its operational characteristics [7].

Equation 1 shows the relationship between the lowest mass m/z of ions having a stable
orbit within the RF potential (V), with angular frequency , and the cylindrical geometry in
which ro is the cylinder radius and zo is the center to endcap distance. The value qeject is qz of
the Mathieu equation at which the ion with mass m/z is ejected from the CIT.
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As evident from equation 1, reduction in the trap dimensions (r0 and z0) results in lower
operation voltages and thus reduced power requirements for the CIT [8]. The operational
quality of the trap is defined by the precision of its trapping potential which in turn is
influenced by the geometry of the trap. For submillimeter and micro scale dimensions,
achieving high tolerance geometries using conventional machining can be difficult and time
consuming. Microfabrication processes provide a plethora of batch fabrication approaches to
build such structures thus making microfabrication techniques essential for further
miniaturization of CITs.

3. EXPERIMENTAL
A 3µm layer of silicon dioxide was thermally grown on a [100] low resistivity n-type 350

µm double side polished silicon wafer followed by low pressure chemical vapor deposition
(LPCVD) of a 3µm layer of low stress silicon nitride. This stack of oxide-nitride layers on
both sides of the silicon wafer was the starting substrate, which was then processed using
etching techniques such as RIE, DRIE, and wet chemical etching to obtain the desired
structure.

Fig. 1 describes the process flow to fabricate the miniature CIT arrays. Photolithography
was used to pattern both sides of the substrate in separate steps with through-wafer
alignment. The arrays of circular patterns, to obtain the cylindrical electrode were transferred
to the front side of the substrate. The exposed silicon nitride was etched by RIE thus
exposing the underlying oxide layer. Using silicon nitride as the hard mask, the oxide was
etched by RIE to expose the silicon substrate.

Au was sputtered on the back side with a thin Cr adhesive layer. The metal layer was
patterned in squares, leaving streets with no metal for dicing. In the next step, arrays of
circular patterns to obtain the endplate apertures were transferred to the metal squares using
photolithography. The circular patterns were aligned with the circular pattern on the front
side using backside alignment in the mask aligner. The underlying Au was etched to expose

ring electrode mask

Figure.1 Schematic of the process flow for building the half CIT array structure

endplate electrode mask

1

3 4

SiO2

SiNX

Low resistivity [100] n-type Silicon 2

Au
Au

the silicon nitride layer. The silicon nitride which was then etched by RIE for 120 minutes.
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On the front side, arrays of cylindrical holes were obtained in silicon by the application of
DRIE using the patterned silicon oxide as the hard mask and the silicon oxide on the
backside as the etch stop. The wafer was dipped in HF (49%) to not only etch the silicon
oxide which resulted in free hanging silicon nitride membranes with apertures; but also to
obtain an undercut in the silicon oxide to create a shadow region between the silicon and the
silicon nitride as shown in step 3 of Fig 1. A Cr/Au layer was sputtered on the front side to
obtain a conductive layer in the arrays of cylinders and on the nitride membranes. The
shadow region was incorporated to avoid a continuous metal layer between the cylinders and
the membranes. The wafer was diced into separate arrays (7 x 7 mm chips). Fig 2 shows a
Scanning Electron Micrograph (SEM) image of a CIT array half structure.

Figure 2. A SEM image of a CIT array half structure (r0 =300 µm; z0 =356 µm [z0/ r0=1.186]; Endplate
aperture radius ra =90 µm sputtered with Cr/Au. The silicon nitride membranes with endplate aperture

are visible in the bottom of the half cylinders and are electrically isolated from the cylinders.

The fabricated CIT array half structures were tested individually for electrical isolation
between the ring electrode (metallized silicon) and the end plate electrode (metallized silicon
nitride membrane). Two of such CIT half structure of the same size were then bonded back to
back using Au thermal compression bonding in a flip chip bonder.

4. RESULTS AND DISCUSSION
The process flow developed was size specific; firstly due to the loading effect [9] in the

DRIE process and secondly due to the dependence of the z0 on the thickness of the wafer.
Silicon wafers of appropriate thicknesses were used when adjusting the process for a
different r0.

The capacitance of the CIT array half structures were measured using an LCR meter.
Tests results showed a capacitance value of 350 pF. The capacitance was reduced to 168 pF
in subsequent experiments by using a thicker layer of thermally grown silicon oxide in the
starting substrate. Another way to reduce the capacitance is to either decrease the metallized
area by incorporating high density arrays; or to pattern the metallized area in low density
arrays. Both the approaches are being investigated (see Figure 3)
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Figure 3. An SEM image of a high density half CIT array packed with 256 CIT units (r0 =119 µm) in an
area of 6 by 6 mm. A reduced capacitance value of 140pF was observed.

.
5. CONCLUSIONS

The fabrication techniques developed in this research have several advantages over the
conventional methods for example batch fabrication, and easy integration of parts to build
CIT structures in sub-millimeter and micron scale dimensions. Alignment issues related to
assembling ring electrodes with endplate electrodes were solved as the ring electrode and the
endplate were fabricated in a single process. The process was applicable to a range of CIT
sizes by a small adjustment in the process parameters. Efforts are ongoing to further reduce
the capacitance of the complete CIT structure. A combination of higher densities of CITs and
a patterned metallized area will result in a lower capacitance value than obtained so far.
Electrical connections and packaging options are being explored to obtain a rugged CIT array
device.
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RAPID PROTOTYPING METHODS FOR
ALL-COC/TOPAS® WAVEGUIDES AND 

MICROFLUIDIC SYSTEMS
F. Bundgaard, G. Perozziello and O. Geschke

MIC – Dept. of Micro and Nanotechnology, Technical University of Denmark
DTU Building 345 East, 2800 Kgs. Lyngby, Denmark

ABSTRACT
We present a new process sequence for producing optical waveguides in the cyclic olefin

copolymer Topas® by micro milling of a multi-layer sandwich of different grades of Topas®

with different refractive indices. Also, we have investigated the thickness of a spin coated
layer of a Topas® solution on a Topas® substrate, as a function of rotational speed and the
polymer-to-solvent ratio.

Keywords: Topas® COC, waveguides, laser bonding, micro milling

1. INTRODUCTION
During the last decade, polymer materials have become an increasingly valid alternative

to silicon for making microfluidic lab-on-a-chip systems. A number of different polymer
types have been used in production of such fluidic microsystems. The cyclic olefin
copolymer Topas® from Ticona [1], which is made of the two copolymers norbonene and
ethylene, has a number of properties which makes it a better choice for microfluidic
applications than traditional polymers such as poly(methylmethacrylate) (PMMA) and
polycarbonate (PC). Topas® has a low water absorption (more than an order of magnitude
smaller than PMMA) so that 'memory effects' in the microfluidic system are avoided, and it
has a good chemical resistance against i.e. standard cleanroom processing, including
hydrolysis, acids and alkalis. This makes measurements in harsh environments possible.
Also, Topas® has good optical properties, with high transparency, down to below 300 nm,
making it a good material for integrated optics in the microfluidic systems. Finally, it is
possible to change the glass transition temperature Tg from below 60°C to over 170°C by
varying the ratio between the two monomers. This also influences the refractive index of
around 1.53 slightly, so that a higher Tg gives a slightly lower refractive index. We have
used this fact to make all-Topas® optical waveguides where the substrate of the system is a
grade of Topas® with a lower Tg than the core layer.

2. RAPID PROTOTYPING METHODS
Our approach to prototyping of all-Topas® systems is based on low cost and large

flexibility. All machinery is desktop-sized and placed outside the cleanroom, reducing
production cost considerably. We use direct patterning methods, such as micro milling and
laser bonding, making design changes easier and much faster than cleanroom
photolithographic methods or hot embossing and injection moulding [2,3]. 
 The injection moulded substrate used is Topas® grade 5013 with a Tg of 128°C, while the
waveguide core layer is an extruded 130 µm thick Topas® grade 8007 film with a Tg of
75°C. The latter has a slightly higher refractive index than the substrate, in the order of
0.005 [4]. In order to attach the core layer to the substrate, carbon black (CB) particles and
Topas® grade 5013 dissolved in a non-polar solvent such as toluene are spin coated onto the
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Figure 1. Left:Cross sectional view of the waveguide. The arrow indicates the 10 µm thick
spin coated carbon black (CB) layer used for laser bonding the higher refractive index
Topas® grade 8007 core layer to the Topas® grade 5013 substrate. After joining the two
layers, the waveguide is micro milled in the structure. Right: Cross section sketch.

substrate and annealed, resulting in a 5-10 µm infrared absorbant layer. The core layer is
then placed on top, and is welded in place using a laser bonding system, where a strongly 
focused laser beam raster scans the surface, so that the energy is absorbed by the CB
particles, thus melting the surrounding polymer and joining the substrate and the core layer.

The waveguides and fluidic channels are then micro milled in the sandwich structure,
with a depth exceeding the thickness of the core layer, thereby minimizing the horizontal
propagation loss. Also, the top of the waveguides is lowered slightly compared to the
surrounding areas, so that the waveguides are surrounded by low refractive index air on
three sides. As shown previously in [3], feature sizes below 100 µm are readily obtained by
direct micro milling using tools with a similar diameter. The waveguides shown here are
140 µm wide, matching the diameter of the optical fiber used for the propagation loss
measurements.

The microfluidic channels are sealed with a lid, as shown in [5], once again using the
laser bonder. An absorbant layer similar to the one on the substrate is needed on the lid, so
that the energy is deposited at the interface.

We tested the optical performance of the waveguides with a simple setup, coupling
broadband light into the waveguide, and measuring the outcoming spectrum. The coupling
loss was removed from the total loss by measuring on two different lengths of waveguide,
thus obtaining only the propagation loss. This was found to be below 2 dB/cm for the entire
visible range.

Figure 2. Top view of the
two waveguides of different
length on which the
measurements were
performed. In this manner
the propagation loss of less
than 2 dB/cm could be
isolated from the coupling
loss.

3. SPIN COATING THICKNESS INVESTIGATIONS
Spin coating of Topas® solutions onto the Topas® wafers is an efficient way of

depositing a smooth layer of absorbant particles. Therefore, an investigation of the
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thickness of such a layer as a function of the amount of polymer in the solution and the
rotational speed has been carried out.

Since sec-butylbenzene, the non-polar solvent used, attacks and dissolves the polymer
substrate when spin coating the solution, measuring the layer thickness directly on Topas®

wafers was not possible. Instead, a layer of solution was spin coated onto a silicon wafer,
and the layer was partially removed, so that the layer height could be measured using a
Dektak profilometer. Subsequently, a second layer was applied, part of it removed, and
another height measurement was performed. The thickness of the second layer, being the
difference between the two measurements, was then found. As seen in Fig. 3 spin coating
thicknesses from below 1 µm to over 20 µm were obtained. For thicker layers, multiple spin
coatings are possible.
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Figure 3. Thickness of a spin coated
layer of Topas® grade 5013 dissolved in

sec-butylbenzene on a grade 5013
substrate, as a function of rotational
speed and amount of polymer in the
solution. As seen from the graph, a

smooth layer more than 20 µm thick can
be obtained using a 30 wt% soultion spin

coated at 1000 rpm.

4. SUMMARY
A new process sequence for making wave guides by direct micro milling in an all-Topas®

multi-layer structure has been presented. Also, we have investigated the thickness of a layer
of Topas® 5013 solution spin coated onto a substrate of the same material.
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A NEW SPIRALLY-ROLLED POLYMER MICROTUBE
WITH BIOSENSORS FOR SMART MICROCATHETER

Chunyan Li, Chuan Gao, Jungyoup Han and Chong H. Ahn
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Department of Electrical & Computer Engineering & Computer Science
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ABSTRACT
A new spirally-rolled polymer microtube has been proposed, fabricated and

characterized for the smart microcatheter and cardiovascular in vivo monitoring in this
research work. With this new microfabrication method, sensors, wires and circuits can be
fabricated first on a polymer substrate and then rolled spirally to make a micro tubing, this
approach provides a unique method for mounting multiple sensors both inside and outside
the tubing. So, the new spirally-rolled polymer tube flexibly conceives physical,
biomedical and physiological microsensors, elevating most problems arisen from wiring
and assembling of microsensors in conventional microcatheters. As a demonstration
vehicle, we fabricated a glucose sensor on the polyimide film (Kapton film) first, then the
film was spirally rolled to make a polymer micro tubing with the glucose microsensor on
the inside wall of the tubing.
Keywords: spirally–rolled polymer microtube, smart microcatheter, microsensors,
cardiovascular monitor

1. INTRODUCTION
Currently available micro machining technologies are mostly focusing on surface

processes, so it is difficult to fabricate 3-dimensional microtube. In the development of a
microcatheter, wiring and packaging processes through a flexible conduit has been
considered as one of the most challenging tasks due to its high manufacturing cost. In our
previous work, we did flip-chip bonding of pressure sensors on a flexible polymide
substrate for neonatal catheters [1], in which handling and inserting small dimension
packages into the round catheter was also a labor intensive work. In this work, a new
spirally-rolled polymer microtube, which has a glucose sensor inside and metal coils
outside, has been fabricated and characterized for the smart microcatheter and
cardiovascular in vivo monitoring as described in Figure 1.

Coil outside
Figure 1. Schematic view of a spirally-rolled polymer microtube with biosensors.

Sensor inside

Blood vessel Spirally-rolled polymer
micro tube

Microcatheter

2. DESIGN AND FABRICATION
First Kapton film (Dupont 100HN) was attached on the silicon wafer by using PDMS

layer to achieve flat surface and can be easily removed after fabrication. Ti/Au and Cr/Cu
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were patterned to construct three-electrode patterns for glucose sensor and metal lines for
coil on both sides as shown in Figure 2. Ag/AgCl was electroplated onto the gold surface
as the reference electrode. Then, an enzyme matrix and semi-permeable membrane were
screen-printed onto the sensing area, following the procedure developed in our previous
work [2].

Figure 3. Spiral rolling setup: (a) schematic
view and (b) microphotograph of rolling system.

(b)

Laser lathe
Metal rod or
tapered
needle

(a)

Enzyme/
semipermeable

(a)

(c)

Glucose sensor

Electroplated Cu

Electroplated

Glucose sensor

Electroplated Cu

Ag/Agcl
(b)

Figure 2. Fabrication steps: (a) top view before
rolling; (b) cross section view of glucose sensor
and electroplated Cu and (c) after rolling.

Kapton
film

Sensor Cu

Rod

During the experiment, the glucose molecules are oxidized by the glucose oxidase
(GOD) and the by-product, hydrogen peroxide (H2O2), is measured on the working
electrode. The entire Kapton film was then removed and cut using laser micromachine to
size for rolling (Figure 2). Spiral rolling process was accomplished using high precision
lathe (Precision MicroFab) and film holders as described in Figure 3. First, one edge of the
film was fixed with a certain angle to vary the inner diameter and overlapped by rotating
the holder. After rolling, UV-cured adhesive is applied uniformly over the tube and then
fully cured. Figure 4 shows the fabricated polymer micro tube with glucose sensor on the
inside wall and micro coils on the outside wall of the microtubing.

Glucose sensor
inside

Overlapped
region part

Electroplated
coil outside
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Figure 5. Measured tube breaking force versus
different diameter at the same overlapped
regaion when applied 30 cP UV adhesive for 25
µm and 50 µm thick Kapton film.

Figure 4. Microphotographs of fabricated tube with
glucose sensor inside and coil outside.

In Figure 5, mechanical strength was measured on different film thicknesses and
diameters of the microtubing to study the flexibility of the micro catheters.
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3. EXPERIMENTAL RESULTS 
The micro tube is then inserted into a flexible tube and perfused by solutions containing

different glucose concentrations. The measured current vs. glucose concentrations are
plotted in Figure 6 (a), which shows an excellent linear relationship. Low frequency (20
Hz to 1 MHz) electrical measurements of inductance and resistance were made with an
HP4284A LCR meter and the copper film thickness was measured with a KLA-Tencor P-
10 surface profiler. After repeated measurements on a large number of samples, the
average inductance and resistance of 7-turn, 0.9 mm long coils was determined 36 nH and
220 m . The measured frequency vs. resistance and inductance are plotted in Figure 6(b).
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Figure 6. Experimental results: (a) measured peak current versus different glucose concentrations
for the fabricated glucose biosensor and (b) graphs of inductance and resistance as a function of
frequency for 7 loops, 12 µm thickness length 0.9 mm copper coil.

4. CONCLUSIONS
The glucose sensor and coils were successfully made on each side of 25 um thick

Kapton film and rolled with outer diameter of 700 µm. Helically electroplated copper coils
also worked as cardiovascular supporters for flexible tubes. The spirally-rolled polymer
microtube developed in this work allows the polymer microtubing to have microsensors
and wires on the both sides of the wall of the microtubing, which provides a new “smart”
microcatheters with multi-sensors and wires for the cardiovascular in vivo monitor.
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ABSTRACT
We propose an all optically controlled manipulation system based on a biochip technology. In 

this system, a laser-scanning manipulation technique is utilized to control multiple microtools 
built-in a microchannel. Both microtools and a microchannel were fabricated by using two-
photon microstereolithography. Microtools such as tweezers and a separator were successfully
controlled inside a microchannel. Such all optically controlled biochip will be applied for the
manipulation of biological samples such as cells, microbes and DNA. 
Keywords: Bio-micromanipulation, Optical trapping, Two-photon microstereolithography

1. INTRODUCTION
Biochip technologies have widely used for biochemical analysis and synthesis. Recently

manipulation and culture of living cells and microbes are also received a lot of attention. 
However conventional bio-micromanipulators with glass micropipettes cannot be used inside a
sealed micro space such as a microchannel and a microreactor. On the other hand, optical 
trapping is a promising way to manipulate biological samples in a biochip, because optical
trapping enables us to remotely control microobjects. Although some manipulation techniques
with optically trapped microbeads were proposed [1,2], they still have some drawbacks for 
practical use. For example, arrangement and fixation of microbeads inside a microchannel needs
time-consuming processes.

To overcome the above drawbacks, we propose a novel type of all optically controlled
biochip. In the biochip, optically driven microtools are built in a microchannel, because both 
microtools and a microchannel were fabricated by using two-photon microstereolithography [3].
Unlike previous works, since microtools were restricted to the microchannel, this method needs
no trouble some pretreatment to arrange microbeads. Therefore the all optically controlled
biochip will become powerful tools for handling biological samples with high throughput.
2. ALL OPTICALLY CONTROLLED BIOCHIP

Fig. 1 shows the concept of all optically controlled biochip. Microtools such as tweezers and
pumps are cooperatively controlled by scanning a single laser beam. Target biological samples
are transported into a chamber by pressure driven flow, and grasped with the microtweezers. To
analyze the biological sample, chemical reagents are supplied to the sample with micropumps
and microvalves [4]. Since the optically controlled biochips don’t need expensive and 
sophisticated microactuators, the biochips are suitable for disposable use.

The optically controlled microtools were fabricated by using an assembly-free process based
on two-photon microstereolithography. We have already developed some microtools such as
nanotweezers [5,6]. Since two-photon microstereolithography can provide 3-D microstructures
by a direct laser scanning with photopolymer, both microtools and a microchannel are easily
fabricated together. Microtools can be also built in a microchannel made of glass or other
plastics. The integration of optically controlled microtools into a mass-produced microchannels
can provide low-cost active biochips.
3. OPTIMIZATION OF SINGLE LASER MANIPULATION

The built-in microtools are remotely controlled by an optical trapping technique. We utilized
the optical system of two-photon microstereolithography to maneuver microtools inside a
microchannel. This control system is based on a laser-scanning manipulation technique with a
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Ti: sapphire laser (wavelength: 750nm). We use galvano scanners to scan the laser beam; we
can generate any trajectory of the laser beam with a vector scanning method. The trajectory of
vector scanning consists of a series of discrete foci separated with a constant distance as shown
in Fig. 2(a). To control the multiple microtools, we have to optimize the laser scanning
conditions such as trajectories, division distances and waiting times of each focus. For example,
to generate two circular trajectories without on-off control of the laser power, the multi-step
method is better than the one-step method (Fig. 2(b)), because the intensity distribution of light
on the target trajectory is high enough to control the microtools compared to that of other areas.

Fig. 3 shows response times of a manipulator arm (length: 8 m, thickness: 2 m) at different
division distances. As the division distance is decreased, the response time is shorter. The
response time is also proportional to the intensity of light. In the current system, since the
waiting time of the laser beam at each position is limited to 1 ms, the maximum following
velocity of the manipulator arm is 35 m/s.
4. COOPERATIVE CONTROL OF MICROMANIPULATORS

By the above optimization of the laser scanning conditions, we succeeded in controlling two
micromanipulator arms simultaneously. Fig. 4 shows SEM images of micromanipulators. The
probes are contrived and designed to grasp microobject tightly. Fig. 5 shows the optical driving 
of the micromanipulators in a liquid. The two arms are alternately trapped and driven by a
single laser beam without on-off control of laser power. In addition, three-hands
micromanipulators were fabricated and driven successfully as shown in Fig. 6. Such cooperative
control of multiple microcomponents offers various operations in biological researches.

Finally we succeeded in fabricating and operating a prototype of an all optically controlled
biochip to perform a series of operations for biochemical and biological researches. In the
biochip, both micromanipulators and a microseparator are built into a y-branch microchannel
(width: 13 m, eight: 20 m). Fig. 7 shows the biochip controlled by the synchronized laser
scanning. In this biochip, target biological samples are selected to the upper channel and
examined by the micromanipulators.

Fig. 1 Concept of all optically controlled biochip
produced by two-photon microstereolithography

(a) (b)
Fig. 2 Scanning patterns of a laser beam
for cooperative control of microtools

Fig. 3 Response time of a micromanipulator arm
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(a) (b)

Fig. 5 Sequential images of micromanipulators
driven by the synchronized laser-scanning.

Fig. 6 Three-hands micromanipulators (a) SEM image
(b) Optical driving of three-hands manipulators

5. CONCLUSIONS
We proposed the all optically controlled biochip to manipulate biological samples such as

living cells and microbes. The prototypes of optically controlled micromanipulators were 
fabricated by using two-photon microstereolithography. In the near future, various kinds of
optically controlled microtools will be integrated into mass-produced microchannels made by
etching or injection molding as well as microchannels made by microstereolithography. Such
optically controlled biochips will become powerful tools for not only biological applications but
also medical applications.
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Fig. 7 A prototype of all optically controlled biochip. Optically driven micromanipulators and
microseparator are built in a y-branch microchannel. (a) Close mode (b) Open mode
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ABSTRACT
This paper reports the successful development of a biosensor based on parylene

cantilevers. A simple but effective process to fabricate parylene cantilever using TMAH
bulk-micromachining is demonstrated. A scheme of using anchoring holes is employed to
prevent the peeling off of parylene during TMAH etching. The parylene cantilever
biosensor has successfully detected the immobilization and hybridization of DNA by
monitoring the bending of the cantilever.

Keywords: Biosensors, parylene cantilever,
surface stress

1. INTRODUCTION
Biosensors based on microfabricated SiN

cantilevers have attracted many interests in recent 
years [1, 2]. These types of sensors utilize the
mechanical bending of the cantilever (surface stress
change) induced by the specific biomolecule (DNA,
antigen, antibody, etc.) bindings. This bending is
small and is usually detected by an optical lever (Fig. 1). The displacement of the

cantilever tip is given by the Stoney’s equation:
2

2)1(3
Et

Lvz , where v is Poisson’s

ratio, E is Young’s modulus, t is the cantilever thickness, L is the cantilever length, and
is the surface stress change generated by the adsorbed molecules. It is apparent that the
bending is inversely proportional to the Young’s modulus of the cantilever material. So
far, the majority of cantilever biosensors are fabricated using silicon nitride or silicon. If a
softer material (e.g., parylene C which has a Young’s modulus of 2.8 GPa, two orders of
magnitude smaller than that of silicon nitride) is employed, the deflection of cantilever will
be more significant and thus the sensitivity will be much higher. The noise caused by
Brownian motion and bimetallic effect only increases slightly.

2. FABRICATION
Parylene cantilevers have been

fabricated using surface
micromachining previously [3].
Due to the stiction issue, surface-
micromachined parylene
cantilevers are not ideal to work
with liquids. Here a simple but
effective process to fabricate
parylene C cantilever using TMAH bulk-micromachining is demonstrated. It has been

1. Etch anchoring holes using DRIE

2. Grow 0.5 m thermal oxide and
deposit 2.2 m parylene C

3. Pattern parylene and oxide

4. Free parylene cantilever by
TMAH, strip oxide, and coat Au/Cr

Fig 2. Process flow of parylene cantilevers

(100) wafer

Fig. 1 Schematic of the operating princip le of
cantilever biosensors. Note the deflection of the
cantilever is exaggerated.

Movement of the
laser beam

Laser source Photosensor

The bent cantilever due
to the surface stress
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observed that TMAH almost does not etch parylene C. However, it attacks the interface
between silicon and parylene and peels off parylene film. A scheme of using anchoring
holes is employed to prevent the peeling off during TMAH etching. A five-inch, (100)
silicon-wafer was used for the fabrication of our biosensor. The first step was to make
anchor holes in the wafer using Deep Reactive Ion Etching (DRIE). In the second step, an
oxide layer, 0.5 microns thick was grown on the wafer using wet thermal oxidation. In the
following step, 2.2 microns thick layer of parylene C was deposited. The Parylene C layer
was then patterned using Reactive Ion Etching (RIE) with oxygen plasma. The silicon
dioxide layer was then removed from the opening using Buffered Oxide Etch. In the next
step, TMAH was used to etch silicon, creating the freestanding cantilevers. Finally a thin
gold layer was evaporated on the surface to provide a functionalising layer to immobilize
DNA. Later the wafer was diced to
make small chips that were tested in
this research.
It is also very interesting to note that
after TMAH etching, the Parylene C
becomes more hydrophobic as
illustrated in Fig3. The SEM picture of
two Parylene cantilevers coated with a
thin gold layer are shown Figure 4(a).
Unlike traditional way, here diluted
TMAH solution (~10%) is used.
This is because diluted TMAH not
only etches faster but also results in
rough surfaces that help to reduce
stiction (Fig. 4(b)) [4]. The longest
free standing cantilever fabricated
using 10% TMAH is 750 m. As
comparison, when etched with
25% TMAH, the longest
freestanding cantilever is only 350

m.

3. EXPERIMENTAL 
 The chip was placed in a home-made fluid cell. The laser was focused on one cantilever
using a lens. The reflected laser beam was detected using a position sensing device (PSD).
The resulting signal was measured in the form of voltage using an oscilloscope and the
reading were recorded with respect to time. The readings were then plotted and a graph of
the bending pattern of cantilevers was obtained.

The temperature sensitivity of the cantilevers was measured by placing the fluid cell on a
Peltier heater and monitoring the deflection of the cantilever tip using the optical lever. The
temperature was monitored using a thermocouple attached to a digital multimeter.

For the DNA detecting experiment, 40-nt-long ssDNA (sequence K-40) nucleotide was
used as the probe molecule (from Synthegen, Florida). The sequence for the probe
molecule used was 5’-TTAAGGTCTGGACTGGCCTGAATTTAGCGCCAGCTTACTG-
3’ and the complementary (target) ssDNA sequence that was used is 3'-
CAGACCTGACCGGAC-5'. The concentration of the ssDNA used was 8 M. The

Fig 4. (a) SEM picture of gold-coated parylene cantilevers. The
two cantilevers are 200 m wide, 2.2 m thick, 100 m and 200 m
long, respectively. (b) Rough surface caused by diluted TMAH.

Fig 3. Contact angle change on parylene C before (left ) and
after (right) 12 hours 10% TMAH etching
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cantilever sensor was placed in the fluid cell and flushed with buffer solution. The probe
molecules were mixed with the buffer solution and injected into the fluid cell. The
deflection of the cantilever tip was monitored using the optical lever. After 40 minutes, the
fluid cell was flushed with the buffer solution. The target molecules were then mixed with
the buffer solution and injected into the fluid cell. Again, the deflection of the cantilever tip
was monitored using the optical lever.

4. RESULTS AND DISCUSSION
The temperature sensitivity of a

720 m long parylene cantilever is
measured to be ~60nm/ºC (Fig. 5). As
the temperature increases, the 
cantilever bends upward because
parylene C has a higher thermal
coefficient of expansion than gold.

The responses of a
250 m 200 m 2.2 m parylene
cantilever during the immobilization of probe ssDNA and the hybridization of
complementary target ssDNA are shown in Fig. 6. The negative value in (a) indicates that
the cantilever bends downward. The positive displacement in (b) indicates that the 
cantilever bends upward, which means the hybridization reduces the compressive stress
induced by the immobilization.
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ABSTRACT
A MEMS based micro direct methanol fuel cell ( DMFC) was realized on the plastic

substrate. Hot embossing is utilized to fabricate the polymer micro channels, and spray
coating method is applied to fabricate 3-D micro electrodes structure on the polymer
substrate. Power generation was conformed with the first prototype DMFC device.

Keywords: 3-D electrodes, Hot embossing, Plastic DMFC, Spray coating

1. INTRODUCTION
DMFCs reported so far were fabricated on the silicon or glass substrates [1,2].

Considering the cost reduction, polymer micro devices were requested in actual use [3,4].
Cyclo olefin polymer (COP) was chosen as the polymer material because of its high
chemical durability and easy metallization of the electrodes. In order to achieve high power
density, 3-D electrodes which increase the catalyst surface area keeping the total size was
employed.

2. DESIGN
A new concept DMFC based on the electrochemistry was shown in Figure 1. This

concept is different from the conventional bipolar structure that the anode and cathode
channels are made on two separate substrates and stacked with a polymer electrolyte
membrane (PEM). Main features of this device are a plane structure and integration of the
anodes and the cathodes side by side onto a polymer substrate (Fig.2). This simple structure
enables easy fabrication including the assembly of PEM. Its fabrication process is suitable

Figure 1. Principle of the novel DMFC Figure 2. Structure of the plastic DMFC
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for wafer level mass production. This device has two micro channels for introducing new
fuel solution and oxidant solution to the reaction area continuously to achieve high
performance.

3. EXPERIMENT
A Ni mold master was fabricated by silicon anisotropic etching and successive Ni

electroplating. Figure 3 is the photomicrograph of the Ni mold. Hot embossing of the COP
substrate was performed using hot embossing equipment (EVG, EVG520). The optimal
embossing condition is 140 degree C and 2000N press strength. To realize metal electrodes
on a 3-D substrate, spray coating method was utilized for coating photoresist on the obtuse
corner of the plastic micro channels [2]. The 3-D Au electrodes were formed by EB
evaporation and lift-off process. Pt and Pt-Ru were deposited by electroplating as the
catalyst layers.

4. RESULTS and DISCUSSION
The photograph of the plastic DMFC is shown in Figure 4. Figure 5 shows the cell

voltage and power density VS current density of the prototype device under the oxidant and

200 m300 m

Figure 3. Optical microscope view of Ni mold master (left) and hot embossed plastic
substrate (right)

2mm

Figure 4. Microphotograph of
the DMFC chip

Figure 5. Power generation characteristic of
fabricated DMFC
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fuel flow rate of 10ml/min. The open circuit voltage of 237mV and the maximum power
density of 0.04mW/cm2 have been obtained at room temperature with 2M methanol. In
order to realize micro power sources, large numbers of DMFC are going to be integrated
serially on a substrate. This type of power source is useful for distributed micro sensor
systems.

5. CONCLUSIONS
Hot embossing technique was introduced to fabricate the polymer µDMFC. By using

spray coating method, metallization on 3-D microstructures was performed. This technique
can apply to a µDMFC array chip which has numbers of cells in series. On the other hand,
the proposed fabrication method is applicable not only to the µDMFC on a COP substrate
but also on the other polymer structure. The polymer DMFC with 3-D electrodes has
succeeded in generating electricity. Further research and improvement of the hot embossing
and metallization conditions are on going to realize high performance polymer DMFC.

ACKNOWLEDGEMENTS
This work is partly supported by Japan Ministry of Education, Culture, Sports Science &

Technology Grant-in-Aid for COE Research and 21st COE of Waseda University, Waseda
University Grant for Special Research Project. The authors thank for Nanotechnology
Support Project of Waseda University for their technical advices.

REFERENCES
[1] S. Motokawa, M. Mohamedi, T. Momma, S. Shoji, T. Osaka, MEMS-based design

and fabrication of a new concept micro direct methanol fuel cell ( -DMFC),
Electrochemistry Communications 6 pp.562-565 (2004).

[2] H. Houjou, S. Motokawa, M. Ishizuka, J.Mizuno, T. Momma, T. Osaka, S. Shoji,
Metallization on 3-D microstructures using spray coating for high performance micro
direct methanol fuel cell ( DMFC), Proc. of Transducers’05 Seoul, Korea, pp.1437-
1440, (2005)

[3] J. Mizuno, T. Harada, M. Ishizuka, S. Shoji, et al., Fabrication of Micro-Channel
Device by Hot emboss and Direct bonding of PMMA, Proc. of the 2004 ICMENS
Banff, Canada (2004) pp26-29.

[4] J. Mizuno, H. Ishida, S. Farrens, V. Dragoi, H. Shinohara, T. Suzuki, M. Ishizuka, T.
Glinsner, F. P. Lindner, S. Shoji, Cyclo-olefin polymer direct bonding using low
temperature plasma activation bonding, Proc. of Transducers’05 Seoul, Korea,
pp.1346-1349, (2005)

Masanori Ishizuka, Waseda University, 61-411, Okubo3-4-1, Shinjuku, Tokyo 169-8555,
Japan, +81-3-5286-3384, fax +81-3-3204-5765.



SELF-RAISED CIRCULAR ORIFICES FOR LATERAL
PATCH-CLAMPING ARRAY CHIPS

Jeonggi Seo and Luke P. Lee
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Department of Bioengineering, University of California at Berkeley, USA

ABSTRACT
We have developed a novel technique to build three-dimensional (3-D) self-raised lateral

microfluidic cell trapping junctions in polydimethylsiloxane (PDMS) microfluidic
networks for patch clamp experiments. As far as cell deformation is concerned, a 3-D cell
trapping junction that has symmetrical space around a patching orifice is desirable since it
induces symmetrical deformation of the cell and reduced gap between the cellular
membrane and patching orifice. The fabricated 3-D junction is relatively raised from the
edge of the channel. Evidence of the hydrodynamic placement of mammalian cells at the 
junctions and measurements of patch sealing resistance is presented.

Keywords: Patch-clamp, microfluidics, cells, ion channels 

1. INTRODUCTION
Square shapes of micro-machined cell trapping junctions were demonstrated for patch-

clamping before [1]. Previous lateral microfluidic junction array provided effective cell
trapping and both optical and electrophysiological characterizations of cells. However,
unavoidable large cell deformation due the position and shape of lateral cell trapping sites
was caused at the same level as ground floor of microfluidic channel. In order to
accomplish a higher electrical sealing resistance for patch-clamp recordings raised and
round shape of a patch orifice are critical elements. The position of orifice raised from the
bottom causes symmetrical deformation of a cell without any out-of-plane gap between the
surface of a patching orifice and cellular membrane (Fig. 1a). The circular orifice induces
uniform deformation of a cell without any in-plane gap (Fig. 1b). We present a novel
polymer microfabrication method to create self-raised circular orifices of lateral cell
trapping junctions for the first time.

2. FABRICATION
The fabrication steps of the integrated patch clamp devices via lateral cell trapping

junctions are explained somewhere else [1]. To develop self-raised circular patching
orifices, three extra fabrication steps were added (Fig 2). After PDMS devices were cast,
they were bonded to a thin PDMS membrane of which the thickness is 30 m. The whole
bonded devices were immersed into a bath of pre-mixture PDMS and a vacuum was
applied to the PDMS bath. Pressure difference between inside and outside of enclosed
microfluidic channels caused expansion of the microfluidic channels, which was done
mainly on the thin PDMS membrane sealing. In this fabrication step, patching orifices
were transformed to circular shapes and positioned in the middle of the main fluidic
channel. The pre-mixture in the bath was cured while the vacuum was applied. After
cured, the expanded shapes of the microfluidic channels were maintained. 0.5 mm holes
were punched mechanically for future fluidic connections. The punched devices were

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 1215



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1216

bonded to a glass substrate. Plastics tubes were connected to the reservoirs through the
punched holes.

3. EXPERIMENTAL 
 A human tumor cell line (HeLa), 12–17 m in diameter, is used for cell trapping
experiments. Plastic tubes are connected to the microfluidic network through the punched
holes. Before introducing the cells, the microfluidic network including the plastic tubes is
filled with phosphate buffered saline (PBS), expelling all air bubbles. Cells were
introduced in to the main channel and trapped at the junction orifice. The trapped cell is
clearly imaged by an optical microscope (data not shown) and this capability of
visualization can be effectively combined with fluorescence detection for further researches
of cell dynamics. After the initial patch seal resistance is stable, a gentle suction is applied
to enhance the patch sealing. Patch resistance is recorded after the current response of the
patched cellular membrane to a square voltage pulse is measured.

Figure 2. Fabrication processes for self-raised circular orifice for a microfabricated lateral patch
clamping array.

Figure 1. SEM images of the fabricated devices: (a) An orifice raised from the bottom causes
symmetrical deformation without any out-of-plane gap and (b) a circular orifice induces uniform
deformation of a cell without any in-plane gap between the surface of a patching orifice and
cellular membrane. (The red circles in the schematic pictures represent cells.)

(b)(a)
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4. RESULTS AND DISCUSSION
The resistance of the open patch channel is measured to be 12.6 M . The current

response from the cell by a 20 mV/50 ms current pulse using a standard patch-clamp
amplifier (Dagan PC-ONE, Minneapolis, Minnesota) is shown in Fig. 3. The calculated
sealing resistance from the patched cellular membrane is 489 M , which is three times
higher than our previous demonstration[1]. As soon as the cell is expelled by positive
pressure to the patch clamp channel, the current response returns to that of the open
channel. The achieved patch sealing is reliable to survive for 1hr (data not shown).

5. CONCLUSIONS
A novel adapted micro-molding technique provides a solution to form the circular

junction at a raised location. As a result, the improved structures allow higher electrical
sealing between a cell membrane and device. This device will provide a platform for high-
throughput and inexpensive patch clamp recordings.
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MICROFLUIDIC-BASED PLGA NANOSPHERE
GENERATOR FOR PROTEIN COATING
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ABSTRACT
This paper presents an integrated microfluidic device for the generation of poly (lactide-

co-glycolide) (PLGA) nanospheres with protein coating. The chip utilizes the microfluidic
droplet reactor technique [1] and PLGA salting-out [2] approach to provide high
consistency and efficiency. The size of generated PLGA nanospheres was in the 300nm
range; and the coating amount is 1 g of bovine serum albumin (BSA) per 1mg PLGA
nanospheres. Compared to conventional methods, the microfluidic generation of
nanospheres reported here has the advantages of continuous synthesis process, tuneable
process condition, and small droplet/particle dispersion.

Keywords: Nanospheres, microfluidic droplet, PLGA, solvent extraction

1. INTRODUCTION
PLGA, known for its biocompatibility and biodegradability, is largely used as protein

and drug delivery systems. Conventional methods for PLGA micro/nanosphere preparation
include solvent extraction and solvent evaporation [2], mostly are batch processes with less
control flexibility than continuous processes and have large particle size distributions. Here
a microfluidic approach for continuous synthesis of PLGA nanospheres and protein coating
is presented. The device utilizes the inherent advantages of microfluidic systems to
precisely control the reagents, such as the coating amount of protein or drugs, by adjusting
input flow rates. Another microfluidic ability to generate monodispersed PLGA droplets
with narrow size distribution [3] allows consistent diffusion rate during solvent extraction
process. With these new microfluidic methods homogeneous salted-out PLGA nanospheres
are achieved.

2. THEORY
The mechanism of nanosphere generation by microfluidic solvent extraction consists of

three major steps: (i) dispersion of the organic solvent containing PLGA in an immiscible
continuous phase; (ii) extraction of the solvent from PLGA dispersed phase by another
miscible solution, accompanied by biomaterials; (iii) solvent removal and nanosphere
solidification.

3. EXPERIMENTAL 
 The micro channels were fabricated by PDMS replica molding process. PDMS was
applied surface treatment to be hydrophobic [4], which is favorable for PLGA droplet
generation. Fig. 1 shows the schematic of the micro channel design, which includes a pinch
junction, mixing junction, and a reservoir connected to the outlet. PLGA was dissolved in
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water-soluble dimethyl sulfoxide (DMSO), and BSA was dissolved in de-ionized water.
PLGA solution, silicon oil, and BSA solution were injected into the channels by three
syringe pumps respectively. At the pinch junction, PLGA solution was sheared by
continuous silicon oil phase and monodispersed droplets were generated (Fig. 2). BSA
stream was injected into mixing junction to merge with PLGA droplets as shown in Fig. 3.
PLGA nanospheres were carried to the reservoir, where a steady stirring component was
integrated to prevent further aggregation. BSA-coated PLGA nanospheres were collected
after vacuum-drying process for SEM imaging and Bradford protein assay.

4. RESULTS AND DISCUSSION
After merging with BSA stream, PLGA solvent was rapidly dissolved into BSA solution.

PLGA nanospheres were salted out under supersaturation, and BSA was coated onto PLGA
nanospheres during the solvent extraction process. As shown in Fig. 4, PLGA nanospheres
were separated at the reservoir by an aggregation-preventing component. SEM picture
shows the PLGA nanospheres with size of 300 nm range (Fig. 5). Due to the small droplet
size distribution and pico-liter volume of PLGA droplets, the solvent extraction process is
rapid and transient. Therefore homogeneous nano-sized particles can be generated. BSA
coating was evaluated using Bradford protein assay and the results indicated that there is
1 g BSA in every 1mg PLGA particles.

5. CONCLUSIONS
This micro channels have the ability to synthesize PLGA nanospheres for protein

coating and drug delivery. The integration of the device allows sample synthesis, collection,
and analysis in an integrated fashion. The control of particle sizes from micrometer to
nanometer was achieved by different geometry design. An alternative solvent evaporation
approach is under way and shows great promise as well. With the ability to generate
protein/drug delivery carriers, this device can be integrated with other developed micro-
components to build a multifunctional micro total analysis system.
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Figure 1. The integrated microfluidic device
layout, which includes the pinch junction for
PLGA droplet generation (part ), the mixing
junction for BSA coating and PLGA 
nanospheres salting-out (part , and reservoir
for product collection (part

Figure 2. Cross-pinch junction where PLGA
solution was sheared by continuous oil phase
and monodispersed PLGA solution droplets 
were generated.

50 m

50 m

50 m

BSA stream

PLGA droplet

a

b

c

Si oil inlet

PLGA
solution inlet

BSA solution
inlet

PLGA
nanosphere

reservoir

Figure 3. At the mixing junction, BSA stream
was injected to merge with PLGA droplets
(a~b). The solvent in PLGA droplet was
quickly dissolved into BSA solution and salted
out PLGA nanospheres. Protein was coated
onto PLGA nanospheres during the solvent
extraction process (b~c).
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Figure 4. BSA coated PLGA nanospheres 
separated at the reservoir for further analysis.

Figure 5. SEM image of PLGA nanospheres.
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NEW STRAIGHTFORWARD FABRICATION TECHNIQUE
FOR THE PRODUCTION OF THIN POLYMERIC

MICROFLUIDIC DEVICES WITH TUNABLE POROSITY
J. de Jong, B. Ankoné, R.G.H. Lammertink, M. Wessling

University of Twente, The Netherlands

ABSTRACT
We present a new generic replication technique for the production of microfluidic

devices: Phase Separation Micro Molding (PSµM). This technique offers four advantages:
a) cheap and simple; b) very broad range of applicable materials; c) possibility to make thin
flexible chips and d) possibility to introduce and tune porosity in the chip. The combination
of these advantages can be used for improvement of conventional microfluidics, but also
for integration of unit operations and complete new applications. We will give a proof of
principle by showing that a porous chip can be used as a gas-liquid contactor.

Keywords: Microfabrication, Polymer Technology, Phase Separation, Porosity

1. INTRODUCTION
The on-chip integration of multiple unit operations is a key issue in microfluidics

nowadays [1]. The general approach is (a) smart chip layout, (b) the introduction of
additional materials and/or (c) the use of sophisticated equipment for post-treatment. Used
chip materials are always dense. We have developed a new generic microfabrication
method that enables the direct incorporation of porosity: Phase Separation Micro Molding
(PSµM) [2]. This method is applicable to a wide range of materials and opens up new ways
for integration of e.g. reaction, separation, dehydration and emulsification.

2. PHASE SEPARATION MICROMOLDING
Phase Separation Micro Molding (PSµM) is based on precipitation of a polymer from a

polymer solution onto a microstructured mold. The process is schematically depicted
below:

Microstructured 
Silicon Mold

Polymer
Solution

SolventNon
Solvent

Film Casting Phase Separation ReleaseMold Fabrication

Figure 1: Schematic of Phase Separation Micro Molding (PSµM)

First a microstructured silicon mold (master) is fabricated. Subsequently, a thin layer of
polymer solution is cast on the mold. After immersion in a bath of non-solvent, exchange
of solvent and non-solvent occurs. This leads to phase separation of the solution into a
polymer-rich and polymer-lean phase. The polymer-rich phase solidifies on the mold and
forms a polymer film with a replication of the mold features. The porosity in this film stems
from the polymer lean phase, which is removed by washing.
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During the phase separation process, slight shrinkage occurs, which causes the film to
detach from the mold spontaneously. Release problems are therefore automatically avoided.
This enables us to produce thin, flexible films down to a few microns. The minimum
feature size achievable is in the sub-micron range [2]. The morphology can be tuned by
controlling the parameters of the phase separation process. These parameters are well
documented in the field of membrane technology [4]. A big advantage of PSµM is the wide
range of applicable materials. In fact, the only requirement is to find a suitable solvent and
non-solvent. Reported materials include PMMA, PVDF, Nylon, polycarbonate,
polystyrene, polyimide (high Tg), poly lacticacid (biodegradable) and polyaniline [2, 3].

3. EXPERIMENTAL 
 Microstructured molds were fabricated by standard photolithography, followed by deep
reactive ion etching (DRIE). Rims were 100µm wide and 50µm high. Polymer solutions of
25wt% were prepared by dissolving either PMMA or ABS copolymer in N-methyl-
pyrrolidone (NMP). Casting thickness of the polymer solution was 250µm. Water and
ethanol were used as non-solvent. Dense PMMA cover slips were prepared by casting a
thin layer of 25wt% PMMA/acetone solution. After evaporation, the obtained transparent
films were sealed at 80°C to porous microstructured PMMA films while applying pressure.

4. RESULTS AND DISCUSSION
Typical images of porous polymeric films prepared by PSµM are presented in Figure 2:

Figure 2: From a microstructured film to a working microfluidic device

Figure 2a and b show cross sections of ABS films, clearly demonstrating the possibility to
tune the porosity. In this case only the type of non-solvent was changed from water (a) to
ethanol (b). The close-up in Figure 2c reveals a typical film morphology: a skin layer
(which is the channel wall) supported by a porous substructure. The skin layer is permeable
for gasses but acts as a barrier for fluids, preventing soaking of the complete chip.
However, also completely porous or completely dense structures can be prepared,
depending on the conditions during phase separation. Sealing of films using the described
sealing method gives good results, as can be concluded from Figure 2d. The insert shows

A B C

FED

50µm 50µm 5µm

100µm

100µm
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that the interface between both films has disappeared. The flexibility of sealed films is
demonstrated in Figure 2e (ink reveals the channel structure). Finally, Figure 2f shows a
chip in action: two colored water streams are joined, demonstrating laminar flow and leak-
free sealing.

4. GAS TRANSPORT THROUGH POROSITY
A double layered chip was prepared for the proof-of-principle experiments. A schematic

layout and a cross section of this chip are given in Figure 3a and b. Water with a pH
indicator is introduced in the upper layer and CO2 in the bottom layer. In case of CO2
absorption, acidification of the water stream occurs, leading to a color change of the pH
indicator. Such a color change can indeed be observed in Figure 3c, thereby giving a proof-
of-concept that a porous chip can be used as a gas-liquid contactor.

Figure 3: a) schematic chip lay-out; b) cross section of double layer PMMA chip; c)
demonstration of CO2 absorption through the porous channel wall, visualized with a pH-
indicator. The rectangle in the insert indicates the observed area and the flow direction.

5. CONCLUSIONS
Phase Separation Micro Molding is a new replication technique that can be used to

prepare porous microfluidic chips from a wide range of materials. The morphology of
microfluidic films can be tailored by changing the conditions of the phase separation
process. Sealing of films is easily obtained by heating films under pressure. Stacking and
sealing of multiple layers is also possible. The porosity of the chip material can be used for
selective transport of species in- or out of the chip. A proof-of-principle has been given by
demonstrating the use of a porous chip as a gas liquid contactor with fast CO2 transport.
The feature of porosity in the chip material also opens up the way for on-chip integration of
other unit operations, such as separation, dehydration and emulsification.
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NOVEL, FAST AND FLEXIBLE METHODS FOR

FABRICATION OF

POLYMER-BASED OPTICAL WAVEGUIDES
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ABSTRACT

In this work we demonstrate how to utilize conventional polymer fabrication methods to

produce optical waveguides integrated into microsystems entirely fabricated in polymers.

Instead of using expensive and time consuming cleanroom processes, our principles allow

easy implementation into existing designs, compatibility to mass fabrication techniques,

and the possibility of quickly changing the design. The waveguides produced with these

methods show propagation losses as low as 1 dB/cm over a wide wavelength range from

850 nm down to 400 nm.

Keywords: integration, micromilling, microoptics, waveguides

1. INTRODUCTION

To enhance the functionality of lab-on-a-chip devices and allow optical detection methods,

optical components can be integrated. Next to microfluidic networks, waveguides can

provide an optical network and guide the light from the incoupling site to the area of

detection. A waveguide consists of a high refractive index material surrounded by materials

with lower refractive indices. To have the ability to integrate waveguides into polymer

microsystems, a variation of the refractive index is required. Our principle demonstrates

how to achieve this local variation of material properties and allows the use of conventional

polymer fabrication methods such as molding or embossing.

2. DESIGN AND FABRICATION

As substrate material we chose PMMA. An increase of the refractive index was achieved

by solving some PMMA in anisole and ‘doping’ it with styrene-arcylonitrile copolymer [1].

Subsequently, we spun a 90 µm thick layer of the doped PMMA (n=1.499) onto a native

PMMA plate (n=1.484). Finally, the solvent was evaporated by baking the structure for 20

min at 60°C.

Two parallel grooves were milled into the doped PMMA layer, using a 250 µm tool at

rotational speeds of 40.000 rpm. This created a waveguide surrounded by low refractive

index PMMA at the bottom, and air at the top and sides, as seen in Figure 1. To show the

influence of the difference in refractive indices on the waveguiding properties, an additional

‘waveguide’ was milled into a native (i.e., undoped) PMMA plate. Subsequently, the

transmission spectra were measured to determine the propagation losses.

Micromilling of waveguides allows to quickly change the design and fabricate new

devices and is therefore well suitable for development purposes. However, the demand for

single use devices requires for mass production techniques where the fabrication of

waveguides has to be compatible with existing production steps [2]. Hence, we developed

another method, where the implementation of ‘doped’ polymers with different refractive
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indices allows the fabrication of polymer microdevices with integrated optical waveguides

in a single step.

As master tool for our investigations we chose the micromilled device described above.

Onto the milled structures polydimethylsiloxane (PDMS) is cast and cured for 2 hours at

60°C to create a negative mold. Then, doped dissolved PMMA is poured onto the PDMS

mold and subsequently a PMMA plate is pressed onto the still liquid polymer and loaded

with a weight to squeeze redundant doped PMMA to the sides. The solvent evaporates at

room temperature taking advantage of the high gas permeability of PDMS. After release of

the PDMS mold, the device represents a copy of the milled waveguides with slightly

smaller dimensions due to shrinking during the evaporation process (Figure 2). This

method, which is not unlike making waffles in a waffle iron (flow chart shown in Figure 3),

demonstrates the feasibility to produce an optical network next to microfluidic channels in a

single embossing or molding step. Further, various fabrication techniques to produce the

master tool are applicable.

2. RESULTS AND DISCUSSION

The measured propagation losses are summarized in Figure 4. The milled waveguides show

almost constant losses around 1 dB/cm between 400 nm and 850 nm, while the propagation

loss of the cast waveguides is somewhat higher and still requires optimization. However,

the third graph in Figure 4 demonstrates the superiority of the milled as well as the cast

waveguides at wavelengths below 550 nm in comparison to SU-8, a material previously

used for waveguides [3].

Figure 1: SEM image of a 90 !m wide

polymer waveguide fabricated by

micromilling 120 !m deep and 400 !m

wide grooves

Figure 2: SEM image of a cast polymer

waveguide

The graph marked with “milled PMMA” represents the ‘waveguide’ milled into a native

PMMA plate and, with its high propagation loss, shows the poor waveguiding properties.

The difference in losses between the milled and cast waveguides can be explained by a thin

residual layer of doped polymer at the bottom of the air gap, which results from the casting

process. An optimization of this process is in progress.

Scattering caused by surface roughness is a major factor when dealing with micromilled

waveguides or waveguides that are replicated from a micromilled master tool. Parameters
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such as feed rate, rotational speed of the tool, cooling rate, and glass transition temperarture

influence the outcome of the fabrication process. The surface roughnesses have not been

quantified in detail yet, this will be the subject of further investigation.

Step 1: micro structuring of positive

Step 2: casting of PDMS onto

structured substrate

Step 3: curing of PDMS and release

from positive

Step 4: casting of polymer with

high refractive index onto

the PDMS negative

Step 4: pressing low refractive

index PMMA plate onto

the liquid polymer using

a weight

Step 4: removing PDMS and

thermal bonding of PMMA

PMMA

PMMA

PMMA

doped PMMA

PMMA

PDMS

PDMS

PDMS

PDMS

Figure 3: Process sequence: a PDMS

stamp is molded from a master tool.

Doped PMMA is then cast onto the tool

and covered with a native PMMA

plate.
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Abstract
Bulk titanium has a number of attractive characteristics that are favorable for

microfluidic devices, including: a) chemical inertness and excellent biocompability; and b)
high fracture toughness. In this paper, we demonstrate the utility of such properties in the
fabrication of a microelectrode chip for particle trapping and fundamental microfluidic
studies.

Keywords: bulk titanium, micromachining, electrokinetics, anodic bonding

1. Introduction
The field of microfluidics is of increasing importance since microfluidics has the

potential for considerable reduction of analyte volume, increased sensitivity, and novel
analysis functionality. Currently, most microfluidic devices are made from silicon, glass or
polymeric materials. However, each of these materials suffers from limitations that
constrain broader application. Consequently, it is reasonable to anticipate that further
exploration of new materials for microfabrication may improve current device performance
or inspire new applications. Titanium represents one such new micromechanical material
with considerable promise.

Recently, high-aspect-ratio micromachining of bulk titanium using Cl-based dry etch
chemistries has been demonstrated [1,2], and it’s application to microfluidics has been
explored [3]. Titanium is a tough, durable, and biocompatible material that has been widely
used on the macro-scale, thus it represents an excellent candidate material for micro-scale
applications. Further, its toughness and durability, in particular, provide benefit in
microfluidics applications by enabling stacking and bonding of thin foil substrates to form
3-D microstructures. Such stacking would be difficult, if not impossible, to realize using
conventional materials systems. The current work presents ongoing development of the
titanium DEP device first presented in [3], and explores broader manufacturing procedures
for titanium microfluidic device fabrication.

2. Experiments
The titanium microelectrode chip is made of two components: an electrode substrate

and a channel foil. The electrode substrate has two layers of titanium electrodes, which are
patterned on a highly polished, 0.5mm thick titanium substrate with a 2 µm silicon dioxide
insulation layer. The titanium channel is formed by through-etching of a 25 µm thick free-
standing Ti foil using a titanium dioxide etch mask. In the previous version of the device,
gold thermocompression bonding was used to bond the channel die to the electrode
substrate. Electrical shorting was common in these devices. The shorting is probably due
to cracking of the insulating oxide interlayer caused by the high bond forces required for
thermocompression bonding. This therefore motivated the search for a new bonding
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method. As can be seen in Fig. 1, the new process flow developed relies on adhesive
bonding using photosensitive BCB (CYCLOTENE 4026, Dow Chemical). The BCB-based
bonding offers many advantages relative to the former approach. The BCB adhesive is
insulating and photo-definable, thus eliminating the need for deposition and patterning of
an additional insulating layer to prevent electrical shorting in areas where the titanium
channel foil contacts the electrode. BCB also requires lower bond force, thus helping
preserve the integrity of the underlying metal and dielectric layers.

Figure 1. Process flow of the titanium
microelectrode chip.

Figure 2. Actual DEP device that is covered
by PDMS and clamped on a Plexiglas fluid
supply stage. The channel is 200 µm wide
and reservoirs are 2 mm in diameter. 

A photo of an assembled device is shown in Fig.2. The device is covered by a PDMS
layer to facilitate optical detection and cleaning. For a typical experimental run, flow of
various aqueous colloidal dispersions is guided into the channel by a syringe pump
(Harvard PHD 2000). Once the flow is stabilized, a function generator (Wavetek 21, 11
MHz range) is used to excite the electrodes to produce confinement of colloidal particles
via the AC electrokinetic effects. Imaging of the confinement is performed using an
epifluorescent microscope (Nikon Eclipse), with a 20X water immersion lens and CCD
camera (Hamamatsu C7300-10-12NRP). Electrokinetic concentration of 70 nm diameter
polystyrene beads is illustrated in Fig.3. The device has been shown stable and reliable
over more than 50 testing cycles.

Fig.3. Electrokinetic concentration with the titanium device. (a) Top view of the channel filled with
70nm diameter polystyrene beads. The electrical field is off. (b) The electrical field is on, particles
accumulate at the center of the electrodes due to electrokinetic convection.
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Despite the demonstrated reliability of the BCB-based Ti DEP device, leakage between
the PDMS cover and the titanium channel can occur at higher flow rates (> 1mL/min), due
to the low adhesion strength of the temporary PDMS cover. Preliminary investigations,
however, have shown that anodically-bonded Pyrex covers may be able to address this
issue, as shown in Fig. 4. Work is currently underway to further explore the utility of this
method for permanent sealing of titanium-based microfluidic devices.

Fig.4 Optical micrograph of an anodically-bonded 170 µm thick, 6 mm square Pyrex 7740 chip to a
500 µm thick titanium substrate with surface roughness of 10 nm RMS. Bonding was performed at
300 °C, with 500V and chamber pressure of 1.0e-4 mbar. No bond degradation has been observed
after storage under ambient conditions for > 8 months despite the large thermal expansion mismatch
between Pyrex and Ti, thus indicating strong bonding has occurred.

Conclusion
Utilization of BCB-based adhesion bonding has enabled fabrication of a functional

titanium-based microelectrode chip. Using this device, electrokinetic concentration of 70
nm polystyrene beads has been demonstrated. Preliminary investigations have also shown
that anodic bonding of Pyrex to titanium may be feasible which provides a method for
permanent sealing titanium-based microfluidic devices. These experiments therefore
demonstrate the potential of titanium microfabrication for realization of complex, multi-
layered microfluidic devices with unique functionality.
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ABSTRACT
we report the design, fabrication, characterizations of a biocompatible single composite

nanocrescent SERS nanoprobe, which can function not only as standalone SERS substrates,
but also has a magnetically controllable capability in orientation and translation motions.
The circular orifice of sharp-edged single nanocrescent allows multiple coupling of
integrated SERS hot spots. The nanocrescent as a single SERS nanoprobe demonstrates
more than 108 times higher local field enhancement factor than single metallic nanospheres
especially in the near infrared range because of the hybrid plasmon resonance modes.
Since our nanoscrescent is formed by Au/Ag/Fe/Au composite layers, we can modulate not
only its orientation to find maximized local field enhancement and SERS enhancement
factors with respect to the excitation source, but also the translational positions and motions
by external magnetic fields. Magnetically modulated SERS detection of molecules on a
single composite nanocrescent probe is demonstrated.

Keywords: lable-free, magnetic, nanocrescents, SERS

1. INTRODUCTION
Surface enhanced Raman scattering (SERS) is a label-free technique desired for

ultrasensitive biomolecule detections and molecular dynamic study because it acquires the 
unique signatures of each molecule, the vibrational peaks of chemical bonds. 1, 2 Most
recently, several groups have developed non-spherical and reduced-symmetry
nanostructures as potential SERS substrates. 3-8 Differing from spherical nanoparticle 
SERS substrates that rely on interparticle coupling, these unconventional nanostructures are
proposed as independent SERS substrates to enhance local scattering field.

Our gold nano-crescent has the features of both nanotip and nanoring which allow local
electromagnetic field enhancement (Fig. 1a). In cross-sectional view the shape of the nano-
crescent resembles a crescent nano-moon with sharp tips, so the sharp edge of the gold
nano-crescent has the rotational analogy to a sharp gold tip and it expands the SERS “hot
site” from a tip to a circular line (i.e. a group of nanotips) as shown in Fig. 1 (b). In top
view the shape of the nano-crescent resembles a nanoring with a higher sharpness than the
previously demonstrated nanoring6, so the circular sharp edge of the nano-crescent moon
can have a stronger field emitting or “antenna” effect. 1
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A monolayer of sacrificial nanospheres was generated by drop-casting the dilute
solution of the polystyrene colloids and allowed to dry overnight in a clean zone hood to
minimize contamination of the samples by dust, and to stabilize the rate of evaporation.
After the arrays of beads dried, a thin gold film was deposited by conventional electron
beam evaporation. The sample substrate was placed above the gold source with certain tilt
angle (~30 o) and the angle can be adjusted ranging from 0o to 45o. Substrate rotates at a 
constant speed (~60 rpm) during the deposition. The thickness at the bottom of the bowl is
measured using TEM to be ~100 nm. The shape of nanobowls depends on the deposition
thickness, angle and the size of the sacrificial nanosphere template. The gold coated
colloids were released from the glass support into an aqueous suspension by lift-off with
acetone. Next the gold coated polymer nanospheres were collected by centrifugation
(~5000 rpm, 5-10 min.) and are suspended in toluene to dissolve the polystyrene. The
sample was then centrifuged, and washed 3-4 times in water.

Fabrication of Composite Multilayers Nanocrescents
50 nm polystyrene spheres were dispersed on glass slides as sacrificial templates.

Multilayer depositions of Au/Fe/Ag/Au with different thicknesses were accomplished by
rotational depositions on the polystyrene spheres, which are sacrificial nanotemplates, with
a tilting angle of ~60 with respect to the glass slide surface using electron beam
evaporation. Sequentially, 10 nm Au, 10 nm Fe, 20 nm Ag and 10 nm Au were deposited
on the polystyrene spheres to form a composite multilayer. The coated nanospheres were
then released from and collected by the same method as single layer gold nanocrescents..

3. RESULTS AND DISCUSSION
Magnetically controllable nano-crescent SERS probes are generated by

incorporating ferromagnetic materials. The nano-crescents can be moved and oriented by
external magnetic field, and they maintain a high local field enhancement factor, which is
orientation dependent as shown in Figure 2. The maximum local field enhancement is

Figure 1. Gold nano-crescent moons with sharp edges. (a) Conceptual schematics of a nano-
crescent moon SERS substrate. The gold surface can be functionalized with biomolecular linker
to recognize specific biomolecules. The sharp edge of the nano-crescent moon can enhance the
Raman scattering intensity so that the biomolecules on it can be detected. (b) Geometrical
schematics of a nano-crescent moon. A gold nano-crescent moon with sharp-edges integrates the
geometric features of nanoring and nanotips. (c) A transmission electron microscope image of a
nano-crescent.. The scale bars are 100nm.
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achieved when the propagation direction of the excitation field is parallel to the symmetry
line of the nanocrescents. A near infrared laser (785 nm) is largely attenuated and focused
on the nanoparticles by a high numerical aperture microscopy objective lens. The local
field intensity measured from far field shows that the enhancement by a single nanocrescent
is greater than 5 times, which cannot be attributed to reflections from the metallic surface.
Reflection is negligible and scattering dominates for structures significantly smaller than
the excitation light wavelength. The measurement result also verifies that the local field
enhancement of the composite-material nanocrescents depends on their orientations.
Another nanocrescent only generate 2~3 folds of enhancement. The inset drawings in Fig.
4b illustrate the possible orientations of the two nanocrescents, and the cross-line intensity
plots further clarify the orientation-dependent field enhancement effect. 80 nm Au
nanospheres are test as well but no significant field enhancement effect is observed at the
785 nm excitation wavelength.

SERS spectra of chemical molecules immobilized on the surfaces of these two
nanocrescents (Fig. 2b). A self-assembly-monolayer of 3-Mercaptopropyltrimethoxy-silane
(MTMO), a thiol-group containing chemical molecule is attached to the surface of the
nanocrescents through Au-sulfide bonding by spreading and drying a droplet of 1µM
MTMO in anhydrous ethanol solution. The SERS spectra of the MTMO molecules are
shown in the background and the nanocrescent spectra is taken in two different orientations
using laser excitation with original power (~1mW) and integration time for 20 seconds. In
accordance with the trend shown in the far-field scattering intensity measurement, the 
SERS enhancement factor of the perpendicularly-oriented nanocrescent is higher than that
of the obliquely-oriented nanocrescent by comparing the intensity of 637 cm-1 Raman peak.

We detected R6G molecules (about 6,000 molecules) on a single gold nanophotonic
crescent moon through the NIR laser induced SERS spectroscopy, and the estimated
Raman enhancement factor is larger than 1010 as shown in Figure 3. As shown in Fig. 3a,
1 µM is the lowest concentration that can be detected on the nanobowl with our
instruments. Assuming the cross-sectional area of the shown nanobowl is about 1×10-7

mm2, there are only 1×10-20 mol (~6000) R6G molecules on a nanobowl after the uniform
distribution of 1 µL of 1 µM R6G droplet (1 Pico mol) on a ~10mm2 cross-sectional area,
that is to say, ~6000 R6G molecules can be detected on a single gold nanobowl. The
Raman enhancement of a single gold nanobowl could be higher than 1010. As a matter of
fact, the enhancement factor could be higher because even less molecules are distributed

Figure 2 Magnetically modulated SERS detection on single nano-crescent. (a) Intensity images
and the cross-line intensity plots of laser focal spot without nano-crescent (left), with a single
nano-crescent obliquely (middle) and perpendicularly (right) oriented with respect to the direction
of excitation laser light. (b) SERS spectra of MTMO molecules on the surface of the glass slide
(background), and on the single nano-crescents with oblique and perpendicular orientations.
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Though some characteristic peaks in the SERS spectrum of R6G molecules show only
moderate enhancement on the nanobowl (Fig. 3b), the area of the “hot site” of a nanobowl,
the sharp edge, is smaller than that of the nanosphere clusters, their whole surfaces and thus
the actual relative intensity enhancement per unit area should be higher than that shown in
the plots. The relative intensity enhancement per unit area on the sharp edge of the
nanobowl is estimated larger than 103, considering the nanosphere number (>100) within
the laser excitation area. On the other hand, some peaks are not visible on the gold
nanospheres but very distinct on the nanobowl, especially for those vibrational peaks
corresponding to aromatic ring bending and stretching, such as 615 cm-1 which comes from
the aromatic ring in-plane bending. In this case, the relative enhancement of the sharp edge
compared to nanosphere clusters could be larger than 105. The reason for different
enhancements to different Raman peaks by a single nanobowl is not clear and under further
investigations.
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Figure 3. SERS spectra of R6G molecules. (a) SERS spectra of different concentrations of R6G
molecules adsorbed on a single nano-crescent moon SERS “hot spot”. Base line signals are
corrected for all shown spectra. (b) SERS spectra of 1mM R6G molecules on a single gold nano-
crescent moon and 60nm colloidal nanospheres.

close to the sharp edge area of the nanobowl where most of the enhanced scattering signal
is generated.
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ABSTRACT
We demonstrate active directional control of microtubule translocation in microfluidic

chambers with E-fields. An E-field produces enough electrophoretic force on the leading
end of moving microtubules to bend them towards the anode, such that the entire
microtubule quickly aligns with the E-field. With time-varying E-field control, we are able
to direct microtubules along arbitrary paths; as an example we direct a microtubule to
translocate in a circle about 30 µm in diameter.
Keywords: Biomolecular motors, microtubule, electric fields, active direction control

1. INTRODUCTION
We recently introduced the concept of biomolecular motors (BMMs) as nanoscopic,
stand-alone, highly efficient, and low power prime-movers for µTAS systems [1]. One of
the main engineering challenges to producing useful BMM-powered devices is controlling
the movement of motor proteins or microtubules. Recent work has demonstrated guiding
translocating microtubules along straight lines using chemical patterning of kinesin, or
mechanical nanotracks [1-3] and rectifying their motility (so that they all translocate in the
same direction) using mechanical patterns [4]. In this paper, we develop an active control
method to control the direction of translocation of microtubules on kinesin-coated surface
using E-fields, which generate electrophoretic force on (negatively charged) microtubules
[5].

2. EXPERIMENT AND RESULT
A wide, flat microcavity 75 µm deep was constructed, coated with casein and kinesin,
and then loaded with a buffer containing rhodamine-labeled microtubules. E-fields on the
order of 50 V/cm were applied via platinum electrodes connected to reservoirs at the
corners of the cavity. In a normal gliding assay, microtubules move in completely random
directions. Upon application of the electric field, the leading ends of microtubules deflect
toward the anode, redirecting the microtubules parallel to the electric fields (Fig. 1). We
find that electric fields successfully deflect the leading end of randomly-oriented
microtubules towards the anode, and that during subsequent translocation the remainder of
the microtubule orients with the E-field as well. The effects of electric field strength,
surface density of kinesin, and translocation speed of microtubules on the rate of
redirection of microtubules were statistically analyzed. First, stronger electric fields
increase the rate of redirection of microtubules because a stronger electrophoretic force
produces a larger bending moment on the microtubules. Second, the surface density of
kinesin plays a crucial role in the electrophoretic redirection of translocating microtubules.
We propose a simple mechanistic model in which the leading, free end of the microtubule
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act as cantilever beam while the remainder of the microtubule is held fixed by surface-
bound, active kinesins. A lower surface density of kinesin which is believed to result in
relatively longer cantilevered microtubules provides the higher rate of redirection than a
higher surface density (shorter cantilevered length) because the deflection of a cantilever
beam is proportional to the applied force and the cube of the length. Finally, a faster
translocation speed of microtubules leads to higher rates of redirection of microtubules.
This is obviously predicted by the hypothesis of a cantilever beam-like deflection.

Fig. 1. Microtubule response to a 50 V/cm electric field. Microtubules are initially
translocating on a kinesin-coated coverslip in random directions. After 30 seconds, the
microtubules are redirected parallel to the electric field (mostly moving left-to-right).

In addition, we have demonstrated real-time directional control of microtubules. For
example, we can direct microtubules to translocate in approximate 30 µm diameter circles
(Fig. 2) by manipulating the E-field through voltages applied at four reservoirs around the
periphery of the device. Our control over the directional movement of microtubules is
comparable in resolution to that achieved by Hiratsuka et al. who used passive mechanical
patterns [3], but this E-field-based directional control method has the significant advantage
of active, real-time control over the microtubule movement.

Fig. 2. Applying an E-field that is rotating in time produces circular translocation of a
microtubule. Voltages are applied at four reservoirs at the corners of a square microfluidic

cavity (not shown) to rotate the E-field as shown by the solid arrows. In (a), the 
microtubule is initially translocating to the right; the dotted-line circle in (a) shows an

approximate desired microtubule trajectory. By changing the electric field upward in Fig
(b), the microtubule starts to translocate downward. Continued rotation of the E-field

guides the microtubule leftward (c) and upward (d).

DISCUSSION
We have successfully demonstrated microtubules can be controlled to translocate in any

desired directions via manipulation of an externally applied E-fields. Under appropriate
experimental conditions E-fields do not cause significant adverse effects, as Joule heating,

b c da 20µm

E-field 50V/cm

20µmt=0 sec t=10 sec t=20 sec t=30 sec

E=50 V/cm
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hydrolysis of buffer solutions and electroosmotic flow, on the kinesin-based motility The
directional control method employing E-fields as presented in this paper not only makes it
much easier to build µTAS systems powered by molecular motors by reducing
microfabrication typically required in fabricating passive mechanical patterns, but enables
highly flexible, configurable control over the direction of actively and continuously moving
microtubules in nano-transport systems.
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ABSTRACT

Pt nanowire array has been microfabricated without using

nanolithography (i.e., 70 nm wide, 100 nm high, and 500 µm long) and

glucose oxidase (GOx) has been precisely immobilized on Pt nanowire

array by codeposition with electropolymerized Polypyrrole (PPy).

Keywords: Nanwire, polypyrrole, immobilization

1. INTRODUCTION

One-dimensional (1-D) nanostructured materials, including carbon

nanotubes, and metal/silicon/polymer nanowires have attracted much

attention because these 1-D materials have become prime candidates for

replacing conventional bulk materials [1-3]. Even though metal nanowires

show very high sensitivity as a sensor, for example, 100% change of

resistance value, their applications are very limited in gas sensors

applications [4-5]. If there is a way to functionalize metal nanowires using

conducting polymers such as polypyrrole, and polyaniline, it can diversify

the application area of metal nanowires.

Therefore, we have demonstrated for the first time the immobilization of

glucose oxidase on Pt nanowire array coated with Polypyrrole (PPy) and

sensed the glucose.

2. MICROFABRICATION

Figure 1 shows the fabrication steps for Pt nanowire array. First, the

PECVD oxide has been patterned using RIE on SiNx coated silicon wafer.

The step height is about 100 nm. Adjusting the step height in SiO2 film

controls both the width and height of the nanowire. Second, Ti/Pt (2.5

nm/100 nm) is sputtered on the whole surface, because the sputtering

process has better step coverage than the evaporation process. Third, ion-

milling process is performed to expose SiNx film. Then, nanowire will

remain at the each edge of the oxide step. Finally, Au lift-off process has

been done for the electrical contact. Figure 2 (a) shows the cross sectional

view before ion-milling process. Figure 2 (b) and (c) show Pt nanowire

located at the edge of the oxide step after ion-milling process. The width of

Pt nanowire is approximately 70 nm.
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(a) (b)

(c) (d)
Figure 1. (a) PECVD oxide patterning on SiNx coated Si wafer. The step
height is about 100 nm. (b) Ti/Pt (2.5 nm/100nm) sputtering on the whole
wafer surface (c) Ion-milling process until Ti/Pt is etch away on the flat
surface. Pt nanowires remain on the edge of the patterned SiO2 film (d) Au
lift-off process for the electrical contact pad.

(a) (b) (c)
Figure 2. SEM images of the microfabricating Pt nanowire. (a) It shows the
edge of patterned SiO2 sputtered with Ti/Pt. (b) It shows the
microfabricated nanowire. (c) It shows enlarged view of the nanowire.

3. RESULTS

After that, glucose oxidase has been precisely immobilized on Pt

nanowire by codeposition with electropolymerized PPy. A mixture of GOx

(1000U mL
-1
) and pyrrole (200 mM) is used in PBS solution for

electrochemical polymer formation and GOx immobilization [6].

Amperometric measurements are carried out using a conventional 3-

electrode system. Figure 3 shows the SEM image of PPy/GOx coated Pt

nanowire array. Figure 4 shows the current responding to glucose of

PPy/GOx coated nanowire at 0.7 V vs Ag/AgCl. The current sensitivity is

about 0.3 nA/mM. It verifies the GOx immobilization.
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Figure 3. SEM images of PPy/GOx coated Pt nanowire array at different
magnification.
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Figure 4. Current response to glucose of PPy/GOx coated Pt nanowire
electrode at 0.7 V vs Ag/AgCl. Glucose was added to the stirred solution
(PBS, pH 7.4) in electrochemical cell at the time points indicated by the
arrows, resulting in an increment of 10 mM glucose at each point.

3. CONCLUSIONS

We have successfully demonstrated Pt nanowire array without using

nanolithography and precisely assembled glucose oxide (GOx) on Pt

nanowire array by codeposition with electropolymerized PPy. It has been

verified by measuring the current sensitivity of 0.3 nA/mM to the glucose.
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ABSTRACT

Rapid and precise chemical stimulus against an immobilized single biomolecule is one of

the most important technical issues to analyze time and concentration dependent

phenomena in single molecular dynamic research. In this work, we have developed the

microfluidic device having multi-laminar stream control capability to rapidly position any

laminar stream to the desired location traversing the flow channel, to control the

concentration of reagents. F1-ATPase, which is rotated by the catalytic reaction of ATP, is

immobilized on the microchannel and chemically stimulated by on / off switching operation

of ATP stream. As a result, ATP dependent rotation of F1-ATPase is clearly visualized.

Keywords: Chemical switching, F1-ATPase,multi-channel micropump, multi-laminar

control

1. INTRODUCTION

In the low Reynolds number regime, the mixing of solutions is dominated by diffusion

that can create parallel lamination of fluid in a microchannel. This leads a drawback of slow

mixing speed, while steady multi-laminar condition leads new types of chemical processing

which are considerably difficult to be conducted under high Reynolds number regime[1]. In

this work, we extended the multi-laminar based assay to single molecular dynamics

research which requires the variety of fluidic operations such as exchanging buffers,

chemical reagents and samples each other successively and rapidly without any flow-

induced hydrodynamic damage to the target molecules immobilized on the channel wall. In

order to realize such delicate operations, we have proposed and developed the microfluidic

device which can dynamically control the position of any laminar stream to the desired

location traversing the flow channel as conceptually illustrated in Fig. 1 a). The multi-input

and single assay channel layout allows for flexible and rapid chemical exchange to the

target biomolecule immobilized on the channel wall by switching any laminar stream

controlled by the flow rate of surrounding streams. As a demonstration of multi-laminar

stream control capability, the ATP dependent rotation of F1-ATPase (Fig. 1 b)) was

evaluated by the switching of several laminar streams which carry different concentration

of ATP.

2. EXPERIMENTAL

The microfluidic device consists of three parts: one is the micropump chip embedded

with the diffuser type of 8-channel micropump[2] to control liquids in the system; second is

the PDMS chip having multi-input ports and single assay channel; third is the Ni-NTA

coated cover glass on which a His-tagged F1-ATPase will be immobilized (Fig.2).

All the preparation processes to immobilize F1-ATPase were conducted by putting

through the samples and reagents into the device sequentially. 2nM F1-ATPase solution was
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fed into the device to immobilize F1-ATPase onto the Ni-NTA coated cover glass at the

bigining. Streptavidin-coated beads with 400nm in diameter were then introduced and

eventually attached onto the biotinylated !-subunit of the previously immobilized F1-

ATPase molecule, resulting the density of a rotating bead was about less than one rotating

bead per 0.01 mm
2
. Since the motion of the bead represents the rotation of F1-ATPase, we

conducted the assay of F1-ATPase rotation by measuring the rotational speed of the beads.

Fig.1. Conceptional image of multi-laminar controlled analysis

Fig.2. Structure of microfluidic device

3. RESULTS AND DISCUSSION

Fig.3 shows the evaluation of switching and positioning capability of the laminar stream

using the fluorescent dye of suforhodamine G (M.W 580.7), which molecular size is almost

same as ATP (M.W. 578. 3) may reflect the distribution of ATP required to analyze F1-

ATPase hereafter. Fig.4 is the concentration plot of the laminar flow before switching and

after switching at the line a-a’ in Fig. 3. The results clearly show the switching operation

can completely change the state of “with” and “without” ATP at a desired location in the

assay channel. The flow velocity should be first enough to provide the minimum inter-

diffusion area, while it should be as slow as possible to reduce the hydrodynamic damage to

the immobilized target biomolecule. In this case, the flow velocity was optimized at

60!m/sec. The time-lapse photographs of F1-ATPase rotation are shown in Fig. 5 a) and its

corresponding rotational speeds are shown in Fig.5 b). At the beginning, 750!M ATP

stream was flowed through the immobilized area of F1-ATPase and showed the resulting

rotational speed was 1 revolution per second (rps) that is nearly same value to the reference

value[3]. Second, the stream was changed to the buffer stream that makes the rotation

stopped. Finally, 750!M ATP stream was flowed through again, so that the F1-ATPase

restarted to rotate with the speed of 0.3 rps however it was not as fast as before stopping. It

might reflect the partial property of F1-ATPase. Since F1-ATPase racks the F0 subunit, F1-
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ATPase might take time to recover the original activity after the surrounding ATP is totally

extinguished for a while. This phenomena has never observed in the ATPase research even

in single molecular analysis work, since there is no way to control the concentration of the

chemical reagent at the desired point and to exchange them sequentially and rapidly. The

result would reflect the availability of the methodology and the divice developed in this

work to accelerate the single molecular dynamics study.

Fig.3.Pictures of switching a chemical stream Fig.4. Concentration profiles of

Suforhodamine G across a-a`

Fig.5. Rotational behavior of F1-ATPase depends on ATP concentration

5. CONCLUSIONS

The microfluidic device with multi-laminar stream control capability for high speed

switching of chemical reagent was fabricated and experimentally demonstrated by the

rotational analysis of F1-ATPase and ATP laminar stream. The results show that the

methodology of laminar stream controlled chemical switching has the large potential to

accelerate single molecular dynamics study.
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ABSTRACT

Adenosine triphosphate (ATP) “fuel” was produced in a microfluidic device by an
immobilized enzyme or by mitochondria and was used to power microtubule motors. The
ability of the immobilized enzyme to generate ATP for a long period of time (weeks) and
for many cycles of ATP production was studied.
Keywords: Molecular motors, ATP production, kinesin, bionanotechnology.

1. INTRODUCTION
Molecular motors are a promising technology in nanoscience [1,2] and microfluidics

has played a role through control of the orientation [3] and function [4] of kinesin powered
microtubules. These motors require constant replenishment of large quantities of ATP for
power, as ATP is a low energy density fuel (e.g. Humans require ~500 kg of ATP/day.)
Microfluidic devices may provide a means to recycle the spent fuel, adenosine diphosphate
(ADP), back to ATP using the methods that biological cells employ, allowing higher energy
density fuels to be supplied much less frequently. Here we report the use of enzyme
schemes and of a subcellular component, mitochondria, for regenerating ATP from ADP.

2. EXPERIMENTAL
The enzyme (pyruvate kinase) was immobilized on polystyrene beads by physical

adsorption. Similarly, mitochondria were immobilized on C18 beads. These beads were
subsequently mixed with a solution of ADP and a source of phosphate (phosphoenol
pyruvate) to generate ATP at mM concentrations. A luminescence based detection scheme
established the concentration of ATP produced and subsequently the stability of the
adsorbed enzyme and mitochondria through many reaction cycles (Figure 1 and 2).

Figure 1 and 2: Plots show stability of pyruvate kinase (Fig. 1) and mitochondria (Fig. 2) through
several reaction cycles of ATP production. [ATP] vs. number of cycles is plotted.
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The apparent decrease in ATP production for pyruvate kinase can be attributed to a loss
of beads during each subsequent experiment. However, the remaining enzyme beads are
still capable of producing enough ATP to power the molecular motors (>100µM)

The ability of immobilized pyruvate kinase and mitochondria to generate ADP for
molecular motors was tested in a microfluidic device. Chambers of ~7 µL volume were
coated with kinesin by adsorption, and then filled with microtubules. A mixture of the
enzyme loaded beads, ADP and a source of phosphate were incubated for 10 minutes and
introduced into an adjacent chamber. Due to the sensitive nature of the motor protein
system, compatible buffers and conditions were used with the ATP producing beads.
Pressure was then used to transfer the ATP product into the molecular motor chamber.
Microtubules were viewed by fluorescence microscopy.

3. RESULTS AND DISCUSSION
Figure 4 shows a processed image of the motion, with vectors indicating the migration

of the microtubules between each fluorescence image taken at 10 second intervals.

Figure 3: Plot of [ATP] produced vs. [ADP] in stock
solution for mitochondria free in solution.

Mitochondria that were free
in solution were tested for ATP
production as well (Figure 3),
reaching ~150 µM, using
succinate as the feedstock fuel, 
but the ratio of ATP/ADP
decreased as ADP concentration
increased. Since ADP inhibits
molecular motor function this
may limit the performance of
mitochondria.
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Pyruvate kinase and
mitochondria have both been
used to produce ATP in situ.
The ATP was subsequently
used to power kinesin based
microtubule motors.
Pyruvate kinase and
mitochondria show an ability
to power the motor systems
similar to that of pure ATP
added directly at a
concentration of ~5 mM
(Table 1). The observed
motor velocity was found to
be up to ~250 nm/s for all
sources of ATP fuel.

Figure 4: Image shows 10 overlapped fluorescent images
with vectors indicating the movement of microtubule
motors on a kinesin treated surface powered by ATP
produced in situ by pyruvate kinase.
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Table 1: Comparison of distance and velocity values for microtubule movement with pure ATP, ATP
produced by immobilized pyruvate kinase and ATP produced by mitochondria. Microtubules were
observed for 100 sec.

Distance ( m) Velocity (nm/s)
ATP
(5 mM)

Enzyme
(1.5 mM
ADP)

Mitochondria
(2 mM ADP)

ATP
(5 mM)

Enzyme
(1.5 mM
ADP)

Mitochondria
(2 mM ADP)

Min. 4.66 13.88 4.3 46.66 138.8 48.3
Max. 36.25 25.41 20.3 362.5 254.1 244.8

These results show that ATP produced in situ can be used to give similar results as
ATP added directly to the molecular motor system.

4. CONCLUSION
Our results demonstrate that immobilized enzyme reactions can be used to generate

ATP in situ, in the vicinity of molecular motors. This study lays the groundwork for the
development of more complex enzyme cascades that are needed for even higher energy
density fuels. We have also shown that mitochondria are a possible source for fuel
conversion, although low concentrations generated in vitro may prove problematic. Such
fuel conversion schemes will be required for any practical utilization of these intriguing
nano-systems. Microfluidic devices can play a key role in providing the fluid delivery
system required to bring fuel to the motors. Proteins and subcellular components can be
immobilized on beads and therefore, microfluidic devices may also provide a means to trap
enzyme cascades or mitochondria in a bed in order to produce ATP through many reaction
cycles and at high concentrations required for the motility of molecular motors.
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ABSTRACT
We demonstrate in this work the successful application of functionalized gold

nanoparticles and magnetic microparticles in the development of an integrated lab-on-a-
chip-system. By employing the BioBarCode Assay, we have shown that it is possible to
quantitatively identify ultra-low concentrations of proteins not only in buffer solutions, but
also in serum samples using a microfluidic device. Furthermore, we have developed a
method using microarrayed DNA patterns inside the microfluidic channels that will make
possible multiplexed detection of biomarkers in a single experiment.

Keywords: Biobarcode Assay, Multiplexing, Nanoparticles, Protein Detection

In this paper we present a microfluidic device that employs functionalized nanoparticles
for ultra-sensitive detection of target analytes. The BioBarCode Assay was initially
developed by the Mirkin group for ultra-sensitive detection of analytes [1]. Initial results
employing the assay in a microfluidic system were reported at MicroTAS 2004 [2]. This
paper includes a complete set of experimental results detecting prostate specific antigen
(PSA), a recognized marker for prostate and breast cancer, in both buffer and serum. We
also report preliminary data demonstrating multiplexed detection of a panel of biomarkers
including protein and nucleic acid molecules. For the assay development effort, both
bench-top format and microfluidic formats are being developed simultaneously.

The assay employs magnetic particles that are functionalized with monoclonal antibodies
to specifically recognize a target protein. Gold nanoparticles are functionalized with
polyclonal antibodies, and are also densely coated with a 40-mer “barcode” DNA sequence
that is unique for every target analyte. Figure 1 shows a schematic of the microfluidic
device. After binding, the sandwich assay is magnetically separated, and the barcode DNA
is released. The DNA is sent through a detection area that is patterned with half of the
complementary sequence. A second set of gold nanoparticles is then sent through the
detection area to bind with the other end of the barcode DNA. Finally, the chip is removed,
the detection area is silver stained, and the results are detected scanometrically. Figure 2
shows a fabricated device.

Experiments were conducted in triplicate at 50 fM, 5 fM, and 500 aM concentrations of
prostate specific antigen in phosphate buffered solution. Using only 1 µL of sample per
experiment, the concentrations correspond to approximately 30000, 3000, and 300
molecules in solution, several orders of magnitude below the current clinical detection
limit. Results similar to the control experiment (no PSA) were obtained when -
Galactosidase was used in place of PSA, thus demonstrating that the detection scheme
binds specifically to the target protein. Next, by spiking the target PSA protein into goat
serum, we were able to demonstrate the effectiveness of our microfluidic device in
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handling complex samples as shown in Figure 4. The control (no PSA) showed virtually
no signal, while the 500 aM and 5 fM samples stained in agreement with previous results.

Previously, the entire detection area was patterned with a unique single stranded DNA
sequence. In order to obtain multiplexing, a new approach was developed that employs a
microarrayer to deposit 200 micron spots of multiple DNA sequences. Initial experiments
employ two 2x2 arrays of unique DNA sequences. Alignment of the spots within the
microfluidic channels is achieved by first aligning the glass slide to a spotting template
followed by a second alignment of the microfluidic device to the slide using a microscope
and a custom made alignment tool. The results of 3 experiments containing different
combinations of DNA sequences are shown in Figure 5. The results demonstrate that a
unique barcode DNA sequence will bind specifically to the patterned complementary DNA
spot on the glass slide thus allowing for simultaneous detection of multiple proteins.
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Figure 1. Schematic diagram of the microfluidic device.

Figure 2. Microfluidic Device for carrying out the biobarcode assay in a sequential manner controlled
by valves.
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Figure 3. Experimental results for PSA detection in a microfluidic device

Figure 4. Experimental results of goat serum sample with (A) no PSA added (B) 500 aM final PSA 
concentration, and (C) 5 fM final PSA concentration.

Sequence 1 Sequence 2

Figure 5. Photograph images multiplexing experiments using (A) DNA sequence 1 (B) DNA
sequence 2, and (C) both sequence 1 and 2 present in solution.
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ABSTRACT
A polymer microfluidic device for the formation of artificial bilayer lipid membranes

(BLMs) on-chip is described. Using rapid fabrication techniques, devices were produced
from thin, transparent polymeric films, so as to enable simulataneous optical and electrical
monitoring of BLMs. BLMs have been successfully produced within the device.

Keywords: Lipid Bilayers, Rapid Fabrication, Microfluidics

1. INTRODUCTION
The development of microfabricated devices for the formation and study of artificial

bilayer lipid membrane (BLM) systems has wide-spread applications in areas such as drug
discovery [1], the production of ultra-sensitive biosensors and in fundamental biophysics
research (e.g. in single molecule fluorescence studies on membrane proteins). Various
groups have reported work on the formation, within microfabricated structures, of both
solid- and gel- supported BLMs [2] and of BLMs that are suspended across apertures in a
hydrophobic material [3]. At µTAS 2004 [4], we presented results on the formation of
BLMs across microfabricated apertures in suspended silicon nitride membranes and the
acquisition of single ion-channel recordings from these BLMs. Although numerous, well-
defined BLM sites may be produced using such technology, the resulting structures have
various drawbacks, including the fragility of the silicon nitride membranes and the large
shunt capacitances that can result from the use of thin dielectric films. As an alternative, this
paper describes the use of micromachined polymer devices for BLM formation; such
devices overcoming the aforementioned difficulties, whilst enabling the use of inexpensive,
rapid fabrication techniques [5].

2. EXPERIMENTAL
A cross-section of a polymer microfluidic device is illustrated in Figure 1. It consists of

an upper and a lower microfluidic channel, which were formed by hot embossing thin
poly(methylmethacrylate) films. These channels surrounded either side of a 50-100µm
diameter aperture (Figure 2), which was created by laser micromachining of a polymer film
(Laser Micromachining Centre, IBMM, University of Wales, Bangor).

Figure 1. Schematic illustrating a cross section of a polymer microfluidic device.
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So as to simplify the fabrication of the devices, the microfabricated stamps used to hot-
emboss the PMMA were created from hardbaked, dry-film photoresist films (Figure 3),
which were patterned lithographically using a low-cost polyester film mask. The channels
below and above the aperture were bonded together using either thermal bonding or solvent 
bonding techniques.

Figure 2. A 100µm diameter aperture laser
micromachined through a PMMA film.

Figure 3. A hot embossing stamp comprising a
hardbaked dry film resist on a glass substrate.

Various protocols have been investigated for the formation of BLMs. Typically, one of
the fluidic channels was filled with either an electrolyte solution (1 M KCl) or an electrolyte
gel (2% agarose gel containing 1 M KCl). A plug of lipid solution (2 mg ml-1 1,2-
diphytanoyl-sn-glycero-3-phosphocholine, DphPC, in n-decane) that was immediately
followed by a stream of electrolyte solution was then flown through the second channel, so
that it pased over the aperture. Ag/AgCl electrodes, which were immersed into both the
upper and lower fluidic streams, were used to monitor the change in capacitance as the fluid
flowed across the aperture, which was also observed optically. If the capacitance obtained
was lower than that expected for a BLM (approximately 0.5 µF/cm2), the fluid in either the
upper or lower channel was moved slowly backwards and forward across the aperture to
encourage thinning of the lipid film.

3. RESULTS AND DISCUSSION
A range of polymeric microfluidic devices have been fabricated with various microfluidic

channel geometries, including devices with combinations of straight microfluidic channels,
cross channels and double T-channels. These variations allowed for different methods of
injecting and controlling the movement of both the lipid and the electrolyte solutions. An
example of a such device is shown in Figure 4.

The production of both suspended BLMs (where there is fluid on both sides of the BLM)
and gel-supported BLMs (where one of the channels was filled with agarose gel) within
these devices was investigated. Initially filling one of the channels with either electrolyte
solution or gel and then passing an air/lipid/electrolyte interface across the other side of the
aperture appeared to be the most successful method of BLM formation. Generally, thinning
of the lipid to form a BLM (as determined by the measuring the capacitance) was not
observed immediately: movement of either the upper or lower fluid stream, back and forth
across the aperture, was required to encourage thinning of the lipid film. The flow rate of
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the fluid proved to be important – if the fluid was moved too quickly, the lipid membrane
generally broke. On occasion, rapid thinning of the lipid film was observed (Figure 5), but
further optimisation of parameters, including the volume of lipid injected and the flow rates
employed, is required to improve the reliability of the BLM formation process.

Figure 4: A dual-channel microfluidic device
with a cross-channel beneath an aperture
(situated at the centre of the illuminated spot)
and a straight channel above it.

Figure 5: Thinning of a lipid film across a 50µm
diameter aperture to produce a BLM.

4. CONCLUSIONS
Microfluidic devices possess a number of advantages for BLM analytical systems: they
allow for the rapid and controlled exchange of the medium surrounding the BLM; they
reduce the volume of reagents required (an important consideration when working with rare
membrane proteins); and, as the devices are produced from thin, transparent polymer films,
the BLM may be observed using a high numerical aperture lens, enabling the use of single
molecule detection techniques. Additionally, due to the simple fabrication procedures
employed, increasing the scale of the device is straightforward, allowing for the production
of numerous, individually-addressable BLM sites within a single microfluidic device. Future
work will concentrate on improving the reliability of BLM formation, on simultaneous
electrical and optical studies and on increasing the scale of the device.
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CONCENTRATION AND SEPARATION OF IONIC
ANALYTES USING NANO-MICROCHANNEL

JUNCTIONS
Nickolaj J. Petersen and J. Michael Ramsey

The University of North Carolina at Chapel Hill, USA

ABSTRACT
A fluidic device that includes a sample concentrator monolithically integrated with an

electrophoretic separation channel is presented. The concentrator consists of a junction
between a microscale and nanoscale channel. The concentration phenomenon is manifested
in the differences in electrically driven charge transport between the microscale and
nanoscale channels.

Keywords: Concentration, nanochannels, electrical double layer, interface conductivity

1. INTRODUCTION
The observed conductivity of a buffer solution present in a nanochannel can greatly

exceed its bulk solution conductivity (Figure 1). The increased conductivity can be
attributed to the counter ions present in the electrical double layer at the liquid/surface
interface and is proportional to the surface to volume ratio of the channel [1]. The increase
in conductivity is observed prior to double layer overlap conditions and modifies the ionic
transport. We have previously demonstrated the use of junctions between nano- and
microchannels for the concentration of charged analytes [1-3]. In this work, we couple a
sample concentration functional element with an electrophoretic separation channel and test
the system for the analysis of small ionic species.

2. THEORY
Electrical current through a glass channel results from electrophoretic mobility of ions in

the bulk fluid and within the electrical double layer. The bulk fluid has charge neutrality
while the electrical double layer contains predominately counterions (cations). As the
surface to volume ratio of a channel increases, cations carry an increasing proportion of the
current. As a result, applying a positive potential to a nanochannel connected to a
negatively biased microchannel leads to a concentration of ions at the nano- microchannel
junction [1-4]. At low current densities, charge neutrality will be maintained at the junction
since the increased arrival of cations is equal to the decrease in removal of anions.

3. EXPERIMENTAL
Devices combining micro- and nanochannels were fabricated by etching the nanochannel

(50 - 300 nm deep and 200 µm wide) in a coverplate prior to bonding to a cross-microchip
layout etched in the bottom substrate (Figure 2). The dimensions of the microchannels were
2 - 6 µm deep and 15 µm wide. The chips had a single sample reservoir covering both ends
of the nanochannel and a second sample reservoir at the end of the microchannel for
performing microchannel only injections (Figure 2). Standard pinched injections where
performed using only the microchannels (reservoir at nanochannels electrically floated) or
using the concentrator by applying a voltage between the nanochannels and the sample
waste reservoir during the concentration step (microchannel sample reservoir floated).
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4. RESULTS AND DISCUSSION
Figure 3b shows a fluorescence image of a concentrated sample at a nano-microchannel

junction. The time dependent increase in fluorescence during such a concentration operation
is shown in Figure 4. The speed of the sample concentration was dependent on the current
density and buffer system, as well as the dimensions of the nanochannel. Typically, the
concentration factor reaches a steady state value of 5 - 100x in less than 3 minutes. Injection
and separation of a sample mixture containing positive, neutral and negative analytes is
shown in Figure 5, with (b) and without (a) concentration. A bias is seen in the
concentration of analytes having different mobility’s. As the nanochannel dimensions or
buffer concentration is reduced an increase in the cation concentration factor is observed
while the injection of anionic analytes can be completely suppressed using the present
concentration strategy.

5. CONCLUSIONS
In theory the concentration of charged analytes at a nano-microchannel junction is

expected to be proportional to the concentration time and current. However a range of
effects causes the concentration to reach a steady state level. One limitation to the
concentration is caused by hydraulic pumping induced by the conductivity difference of the
nano- and microchannel [1]. Applying higher field strengths increases the initial speed of
the concentration but excessive field strengths lead to concentration polarization and a
reduction in achievable concentration. Concentration depolarization occurs when the charge
transport is higher than the diffusion rate of conducting ions to the nanochannel entrance at
the sample reservoir.
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Figure 1. Conductivity of sodium-tetraborate
buffer (0.01-100 mM) measured in glass
channels with depths ranging from 15 nm to 1
µm compared with the bulk buffer
conductivity.

Figure 2. Chip layout for sample concentration
and electrophoretic separation.

Figure 3. Visualization of rhodamine-6G
concentration at a micro-nanochannel junction.
All channels and reservoirs where initially
filled with 5 µM rhodamine-6G solution.
a) potential applied through the microchannel,
b) potential applied between nanochannels and
right-hand microchannel.

Figure 4. Concentration versus time;
nanochannel 100 nm deep, microchannel 6 µm
deep 15 µm wide, sample 5 µM rhodamine-6G
dissolved in 0.3 mM sodium tetraborate.

Figure 5. Run a) separation without concentration, b) using the concentrator (160 nm deep
nanochannel combined with 5 µm deep microchannel). Separation length 5 mm, E = 180 V/cm,
buffer: 0.3 mM sodium-tetraborate. Sample: 5 µM rhodamine-6G, 5 µM rhodamine-B base, 5 µM
dichlorofluorescein in 0.3 mM tetraborate. Migration order: 1) rhodamine-6G, 2) rhodamine-B
base, 3) dichlorofluorescein.



NMR STUDY OF LIQUIDS CONFINED IN
NANOCHANNELS

Takehiko Tsukahara1, 2, Akihide Hibara1, 3, and Takehiko Kitamori1, 2, 3
1 School of Engineering, the University of Tokyo, JAPAN
2 CREST, Japan Science and Technology Agency, JAPAN
3 Kanagawa Academy of Science and Technology, JAPAN

ABSTRACT
We have characterized molecular structural and dynamical properties of water and non-

aqueous solvents confined in sub-micrometer-sized channels (nanochannels) by NMR
spectroscopy, and verified protonic mobility dominates solvent properties in nanochannels.

Keywords: NMR, Confined water, Relaxation, Nanochannel

1. INTRODUCTION
Utilization of nanochannel can offer further integration of chemical processes on a

microchip. The nanochannel space can be also applied to research tools for characterization
of collective properties of liquid phase molecules. Our time-resolved fluorescent
measurements have shown that the viscosity and dielectric constants of water confined in
nanochannels are different from those in bulk [1]. Furthermore, we have measured size
dependences for 1H-NMR chemical shift and spin-lattice relaxation times (T1) of water, and
found that intermolecular translation and proton mobility of water change with decreasing
channel sizes, while the hydrogen bonding structures are kept [2]. These results have
suggested that glass surfaces affect on proton transfer rate of water (see Figure 1).

Herein, to evaluate validity of the idea, we examined the effects of 1H-T1 for the addition
of solutes as well as size dependences for 1H spin-spin relaxation time (T2), spin-locking
relaxation time (T1 ), and diffusion coefficients (D) of water. These results can
characterize proton exchange time.

Figure 1. Concept model for water
confined in nanochannels. Proton
ion would be transferred on
hydrogen bonding network like X
nm proton wire. (1) keeping of four
coordinated hydrogen bonding
networks (2) well-ordered water
molecules with O-H-O bond based
on the restriction of molecular
translation (3) induced unusual
proton hopping between water
molecule and adjacent one (4) high
protonic mobility induced by
localized proton charge distribution.
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2. EXPERIMENTAL
The nanochannels with equivalent diameter R (widths; 100 – 5000 nm, depths; 120 –

3000 nm) were fabricated on fused-silica substrates by electron beam lithography and fast
atom beam etching. The fabricated plate was thermally laminated with cover one in a
vacuum furnace at 1060 C, and was cut by diamond cutter for applying commercial NMR
apparatus. All 1H- and 2H-NMR spectra were measured using JEOL NMR spectrometers at
500MHz at 4-50 C without spinning. All samples, which were degassed by means of a
number of freeze-pump-thaw cycles, were filled in nanochannels under vacuum, and the
nanochannels were inserted into NMR sample tube.

3. RESULTS AND DISCUSSION
Figure 2 shows size dependences of 1H-T1 values in pure water and water containing

HCl or NaCl (0.2M). The addition of HCl provided significant difference from pure water,
whereas little difference could not observe in NaCl system. Since excess proton and
formation of Na+ ion hydrations prevail in these cases, respectively, this result indicates
that the variation of proton transfer rate influences sensitively on the confined water.
Figure 3 shows the plots of 1H-T1, -T2, -T1 values of water against R. All values decreased
drastically with decreasing in R, while the size dependences of 1H-T1 were different with
those of 1H-T2 and -T1 . The values at 230 nm were about a factor of 1/4 of those at 1500
nm, which have similar with bulk water. The order of T1 >> T1 T2 often appears in
compounds with high proton mobility and low diffusivity. In fact, the D value in 230 nm-
sized channel was observed to be reduced from 3.9 ×10-9 m2 sec-1 of bulk water to 9.6 ×10-

10 m2 sec-1. Furthermore, we presented the correlation between solvent polarity and size-
confinement effect for 1H-T1. As shown in Figure 4, T1exp/T1bulk (experimental/bulk of 1H-
T1) for water, methanol, ethanol, hexane showed similar size dependences. The T1exp/T1bulk
decreased in the order of water > ethanol > methanol > hexane systems, and the
enhancement rate from bulk to 230 nm was 6.0, 2.8, 1.8, 1.2, respectively. This order
seems to correspond to the magnitude of solvent polarity. From these results, we
concluded that protonic mobility dominates solvent properties in nanochannels rather than
hydrodynamic ones.

Figure 1 The size-dependences of 1H-T1 values for water ( ) and water containing 0.2M
HCl ( ) and NaCl ( ).



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1257

REFERENCES
[1] A. Hibara, T. Saito, H.B. Kim, M.Tokeshi, T. Ooi, M. Nakao, and T. Kitamori,

“Nanochannels on a fused-silica microchip and liquid properties investigation by
time-resolved fluorescent measurements,” Anal. Chem., 2002, 74, 6170.

[2] T. Tsukahara, A. Hibara, and T. Kitamori, “NMR studies on molecular structures and
dynamics of water confined in nanochannels,” Proceedings of TAS 2004, 2004, 189.

Takehiko Tsukahara, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656
Phone: +81-3-5841-7233, Fax: +81-3-5841-6039, E-mail: ptsuka@icl.t.u-tokyo.ac.jp

Figure 2 The size-dependences of
1H-T1 ( ), -T2 ( ), -T1 ( )
values for water.

Figure 3 The size dependences of
T1exp / T1bulk for water ( ), methanol-
OH ( ), ethanol-OH ( ), and
hexane ( ).
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ABSTRACT
We observed that water-filled nanochannels dried up to 1000 times faster than

predicted by vapor diffusional drying.  Here we show that this ultra-rapid water transport is
caused by very sharp channel corners siphoning (wicking) the water to the channel exit
before it evaporates. Evidence is also provided that these sharp corners make the drying
process independent of the relative humidity (RH) of the environment up to an RH of more
than 0.9. To our knowledge this is the first time that nanochannel drying has been
observed, and both the acceleration of drying and the independence of RH are highly
surprising.

Keywords: Corner flow, drying, nanofluidics, wicking

1. INTRODUCTION
Drying processes are important in the pharmaceutical, food and agricultural

industry as well as in soil science. Capillaries or channels offer the simplest drying model.
When capillaries or channels are dried in the atmosphere, water transport can take place by
three processes, namely vapor diffusion, by flow in a thin water film adsorbed to the surface
or by flow in corners or grooves (see figure 1) [1]. By using an array of sharp-cornered
nanochannels of different width, we were able to quantify corner flow.

2. THEORY AND EXPERIMENTAL
We assume that channels dry by three water transport processes to the

environment: film flow, corner flow and vapor diffusion (figure 1). Theory predicts that the
drying rate decreases with the square root of time and equals

wh
C

h
C

C
t

L cf
v

2

, (1)

where L is the total dry length of channel, CBvB, CBfB and CBcB indicate factors related
respectively to vapor flux, film flux and corner flow, h is the channel height and w the
channel width. As can be seen from eq.1, only the drying by corner flow depends on the
channel width. If we observe a dependence of drying rate on channel width, this will
therefore indicate that drying proceeds predominantly by corner flow. The magnitude of
the corner flow strongly depends on the sharpness of the corners as demonstrated in figure
2.  Corner flow in one 12 degree corner is 165 times larger than corner flow in two 90
degree corners for geometrical reasons and because of the decreased flow resistance [2].

We produced arrays of 75 nm high Pyrex nanochannels of 4 mm length and with
widths from 2 to 30 micrometer by wet etching and fusion bonding. Corner angles were
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12° due to under-etching of the photoresist. Channels were filled with water and drying
was observed as a function of RH in a regulated humidity chamber. Channels dried from
both sides, and total dry length L was recorded.

Figure 1 Vapor diffusion, film flow, and corner flow, contribute to the water flux out of the
channel and make the main meniscus move backwards. Channel has height h and width w.

2 corner angles of 90
corner angle of 12

water

r r

Figure 2 At any meniscus radius r (determined by the local RH) much more liquid is held in
acute-angled corners than in blunt ones. Because the flow resistance is also smaller for
sharper corners [2], acute-angled corners strongly enhance liquid transport.

3. RESULTS AND DISCUSSION
The snapshot of a drying channel array in figure 3 clearly shows that narrow

channels dry faster. Figure 4 shows drying rates as a function of 1/w (compare eq.1) at two
RH values. The good match between measurement results and theoretical predictions
proves the predominance of corner flow. Two phenomena are apparent. Firstly the drying
rate at 92% RH is between 100 and 1000 times faster than drying by vapor diffusion (also
shown), illustrating the importance of the corner flow effect. Secondly drying at the RHs of
43 and 92% is equally fast. The reason for this counterintuitive phenomenon is that there
hardly exists an axial RH gradient in the channel in a corner flow-dominated drying process
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due to the low transport resistance of the corner flow path so that no dependence on external
RH arises. The results of this study can be very useful for the design of micro heat-pipes
[3] and also for clothing design. In both cases efficient wicking is of prime importance.

Figure 3 Snapshot taken 27 seconds into the drying of a channel array at a RH of 91.8%.
Channel sections that have dried up appear white on the photo. The 4 mm long channels
dry from both ends; the middle part of the array has been omitted for clear viewing.

Figure 4 Measured drying rates (RH 43% and 92%) against reciprocal channel width and
theoretically predicted curves (continuous lines bold 43%, thin 92%) using equation 1. The
slope of the continuous lines indicates the width-dependent contribution of the corner flow.
Dotted lines are the theoretical drying rates for drying by vapor diffusion alone.
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HIGHLY EFFICIENT PROTEIN CAPTURE AND
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ABSTRACT
Demonstrated here is a unique, and previously unreported, template-assisted polymerization
pattern transfer method for the tailor-made fabrication of ultra-high-aspect-ratio (up to
1600:1) nanostructures (nanopillars) integrated into polymer-based MEMS devices.
UHARN pillars are readily surface modified with proteins and aptamers via resist-free
patterning methods to afford enzyme reactors and protein capture beds with unprecedented
surface-to-volume ratios (from 1 x 104 cm-1 to up to 6 x 104 cm-1 versus ~500 for open
channels), resulting in rapid enzyme consumption of substrates and high efficiency capture
of target analytes.

KEYWORDS: Protein capture, Pillar array, Enzyme reactor, Nanofabrication 

INTRODUCTION
Great interest exists in the fabrication of high-density protein-capture arrays and enzymatic
reactors, because they have the potential to dramatically increase the throughput of
proteomic analysis and drug screening [1]. In addition, the preparation of nanostructured
materials with nanometer-scale periodicity is key to the success of high-surface-area 
detection strategies (arrays, immunoarrays) and high efficiency separation methods (CEC,
Sieving) [2]. However, there is an unmet demand for simple fabrication methods that allow
production of integrated nanostructures in microfluidic devices.

EXPERIMENTAL
Anodic aluminum oxide (AAO) replication templates were prepared via a two-step
anodization process [3], and free-standing poly(methyl methacrylate), PMMA, nanopillars
were formed by photopolymerization of monomer in the template [4]. Immobilization of
proteins and aptamers was achieved as previously described [5] with minor modifications.

RESULTS AND DISCUSSION
The pore diameter, spacing and order of the AAO template can be very carefully controlled
via electrochemical parameters so as to yield hexagonally ordered templates with pore
densities of 108-109 cm-2. By combining a freeze-drying process with AAO template-
assisted polymerization pattern transfer, we have successfully developed an approach to
preparing noncollapsed and free-standing polymeric nanopillars as shown in Figure 1.
Antibody or avidin arrays [5] can be formed on these high-surface-area nanopillars in
microchannels, allowing for capture of cancer biomarkers or phosphorylated proteins.
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AQUEOUS ELUTION CONTROL IN WETTABILITY
MODULATED MICROCHANNELS GRAFTED WITH

THERMORESPONSIVE POLYMERS.

Naokazu Idota 1,3, Akihiko Kikuchi 2,3, Jun Kobayashi 2,3,
Kiyotaka Sakai 1, and Teruo Okano 2,3

1 Waseda University, Japan 2 ABMES, Tokyo Women’s Medical University, Japan 
 and 3 CREST, Japan Science and Technology Agency.

ABSTRACT
Temperature-dependent aqueous wettability of poly(N-isopropylacrylamide)

(PIPAAm)-grafted surfaces was regulated by grafted polymer layer thickness and basic
hydrophobicities of the polymer-grafted surfaces. Thermoresponsive surfaces with
controlled polymer layer thickness were prepared by surface-initiated atom transfer radical
polymerization (ATRP). Static contact angles for both surfaces were drastically changed
in response to temperature alteration. Hydrophilic property of PIPAAm-grafted surfaces
depends on polymer layer thickness at low temperature range. More hydrophobic surface
properties were observed for poly (n-butyl methacrylate) (PBMA)-b-PIPAAm-grafted
surfaces than IPAAm homopolymer-grafted surfaces above PIPAAm’s transition. The
changes of static contact angles for both surfaces were drastically changed in response to
temperature alteration temperature. Well-defined thermoresponsive microchannels were
then fabricated for elution control of steroids through the modulation of surface
characteristics by temperature. Using PIPAAm-grafted hollow capillaries, baseline
separation of steroids was successfully achieved within 10min by changing only
temperature. Furthermore, the hydrophobic testosterone showed stronger hydrophobic
interaction on more hydrophobized PBMA-b-PIPAAm-grafted surfaces above the
PIPAAm’s transition temperature.

Keywords: Thermoresponsive polymer, atom transfer radical polymerization,
hydrophobic interaction, block copolymer.

1. INTRODUCTION
Surface modification with thermoresponsive polymer, PIPAAm, has recognized as one

of the most attractive methods for preparation of intelligent materials responding to external
temperature changes. Typical examples are; thermoresponsive cell culture dishes [1] for
cell sheet engineering applications [2], and aqueous chromatography systems [3].
Recently, many attentions have been paid to surface-initiated ATRP, in which well-defined 
polymer brush structure can easily be prepared from solid surfaces densely immobilized 
with ATRP initiators [4]. In addition, preparation of block copolymer-grafted surfaces is
achieved simply via sequential polymerization of two types of monomers from the surfaces
[5]. In the present paper, we prepared well defined PIPAAm and/or
PBMA-b-PIPAAm-grafted brush surfaces on microchannel inner walls of hollow glass
capillaries, and investigated temperature dependent interaction changes of
thermoresponsive surfaces with hydrophobic biomolecules within the microfluidic systems.
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2. EXPERIMENTAL 
An ATRP polymerization initiator was introduced onto glass coverslips and/or fused

silica capillary ( 50 mm) surfaces by silanization reaction. CuCl, CuCl2, and
tris(dimethylaminoethyl)amine were dissolved in degassed IPAAm monomer aqueous
solution. PIPAAm was then densely grafted by polymerization on the
initiator-immobilized surfaces at 25°C. BMA-b-PIPAAm-grafted surfaces were prepared
by polymerization of IPAAm via PBMA-pregrafted surfaces. Two types of
PIPAAm-grafted capillaries were connected to an HPLC system, and separation of
hydrophobic steroids with aqueous mobile phase was monitored (UV 254nm) at various
temperatures.

3. RESULTS AND DISCUSSION 
Both PIPAAm graft layer thickness and surface roughness were measured at different

reaction times in ATRP using non-contact mode atomic force microscope (AFM) in air.
PIPAAm-grafted layer thickness on the surfaces linearly increased, while surface roughness
decreased at the same time with increasing polymerization time. Effects of grafted
polymer layer thickness on thermoresponsive aqueous wettability changes were
investigated by means of static contact angle measurements on PIPAAm-grafted glass
surfaces. PIPAAm-grafted surfaces showed more hydrophilic properties below 30°C with
increasing polymerization time, while hydrophobicity was almost constant regardless of
polymerization time above the transition temperature (Fig. 1). Aqueous wettability of
PBMA-b-PIPAAm-grafted surfaces changed at identical temperature of PIPAAm transition,
and water contact angles above the LCST indicated more hydrophobic nature than IPAAm
homopolymer-grafted surfaces (Fig. 2). This result should be due to strong hydrophobic
aggregation of PIPAAm chains induced by more hydrophobic PBMA segments in grafted
chains through strong cohesion of PIPAAm chains.

Hydrophobic steroids strongly and effectively interacted with PIPAAm-grafted
capillary surfaces at 50°C (Fig. 3a), and the retention time of more hydrophobic steroid,
testosterone, significantly extended with increasing temperature. This result indicates that
hydrophobic interaction between the surfaces and steroid molecules is the primary driving

Fig. 1 Temperature-dependent contact 
angle changes for PIPAAm-grafted
surfaces prepared by ATRP. Reaction
time; square 1h, asterisk 3h, triangle 5h,
closed circle 7h, diamond 10h.

Fig. 2 Temperature-dependent cos for
PBMA-b-PIPAAm-grafted surfaces prepared by
sequential ATRP. Symbols; open circle: PBMA,
closed triangle: initiator-immobilized surfaces,
open square: PBMA-b-PIPAAm, closed diamond:
PIPAAm (reaction time: 2h).
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force. More extended interaction was observed for hydrophobic testosterone interacted
with PBM-b-PIPAAm-grafted surfaces than PIPAAm-grafted surfaces at 50°C (Fig. 3b).
As PBMA-b-PIPAAm-grafted surfaces show stronger hydrophobicity at high temperature,
testosterone molecules was effectively retained with more hydrohobized surfaces without
diffusion into the polymer layers. In addition, baseline separation of steroids in both
thermoresponsive capillaries was successfully achieved within 10 min simply by increasing
temperature.

4. CONCLUSIONS
PIPAAm-grafted surfaces can be prepared in microchannel inner walls of capillaries

by surface-initiated ATRP. Thermoresponseive wettability can simply be regulated by
polymer compositional chnages and layer thickness. Elution control of steroids was
achieved by thermoresponsive difference of hydrophobic interaction with PIPAAm-grafted
capillary surfaces. As the interaction of biomolecules can be controlled only with
temperature under aqueous environment, well-defined thermo-responsive surfaces in
microchannels should be useful for separation of wide ranges of bioactive molecules.
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Fig. 3 Chromatograms of steroids for thermoresponsive capillaries at various temperatures.
a; PIPAAm-grafted surfaces, b; PBMA-b-PIPAAm-grafted surfaces. Peak, 1: cortisone, 2:
testosterone. Eluent; water, sample volume; 80 nL, flow rate; 5 mL/min, detect; 254 nm.



FAST SELECTIVE SURFACE MODIFICATION OF 
MICROFLUIDIC PRINTHEADS FOR IMPROVEMENT 

OF DROPLET EJECTION
Oliver Gutmann1, Chris P. Steinert1, Gregor Dernick2, Bas de Heij1, Christof

Fattinger2, Ulrich Certa2, Roland Zengerle1 and Martina Daub1

1 IMTEK- University of Freiburg, Georges-Koehler-Allee 103, 79110 Freiburg, Germany
2 F. Hoffmann-La Roche AG, Grenzacherstrasse 124, 4070 Basel, Switzerland

ABSTRACT
In many microfluidic devices a bifunctionalization with hydrophilic and hydrophobic

surfaces is required. Here we present an improved, fast and easy applicable selective
hydrophobic coating method, which we applied for functionalization of microfluidic
printheads. During optimization three different coating methods were tested with three
different hydrophobic silanes. Best results were achieved by coating both microchannels
and nozzle array followed by a rehydrophilization of microchannels with O2-plasma, while
polydimethylsiloxane (PDMS) was used to mask the hydrophobic coating of nozzles array.
Characterization studies showed improved homogeneity of droplet speed and spot spacing,
even with sticky or wetting printing media.
Keywords: hydrophobic coating, bifunctionalization, microarray production
INTRODUCTION
Filling of many microfluidic systems is based on capillary forces of microchannels.

While these need to be hydrophilic for optimal performance, hydrophobic areas are needed
for reliable channel separation or droplet ejection.

The reusable microfluidic printhead TopSpot® (Fig. 1) is used for printing of DNA,
protein, and living cell microarrays [1]. The TopSpot® technology is based on a
micromachined printhead, allowing the simultaneous ejection of 24 and 96 different
samples in one step, respectively. The printing probes are contained in reservoirs and can be
filled automatically by standard liquid handling robots. Every reservoir is connected with
one nozzle in the central area of the print head (nozzle array) via an etched microchannel
system in the silicon wafer. Liquid is drawn to the nozzles by capillary forces. A piezostack
actuator (Fig. 1) generates a pressure pulse that simultaneously affects all nozzles of the
printhead to expel the droplet array.

During the fabrication process of printheads the nozzle array is coated by default with the
hydrophobic coating method according to Breisch et al. [2]. The non-wetting properties of
the nozzle array ensure homogenous ejection of the droplets. However, the hydrophobic
coating degrades after several uses. Thus a fast, reliable and easy applicable re-coating
method is required for reproducible performance.
EXPERIMENTAL
To optimize the selective hydrophobic coating method of the printhead nozzle array three

different silanes were tested: Perfluorodecyltrichloro-silane (PFTCS, ABCR, Germany),
Hexa-methly-di-silazane (HMDS, Fluka, Germany), Fluka silanization solution II
(containing dimethyldichlorosilane, Fluka, Germany).

Different coating methods were applied for the bifunctionalization of printheads. O2-
plasma cleaning (removal of organic impurities) and activation of silicon surface
(hydroxylation of silicon oxide) was used in all coating protocols. Immediately after plasma
treatment different silane solutions were applied to the printheads. During the optimization
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we also varied coupling times of silanes on the printhead nozzles surface from a few
seconds up to 1 hour.

The different coating methods can be subdivided according to their basic strategy:
1. protecting of hydrophilic microchannels by filling with water or photoresist before
hydrophobic coating of nozzle surface, 2. preventing penetration of hydrophobic silane into
the microchannels by applying pressure [2] and 3. hydrophobic coating of both nozzle
surface and microchannels, followed by selective removal of hydrophobic coating within
microchannels in an additional processing step (detailed coating procedure see Fig. 2).

Characterization studies of different hydrophobic coatings of the nozzle array were
performed by printing of sticky printing media (plasmid DNA) and wetting printing media
(high concentration of surfactants). A stroboscopic camera was used to measure
homogeneity of droplet diameter and speed during flight. Another camera captured spots
right after printing and an integrated software automatically measured spot diameter and
spacing on the substrate. Non-ideal surface functionalization or actuation parameters lead to
wetting of the nozzle surface during printing, causing ring shaped depositions around the
nozzles that are visible under the microscope.
RESULTS AND DISCUSSION
The use of water or photoresist to protect the microchannels from coating had the risk of

leakage out of the nozzles causing non-coating of nozzle surface and therefore leading to
less reproducible droplet ejection. Additionally, removal of photoresist required laborious
washing steps of microchannels. The second coating method needs an elaborate setup for
applying pressure is neither a fast nor an easy applicable selective hydrophobic (re-) coating
method. Also, the gas flow applied during the coating process has a pronounced influence
on the penetration depth of silane [2]. Presumably small variations in adjustment of gas
flow led to batch to batch variances of coating process.

Best hydrophobic coating results were achieved by incubation of the whole printhead
with PFTCS for 10 s followed by selective removal of the hydrophobic coating from
microchannels by O2-plasma. The hydrophobic coating of the nozzle array is masked by
PDMS (Sylgard 184, Dow Corning, U.S.A.) during the plasma treatment (Fig. 2). The
conformal contact between elastomer and nozzle surface ensures reproducible protection of
the hydrophobic coating.

Printing of sticky salmon-sperm DNA (150µg/ml) and wetting cell lysates (with high
concentration of surfactants) showed that on nozzle arrays coated with HMDS or Fluka
silanization solution II wetting of surface occurred, whereas with PFTCS no wetting was
observable (Fig. 3). Images of droplets during flight showed that printheads freshly coated
with the optimized coating method no. 3 led to improved uniformity of droplet diameter
and speed (Fig. 4). With it we achieved reproducible 250µm spacing of spots with CVs of
fluorescence signal below 5%. We were also able to print oligonucleotides into standard 96
well plates over a droplet flight distance of 1cm (Fig. 5).
CONCLUSION
In this work we developed a selective hydrophobic coating method for a printhead nozzle

array. The method is fast (total operating time only 5 min.), easy applicable and reliable.
Characterization studies showed the improved performance compared to the former
standard coating method [2]. Highly reproducible droplet volume, speed and spot position
were achieved. This method is not limited to TopSpot®, but also applicable to dispensing
piezo tips or other microfluidic systems.
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a. b. c. d.

e. 10mm f. 10mm
Figure 1. TopSpot® working principle:
a. Filling of the printhead reservoirs,
b. placing a piston into the printhead,
c. actuation by moving of the piston,
d. retraction of the piston. e. top view of
printhead: reservoirs and actuation
chamber, f. bottom view: nozzle array,
which has to be hydrophobic to achieve
homogenous droplet ejection.

a.

b.

c. 

d.

e. 

actuation chamber

nozzle array

printhead top side

Figure 2. Schematic cross-section of
selective hydrophobic coating method of
printhead nozzle array: a. O2-plasma 
activation of silicon surface b. incubation
(10 s) of nozzle surface with PFTC silane
(white) c. removal of unbound silane by
rinsing with acetone and deionized water
d. masking of nozzle array with PDMS
(grey), removal of bound silane in
microchannels and nozzles with O2-plasma
e. only PDMS masked surfaces are coated
with silane. 

a. 500µm b. 500µm

Figure 3. Image of nozzle array: Testing
of hydrophobic silanes by printing sticky
salmon-sperm DNA (150µg/ml). On nozzle
arrays coated with HMDS a. wetting of
surface occurred (rings around black
nozzles), but with PFTCS b. no wetting is
observable.

a. 500µm b. 500µm

Figure 4. Images of droplets during flight
a. new printhead with standard coating
according to Breisch et al. [1]
b. printhead freshly coated with new
method led to improved homogeneity of
droplet diameter and speed. 

              a.  500µm               c.     1000µm

                            b.                      1000µm

Figure 5. a. Image of wet spots: improved
coating led to very low deflection of spots
on the substrate and enabled reliable
printing of 250µm pitched microarrays.
b. & c. fluorescence images: b. CVs of
printed Cy3 labeled oligonucleotides
below 5% c. Cy3-oligos directly printed
into a 96 well plate. 
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ABSTRACT 
 We demonstrate a new grade of non-covalent heparin surface that adds efficient 
anticoagulant property to the poly(dimethylsiloxane) (PDMS) material. The surface 
modification is a simple and fast one-step process performed at neutral pH, optimal when 
working with closed microsystems. The heparin formed a uniform and functional coating on 
hydrophobic PDMS, evaluated with fluorophore labeled antithrombin. In addition, long-
term studies revealed that the immobilized heparin was more or less stable in microchannels 
over a time of three weeks. 
Keywords: Biocompatible, Heparin, PDMS, Surface modification 
 
1. INTRODUCTION 
 When working with blood or plasma samples, the most prominent effect of the sample-
surface interaction is an activation of the coagulation system, with polymerized fibrin as the 
end result. Anticoagulants can be added to the initial sample to avoid the problem, but this 
way of diminishing coagulation can give rise to a second problem. Depending on the 
detection method used further down in the system, low concentration analytes get quenched 
in a surplus of anticoagulants.  
 
The Corline Heparin (Corline Systems AB, Uppsala, Sweden) surface has proven to reduce 
coagulant reactions when immobilized on various materials [1, 2], but the applied coating 
process involves numerous coating steps [3].When working with closed microsystems, a 
time-efficient coating process involving as few steps as possible is of greatest interest from a 
practical point of view. This was of main interest when developing the Hep-Conj-SH 
heparin, a special grade of the Corline Heparin Conjugate.  
 
2. THEORY 

The original Corline Heparin Conjugate consists of a 50 kD polymeric amine carrier 
chain onto which seventy heparin molecules have been covalently attached using the 
heterobifunctional coupling reagent SPDP. The special grade of the conjugate used in this 
study was instead prepared with approximately fifty heparin chains linked to each carrier 
chain, leaving about twenty positions free for thiolation. The resulting heparin conjugate, 
schematically presented in Fig. 1, was immobilized onto both native and corona plasma 
oxidized PDMS and further investigated for its functionality and stability. 
 
3. EXPERIMENTAL 

A PDMS device, constructed for blood cell separation from whole blood and described 
elsewhere [4] was washed with 0.15 M NaCl prior to coating. The complete system was 

FUNCTIONALITY AND STABILITY OF HEPARIN
IMMOBILIZED ONTO POLY (DIMETHYLSILOXANE)
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filled with 0.1 mg mL-1 (0.15 M NaCl) HepConj-SH and incubated for 30 min. Careful 
washing with sodium chloride completed the coating process.  
 
The antithrombin-binding sequence of heparin must be sterically available to maintain the 
anti-coagulation effect. Alexa488 labeled anti-thrombin (AT) was diluted to ~ 1 U mL-1 and 
incubated for 10 min in HepConj-SH coated hydrophilic and hydrophobic devices. 
Extended washing followed to eliminate nonspecific bound AT before fluorescence 
microscopy evaluation (FITC filter EX 465-495 nm).  
The suppression of fibrin formation was measured by initially coating six 
spectrophotometry cuvettes with a thick layer of PDMS. Three of these cuvettes were 
HepConj-SH immobilized, while the remaining ones were sodium chloride washed and used 
as controls. Citrate dialyzed human control plasma was recalcified (20 mM CaCl2) and 
fibrin formation was detected by absorbance measurements at 600 nm and 37 ºC. 
For long-term stability studies, four hydrophobic devices were heparin coated, emptied and 
stored at room temperature. With one week interval, a single device was sodium chloride 
washed, flushed with AT-alexa488 and scanned with a Zeiss LSM 510 Meta confocal 
microscope, Argon 488 nm laser.  
 
4. RESULTS AND DISCUSSION 

Fig. 2 shows HepConj-SH coated hydrophobic and hydrophilic closed microchannels, 
where alexa488 fluorophore labeled AT indirectly gives an image of the heparin surface. 
The hydrophobic coated device (Fig. 2a) shows an even fluorescent surface, indicating a 
stable and uniformly immobilized heparin coating. The corresponding areas in the 
hydrophilic heparin coated device (Fig. 2b) indicate a more unstable and less coated PDMS 
surface. We presume the successful coating of hydrophobic PDMS to arise from hydrogen 
bonding between sulfhydryl groups of the heparin conjugate and oxygen atoms in the 
repeating polymer unit -(O-Si(CH3)2)-, while poor coating of oxidized PMDS is explained 
by electrostatic repulsion from ionized silanol groups (-Si-O-) and low molecular weight 
PDMS chain diffusion to the surface. 

 
Fig. 3 shows how the heparin coating effectively suppresses fibrin formation, i.e. plasma 
coagulation, compared to plasma in contact with native hydrophobic PDMS. 
Long-term stability tests of the coating confirms that the immobilized heparin is stable and 
functional for at least 21 days when stored in air at room temperature. The surface changes 
from smooth, covering all walls at t = 0, to more rough appearances with minor faults at t = 
21 (Fig. 4).  
 
5. CONCLUSIONS 
 The newly developed heparin conjugate is here proven to add effective biocompatible 
properties to the PDMS surface. Immobilized HepConj-SH forms a uniform and stable 
surface on hydrophobic PDMS that effectively suppresses fibrin formation in human 
plasma.The authors believe that the easy applied heparin coating presented in this study 
might enable and greatly facilitate the use of PDMS, when working with biological samples 
such as whole blood or plasma. 
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Figure 1. Schematic drawing of 
the HepConj-SH conjugate. 
 
 

Figure 2. HepConj-SH coating stability of 
(a) hydrophobic and (b) hydrophilic PDMS.  
Scale bar, 200 µm. 

 
 
 
 
 
 
 
Figure 3. Fibrin formation (Abs 600 nm) in recalcified human plasma. Three of the native 
PDMS samples were heparin coated prior to incubation.   
 
 
 
 
 
 
 
 
 
 
Figure 4. Long-term evaluation of the HepConj-SH coating. (a) Directly after coating, t=0; 
(b) t=7 days; (c) t=14 days and (d) t=21 days. 
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ABSTRACT
 We prepared multi-step “Laplace pressure valves” in a TiO2 modified microchannel by 
photocatalytic analog lithography (PAL). Utilizing the Laplace pressure valves, 11-nL 
liquid dispensing and a reaction chamber with 3-step Laplace pressure valves were 
successfully prepared. By combining them, volume regulated analysis systems such as a 
microchip titration system can be constructed. 

Keywords: Photocatalyst, Fluid control, Laplace pressure valve, Wettability 

1. Introduction
 Fluid control in microchannels is one of the important technologies. By using 
micromachining technologies, micropumps and microvalves have been miniaturized. 
However, fabrication of those devices requires complex and many processes. Surface 
properties, especially wettability, strongly affected fluidic characteristics in microchannels.

Hydrophilic
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(b)

r
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r: Hydraulic radius
: Surface tension
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Fig.1 Laplace pressure valves
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surface (b) Narrower hydrophobic
channel (c) Multi-step Laplace pressure
valves prepared by PAL
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(c)

Fig.2 Shematic illustration of  PAL
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ODS to prepare hydrophobic surface. (b)
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h yd r op h i l i c  by p h o t oc a t a l yt i c
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photocatalytic analog lithography(PAL).
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In the previous studies [1-4], it has been shown that the patterned hydrophilic-hydrophobic 
surfaces or narrower hydrophobic channels (Fig. 1a,b) induced a pressure barrier (PB)
based on the difference of Laplace pressures (Laplace pressure valve). On the other hand, 
we have integrated TiO2 into microchannels as one of chemical functional units and 
demonstrated efficient photocatalytic reaction [5]. The wettability of a TiO2 modified 
microchannel can be patterned spatially and be controlled by light intensity in a wide range 
of superhydrophilic-superhydrophobic (photocatalytic analog lithography; PAL, Fig. 2). 
Therefore, by utilizing PAL, multi-step Laplace valves, which have different PBs, can be 
easily prepared in a microchannel. In this study, we applied PAL to a nanolitter liquid 
dispenser and a micro chamber with 3-step Laplace valves aiming to construct volume 
regulated analysis systems such as microchip titration systems. 

2. Photocatalytic Analog Lithography (PAL) 
 TiO2 suspension was introduced into a microchannel, dried and sintered at 400 °C. Then, 
octadecyltrichlorosilane toluene solution was introduced to make ODS-TiO2 modified 
microchannel (OTM). As shown in Fig.3, the wettability was controlled by UV irradiation 
time in the  range of 167 °- almost 0 °.

3. Nano Litter Liquid Dispenser 
 Laplace pressure valve by PAL was applied to liquid dispensing process. As shown in 
Fig. 4, a part of Y-shaped OTM was irradiated to make the Lapalace valve. When an 
aqueous liquid were introduced from Ch 1 (Fig. 4b), the liquid stopped by the Laplace 
valve. By applying pressure (PA <PB) from Ch 2, a liquid fragment was left in Ch 3 and 
pushed away by applying higher pressure. In the present experiment, 11-nL liquid fragment 
can be measured, which was controlled by the irradiated area. 
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4. Reaction Chamber with 3-step Laplace Pressure Valves 
 The 3-step Laplace pressure valves, which had 3 different PBs, was prepared by UV 
irradiation time controlled PAL (Fig. 5). The fluorecein aqueous solution was introduced 
into Ch 1 with applied pressure PA. When PA was smaller than P1, the liquid was not able to 
enter the chamber. At PA > P1, the chamber was filled with the liquid, while the liquid did 
not leak out of the chamber. As PA increased, the liquid entered Ch 2 (PA>P2) and Ch 3 
(PA>P3). We successfully demonstrated that 3-step Laplace valves by PAL worked well as 
expected.

(a) Channel 
W:100 µm
D:30 µm 1. PA<P1 2. P1<PA<P2

3. P2<PA<P3

Chamber (500 µm x 500 µm x D30 µm)

Fluorecein aq.
(PA)

4
P2

0 (min)
P3

UV irradiation time : 8
Pressure barrier : P1 <<

4. P3<PA

OTM 
W:100 µm
D:17 µm

Ch 2

Ch 3Ch 1

Fig. 5 Fluid control utilizing multi-step Laplace valves
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4
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Pressure barrier : P1 <<
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W:100 µm
D:17 µm

Ch 2

Ch 3Ch 1

Fig. 5 Fluid control utilizing multi-step Laplace valves

(b)

5. Conclusions 
 The nanolitter liquid dispenser and the reaction chamber with the multi-step Laplace 
valves were prepared. By combining them, the volume regulated analysis systems including 
titration can be constructed. 
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ABSTRACT
 The specific aim of this study is to establish ‘smart’ microfluidics for affinity separations, 
clinical diagnostics, and enzymatic reaction systems using stimuli-responsive polymers. 
Modification of polydimethylsiloxane (PDMS) channels with temperature-responsive 
poly(N-isopropylacrylamide) (PNIPAAm) was performed for imparting biospecificity to 
the PDMS microchannels. Microchannels with this inherent biospecificity are applied in 
exciting new microfluidic systems which show an ‘on-off’ switchable trap for the capture 
and release of target nanobeads.
Keywords: Poly(N-isopropylacrylamide), Smart polymers, UV graft polymerization, 
Surface modifications 

1. INTRODUCTION
 ‘Smart’ polymers are environmentaly sensitive polymers that respond to small changes 
in environmental stimuli with large, sometimes discontinuous changes in their physical 
state or properties. Therefore, one of the important application in this field is ‘on-off’ 
switching of biological activity [1]. We have already demonstrated a smart stationary 
affinity chromatography matrix composed of latex beads modified with a thermally 
sensitive polymer, PNIPAAm, and monoclonal antibodies for the target molecules [2, 3]. 
The smart beads demonstrated to adhere onto the channel walls to capture the target 
molecules above the lower critical solution temperature (LCST) of PNIPAAm, and they 
quickly eluted from the channel walls below the LCST. The work presented here 
demonstrates smart microchannel walls chemically modified with PNIPAAm to facilitate 
their quick and clear release from the surface. 

2. EXPERIMENTAL 
Fig.1 depicts the channel modification process. The channel used in this study has 

dimensions of 0.1 mm high by 0.5 mm wide. Benzophenone was flowed into the channel 
followed by extensive washing with water. Monomer solution was loaded into the channel 
followed by UV irradiation. Poly(ethylene glycol) (PEG)-grafted surfaces were also 
prepared using PEG diacrylate (PEGDA, Mn:575) as the monomer unit. The contact angle 
measurement of a water droplet was used to measure the changes in the surface 
hydrophobicity of the flat surfaces. The change of water meniscus height inside of the 
grafted PDMS channel was also monitored at various temperatures. For the beads 
aggregation assays, a suspension of the surface modified 100-nm latex beads with 
PNIPAAm was introduced to the polymer-grafted PDMS channels to observe the ‘on-off’ 
reversible adhesion onto the grafted surfaces under a flow rate of 10ul/min at 20 and 40°C. 
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Figure 1. PNIPAAm-modified PDMS microchannels were prepared by UV-mediated graft
polymerization.

3. RESULTS AND DISCUSSION
The successful grafting of polymer onto PDMS is shown in Fig.2. PNIPAAm-grafted

surfaces demonstrated temperature responsive changes in contact angles (Fig.2A). The 
wetting property was also evaluated by observing the extent water meniscus elevation
inside a grafted microchannel (Fig.2B). The elevation below the LCST was remarkable,
while the degree of the capillary action became negligible above the LCST. Next, a 
suspension of the PNIPAAm-modified beads were introduced to the polymer-grafted
PDMS channels. When the temperature in the channel was raised above the LCST of 
PNIPAAm, the beads aggregate and adhere to the walls of the PNIPAAm modified channel 
while PEGDA-grafted PDMS did not show this effect (Fig.3). The beads adhered 
uniformly onto PNIPAAm-grafted PDMS compared with that on bare PDMS. Below the
LCST, however, the PNIPAAm-beads were observed to quickly dissolve and elute from the
PNIPAAm-grafted channel walls, while some of the beads did not desorb from the bare
PDMS surface, even under shear conditions. These results correspond well to the data from
contact angle measurements. Modification of microchannels with PNIPAAm has shown to
facilitate their quick and clear release from the surface. 

4. CONCLUSIONS
The widely used microfluidics material, PDMS, was modified with temperature-

responsive PNIPAAm by UV-mediated graft polymerization. The surfaces prepared by this 
method demonstrated a large surface wettability change in response to temperature change. 
The surfaces also demonstrated the ability to trap nanobeads on the channel walls above the 
LCST while facilitating the rapid release from the surface below the LCST. This novel
microfluidic channel would be useful for many applications, such as affinity separation,
immunoassays, and enzyme bioprocesses, by the controlled capture and release of target
molecules.
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Figure 2. Wetting properties on the surfaces were evaluated by observing (A) water contact 
angles at 20 and 40°C, and (B) capillary rise of water in the PNIPAAm-grafted channel (B).

Figure 3 Photographs of the PNIPAAm-grafted nanobeads inside of ungrafted (A), 
PNIPAAm-grafted PDMS surfaces (B), and PEGDA-grafted (C). The beads were exposed 
at 40°C for 5minutes under 10ul/min of flow rate (left images), and then exposed at 20°C
for 5minutes under the same flow rate (right images).
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ABSTRACT 
This paper reports a simple and fast method for the fabrication of porous 

poly(dimethylsiloxane) PDMS from crosslinking emulsion. The initial results of 
the research aiming at the development of a technique for the formation of a 
porous PDMS layer on the channel walls. 

Keywords: hydrophobic surface, microchannel coating, porous 
poly(dimethylsiloxane). 

INTRODUCTION 
Microchannels are essential parts of any microfluidic system. Their 

function is not only transport of liquid between particular units of a system but also 
mixing of reagents, performance of reactions, and separation. Channels with high 
surface area are considered as a key element of microreactors [1]. Porous polymer 
monoliths have proven to be useful on the separation-based microsystems [2], and 
also as a static mixers [3] or a part of electro-osmotic pump [4]. Several methods 
for the fabrication of porous channels have been developed. A UV-initiated 
polymerization for fabrication of porous polymer monoliths has been investigated 
by Frechet et al. [5]. Electrochemical etching is utilized to form porous silicon 
channels [1]. K. D. Harris et al. demonstrated GLAD (glancing angle deposition) 
technique to coat glass microchannels with evaporated films of SiO2 [6].  
EXPERIMENTAL 

The purpose of this work is to propose a novel fabrication method to obtain 
porous PDMS layer inside cylindrical channels. Porous PDMS was prepared by 
emulsion polymerization technique. The prepolymer was prepared by mixing base 
polymer and curing agent with weight ratio 10:1 (Sylgard 184, Dow Corning). 
Then a porosity agent was added to stirred PDMS prepolymer to form an 
emulsion. Depending on porosity agent one-phase (good solubility in PDMS 
prepolymer) or two-phase system was obtained. In the second case several types of 
colloid-like mixtures were investigated: 
• liquid-gas (air) 
• liquid-solid (NaCl) 
• liquid-liquid (water, surfactant solution, methanol, isopropanol, acetone). 

In the next step, the mixture was deposited on inner walls of microchannel 
or on flat surface and curing process was performed. Microchannels used as 
support for porous layers were fabricated as follows. Plastic Petri dish with a 
polymer fiber or a stainless steel tube inserted was used as a mold. The PDMS 
prepolymer (Sylgard 184, Dow Corning with mixing ratio of 10:1) was degassed 
and poured into the mold. After curing process performed at 60°C for 4h, the tube 
was removed leading to a PDMS structure with cylindrical channel of a diameter 
depending on the fiber or the tube used (70 µm – 980 µm) (see Fig. 1). 
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RESULTS AND DISCUSSION
Creating porous PDMS from one-phase or two-phase liquid-gas mixture led 

to structures with big pores diameter (up to several millimeters) or irregular pore 
distribution. 

Porosity of structures obtained from liquid-solid system was limited to 
surface porosity. It was caused by possibility of washing out salt only from 
polymer surface. 

Pores obtained from cured prepolymer emulsion were the most interesting. 
It was possible to control type of porosity by changes of curing temperature. For 
temperature higher than boiling point of dispersing agent open pores were created 
(Fig. 2). Such pores were generated by vapours of dispersing agent, which were 
developed during the curing of emulsion in quite high temperature. Temperature 
lower than boiling point of dispersing agent led to closed pores. Type of dispersing 
agent had influence on emulsion preparation. Compounds with low drop contact 
angle on PDMS surface gave better dispersion and emulsion was prepared faster. 
Choice of porosity agent had also influence on temperature of curing step. Lower 
boiling point led to lowering of curing temperature. 

The properties, morphology and porosity studies were based on SEM 
images and water drop contact angle measurement of realized structure. Figure 1 
shows scanning electron micrographs of the porous PDMS layer on the channel 
wall. Figures 1 a) and b) show also that there is no clearly visible interface 
between the monolithic block of PDMS and the porous layer. The layer is tightly 
attached to the channel walls, i.e. no separate layers can be observed. We assume 
that short uncrosslinked PDMS chains (in the monolithic structure) can link 
covalently with chains of porous PDMS layer.  

Stereological methods could be used for precise description of pores 
based on their planar image. Software MicroMeter developed at the Faculty if 
Materials Science and Engineering of the Warsaw University of Technology was 
used for the analysis of the size and shape of the pores. Procedure of qualitative 
pores analysis could be divided into 3 stages: imaging, image analysis and 
determination of stereological parameter. Quantitative analysis pores of the 
polymer revealed that this material is characterized by the average pore size 
distribution of 5,1 m (Fig. 2). 

Fig.1. SEM pictures of porous PDSM layer developed inside a 980 µm channel.  
Prepolymer/water  emulsion (1:1, weight ratio) was used, a)overview b)surface 
magnification. 

ba
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Fig. 2. Graph of pores size distribution calculated from planar image. 
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ABSTRACT
 Cell adhesion surfaces with micro or nano structures were fabricated in microchips.  
Mouse fibroblasts cultured on the surfaces looked different from those on a tissue culture 
polystyrene dish.  These results indicate that micro/nano-sized physical and chemical 
conditions of cell adhesion surfaces have influences on cell morphology and behavior. 

Keywords: Cell culture, electron-beam lithography, nano structure, self-assembled 
monolayers

1. INTRODUCTION
 Cell patterning is important technique for cell culture on microdevices, and many studies 
about microscale patterning were reported.  On the other hand, cell adhesion surface with 
smaller scale pattern, i.e. 10 – 100 nm, is very important because these sizes are almost the 
same as that of focal adhesion which plays very important role in cell adhesion and signal 
transduction.  Therefore, it has a potential to control proliferation, differentiation, or 
apoptosis of a cell, while cell culture on a chemically modified surface with controlled 
nano-scaled pattern is very difficult.  Microdevices have suitable spaces for single cell 
handling and analysis.  We think that when nano-scaled patterns are fabricated in 
microchannels, cells are arrayed one by one in the channels and we can analyze the cells 
and apply it to a high performance bioassay or bioreactor using the functions of the cells.
 In this study, we developed micro or nano structures in microchannels, which were 
accurately fabricated by the semiconductor fabrication methods and modified with self-
assembled monolayers (SAMs) and extracellular matrix. 

2. EXPERIMENTAL 
 Micro or nano structures were fabricated on fused-silica substrates by electron-beam 
lithography and metal spattering.  Figure 1 shows the fabrication scheme.  Dots or stripes 
were drawn by electron-beam lithography on the substrates.  Ti and Au patterns were made 
by sputtering method and lift-off process.  We successfully fabricated dots and stripes (60 

m to 450 nm in width) (Figure 2).  Then the metal surfaces on the substrates were coated 
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with SAMs of alkanethiols, and fibronectin was adsorbed on the surfaces (Figure 3).  
Mouse 3T3 fibroblasts were cultured on the substrates for 12 h.  After culturing, cells were 
fixed by incubation with paraformaldehyde, permeabilised with TritonX-100, blocked by 
BSA, and then stained by incubation with rhodamine-phalloidin for actin filaments and 
Hoechst33258 for nuclei. 
 Cells were cultured on the micro or nano scale patterns of a balk substrate and 
microchannel space.  Cells in a microchannel did not grow well and showed weak activity 
after long-term static cultivation because of lack of oxygen and nutrients, accumulation of 
cell wastes, or change of pH.  It was necessary to supply a fresh medium to cells by a 
continuous medium flow (Figure 4) [1].   

3. RESULTS AND DISCUSSION 
 Morphology of 3T3 fibroblasts adhered on the patterned surfaces changed depending on 
the pattern size (Figure 5).  Cells on stripe patterns extended along the patterns as pattern 
size became small, however when the size was smaller than 1 m, some cells seemed to 
have long processes.  On the other hand, cells on dot patterns didn’t extend along the 
patterns.  However when the size was much smaller, cells also seemed to have long 
processes.  We think that cells recognize shapes of micro pattern but when pattern sizes 
become nano scale, effect of pattern shapes become smaller, and differences between two 
pattern shapes become unclear.  On both patterns, distribution of actin filaments became 

Figure 2. SEM images of nano patterning 
(white area: Au)  (a) dot patterning, (b) 
stripe patterning 

(a) (b)

Figure 1. Fabrication scheme 

Figure 4. Cell culture on nano 
patterning in a microchannel 

Figure 3. Side view of the 
substrate for cell adhesion
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ABSTRACT 

We numerically investigate the Au nano-crescent structure which exhibits >24dB local field 
enhancement in the near-infrared regime.  We reveal that the intra-particle plasmonic 
coupling between the nanocavity and aperture edge causes the giant enhancement and the 
matching of near-fields determines the coupling efficiency. 
Keywords: surface plasmon, intra-particle coupling, local field enhancement, surface-
enhanced Raman scattering

Nano-crescent is a novel nanoscale metallic structure that resembles a crescent moon 
axiosymmetrically (Fig. 1a).  Structurally it is an apertured nanocavity.  Due to the 
angled Au deposition during fabrication, the aperture edge is sharp as shown in the TEM 
image (Fig. 1b) and supports the lightning rod effect that amplifies local fields.  In a recent 
surface enhanced Raman scattering experiment, an Au nano-crescent exhibits over 24dB 
local field enhancement (LFE) at 785nm [1].  This giant LFE within the “biological 
window” is beneficial for biological research [2] but needs explanation since the intrinsic 
surface plasmon-polariton resonance (SPPR) of an isolated Au nanoparticle occurs below 
500nm.  The observed LFE indicates the existence of a plasmonic coupling mechanism 
that lowers the resonance energy.  The nano-crescent’s complicated geometry in fact 
supports a variety of localized SPPRs (Fig. 1b).  We study the coupling mechanism using 
numerical simulations. 

Figure 1 (a) Schematic view of a nano-crescent (b) Various surface plasmon polariton 
resonances supported by its geometry (inset: TEM image of a nano-crescent) 

In our simulation model, the nano-crescent’s cross-sectional geometry is approximated by 
the difference of two eccentric circles.  The aperture width is determined by their 
eccentricity.  In accordance with the experiments, we set the radius of the cavity at 150 nm.  
The tips are assumed to have an apex radius of 0.25 nm.  The local fields are calculated by 
solving the two-dimensional Maxwell’s equations using the finite element method (FEM).  
We select FEM mainly due to its well-established, fast algorithm and particularly to its 
ability to generate adaptive computation grid which is very useful for sharp structures.  
Approximately 50,000 triangular elements are used for the computation.  Near the tip apex, 
the element size measures less than 0.1 nm.  Complex permittivity of bulk gold reported 
by Johnson and Christy [3] is used.  Transverse magnetic input is assumed in all 
simulations.  We validate the simulation process by reproducing the previously reported 
scattering spectra of several nanostructures. 
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uneven as the size became small.  These results indicate that micro or nano-sized physical 
and chemical conditions of cell adhesion surfaces have influences on cell morphology and 
behavior.   
 We succeeded in culturing  cells on stripe patterns in a microchannel.  Cells in the 
microchannel also changed as well as under the balk condition.  Medium flow can control 
shear stress in a microchannel [2].  In the next step, we will control the effects of both 
surface condition and shear stress on the cells.

4. CONCLUSIONS 
 We developed cell adhesion surface with micro or nano structures fabricated in 
microchips.  Mouse fibroblasts were adhered and morphology changed on micro and nano 
patterns.  We concluded this device can be applied to single cell analysis, bioassay systems, 
and bioreactor systems, in combination with other micro fluidic technologies. 
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Figure 5. Fluorescent micrographs of cells cultured 
on stripe patterned substrates, fixed and stained 
with rhodamine-phalloidin to visualize actin 
filaments.  Widths of stripes are (a): 15 m, (b) 4.6 

m, and (c) 950 nm, respectively.  Arrows on 
pictures show direction of stripe patterns.  All scale 
bars are 15 m. 
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ABSTRACT 

We numerically investigate the Au nano-crescent structure which exhibits >24dB local field 
enhancement in the near-infrared regime.  We reveal that the intra-particle plasmonic 
coupling between the nanocavity and aperture edge causes the giant enhancement and the 
matching of near-fields determines the coupling efficiency. 
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Nano-crescent is a novel nanoscale metallic structure that resembles a crescent moon 
axiosymmetrically (Fig. 1a).  Structurally it is an apertured nanocavity.  Due to the 
angled Au deposition during fabrication, the aperture edge is sharp as shown in the TEM 
image (Fig. 1b) and supports the lightning rod effect that amplifies local fields.  In a recent 
surface enhanced Raman scattering experiment, an Au nano-crescent exhibits over 24dB 
local field enhancement (LFE) at 785nm [1].  This giant LFE within the “biological 
window” is beneficial for biological research [2] but needs explanation since the intrinsic 
surface plasmon-polariton resonance (SPPR) of an isolated Au nanoparticle occurs below 
500nm.  The observed LFE indicates the existence of a plasmonic coupling mechanism 
that lowers the resonance energy.  The nano-crescent’s complicated geometry in fact 
supports a variety of localized SPPRs (Fig. 1b).  We study the coupling mechanism using 
numerical simulations. 

Figure 1 (a) Schematic view of a nano-crescent (b) Various surface plasmon polariton 
resonances supported by its geometry (inset: TEM image of a nano-crescent) 

In our simulation model, the nano-crescent’s cross-sectional geometry is approximated by 
the difference of two eccentric circles.  The aperture width is determined by their 
eccentricity.  In accordance with the experiments, we set the radius of the cavity at 150 nm.  
The tips are assumed to have an apex radius of 0.25 nm.  The local fields are calculated by 
solving the two-dimensional Maxwell’s equations using the finite element method (FEM).  
We select FEM mainly due to its well-established, fast algorithm and particularly to its 
ability to generate adaptive computation grid which is very useful for sharp structures.  
Approximately 50,000 triangular elements are used for the computation.  Near the tip apex, 
the element size measures less than 0.1 nm.  Complex permittivity of bulk gold reported 
by Johnson and Christy [3] is used.  Transverse magnetic input is assumed in all 
simulations.  We validate the simulation process by reproducing the previously reported 
scattering spectra of several nanostructures. 
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Figure 2 (a) LFE spectra obtained by simulations (solid) and experiment (dotted). Their 
qualitative match validates the numerical model. (b) Field intensity distribution of a nano-
crescent at the 813nm LFE peak and electric field lines. (c) Schematic illustration of well-
matched near-fields. 

The qualitative agreement between the simulated and observed scattering spectra in Fig. 2a 
validates the numerical model.  The simulation results indicate that, despite the nano-
crescent’s structural similarity to nanoshells [4] or nanorings [5], its plasmonic properties 
are governed by totally different mechanisms.  The simulated field intensity distribution 
(Fig. 2b) indicates that LFE is mainly caused by the lightning rod effect [6] of the sharp tips 
and the accompanying SPPR.  The SPPR of the nanocavity further enhances the LFE by 
forming a coupled oscillator with the tip.  By studying the electric fields around the nano-
crescent, we reveal that the match between the overlapping near-fields of the tip and the 
supported nanocavity SPPR mode determines the coupling efficiency and hence the degree 
of LFE.  At wavelengths where the two fields match well as they overlap, they resonate 
and grow in intensity.  The dotted box of Fig. 2b shows one example (the LFE peak at 
813nm) in which such well-matched field overlap occurs and high LFE is resulted.  Figure 
2c schematically illustrates the field/charge distribution.  The nano-crescent is unique in 
that its sharp tip functions doubly as a wavelength tuner and a near-field amplifier.  This 
model successfully explains the LFE characteristic between 600 and 900 nm.  The 
increase in excitation wavelength required to match the field patterns of the tip and cavity is 
the origin of the LFE in nano-crescents in near infrared regime.  For < 600 nm, multipolar 
SPPR becomes dominant and the role of the tip mode diminishes.  For > 900 nm, the tip-
to-tip interaction mode becomes dominant [7] and the cavity mode cease to be excited. 

In conclusion, we have numerically explored the plasmonic activities in metallic nano-
crescent structure and revealed a novel intra-particle plasmonic coupling mechanism.  The 
coupling results in a red-shift of the SPPR resonance wavelength, which is useful for 
molecular sensing in biological sensing.  In addition, the newly found mechanism provides 
good rules for the design and analysis of integrated plasmonic functionalities. 
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Nano-crescent is a novel nanoscale metallic structure that resembles a crescent moon 
axiosymmetrically (Fig. 1a).  Structurally it is an apertured nanocavity.  Due to the 
angled Au deposition during fabrication, the aperture edge is sharp as shown in the TEM 
image (Fig. 1b) and supports the lightning rod effect that amplifies local fields.  In a recent 
surface enhanced Raman scattering experiment, an Au nano-crescent exhibits over 24dB 
local field enhancement (LFE) at 785nm [1].  This giant LFE within the “biological 
window” is beneficial for biological research [2] but needs explanation since the intrinsic 
surface plasmon-polariton resonance (SPPR) of an isolated Au nanoparticle occurs below 
500nm.  The observed LFE indicates the existence of a plasmonic coupling mechanism 
that lowers the resonance energy.  The nano-crescent’s complicated geometry in fact 
supports a variety of localized SPPRs (Fig. 1b).  We study the coupling mechanism using 
numerical simulations. 

Figure 1 (a) Schematic view of a nano-crescent (b) Various surface plasmon polariton 
resonances supported by its geometry (inset: TEM image of a nano-crescent) 

In our simulation model, the nano-crescent’s cross-sectional geometry is approximated by 
the difference of two eccentric circles.  The aperture width is determined by their 
eccentricity.  In accordance with the experiments, we set the radius of the cavity at 150 nm.  
The tips are assumed to have an apex radius of 0.25 nm.  The local fields are calculated by 
solving the two-dimensional Maxwell’s equations using the finite element method (FEM).  
We select FEM mainly due to its well-established, fast algorithm and particularly to its 
ability to generate adaptive computation grid which is very useful for sharp structures.  
Approximately 50,000 triangular elements are used for the computation.  Near the tip apex, 
the element size measures less than 0.1 nm.  Complex permittivity of bulk gold reported 
by Johnson and Christy [3] is used.  Transverse magnetic input is assumed in all 
simulations.  We validate the simulation process by reproducing the previously reported 
scattering spectra of several nanostructures. 
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Figure 2 (a) LFE spectra obtained by simulations (solid) and experiment (dotted). Their 
qualitative match validates the numerical model. (b) Field intensity distribution of a nano-
crescent at the 813nm LFE peak and electric field lines. (c) Schematic illustration of well-
matched near-fields. 

The qualitative agreement between the simulated and observed scattering spectra in Fig. 2a 
validates the numerical model.  The simulation results indicate that, despite the nano-
crescent’s structural similarity to nanoshells [4] or nanorings [5], its plasmonic properties 
are governed by totally different mechanisms.  The simulated field intensity distribution 
(Fig. 2b) indicates that LFE is mainly caused by the lightning rod effect [6] of the sharp tips 
and the accompanying SPPR.  The SPPR of the nanocavity further enhances the LFE by 
forming a coupled oscillator with the tip.  By studying the electric fields around the nano-
crescent, we reveal that the match between the overlapping near-fields of the tip and the 
supported nanocavity SPPR mode determines the coupling efficiency and hence the degree 
of LFE.  At wavelengths where the two fields match well as they overlap, they resonate 
and grow in intensity.  The dotted box of Fig. 2b shows one example (the LFE peak at 
813nm) in which such well-matched field overlap occurs and high LFE is resulted.  Figure 
2c schematically illustrates the field/charge distribution.  The nano-crescent is unique in 
that its sharp tip functions doubly as a wavelength tuner and a near-field amplifier.  This 
model successfully explains the LFE characteristic between 600 and 900 nm.  The 
increase in excitation wavelength required to match the field patterns of the tip and cavity is 
the origin of the LFE in nano-crescents in near infrared regime.  For < 600 nm, multipolar 
SPPR becomes dominant and the role of the tip mode diminishes.  For > 900 nm, the tip-
to-tip interaction mode becomes dominant [7] and the cavity mode cease to be excited. 

In conclusion, we have numerically explored the plasmonic activities in metallic nano-
crescent structure and revealed a novel intra-particle plasmonic coupling mechanism.  The 
coupling results in a red-shift of the SPPR resonance wavelength, which is useful for 
molecular sensing in biological sensing.  In addition, the newly found mechanism provides 
good rules for the design and analysis of integrated plasmonic functionalities. 
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ABSTRACT 
This paper presents beneficial data when deciding to perform cell experiments in lab-on-

a-chip devices. The choice of material can influence the viability of mammalian cells. 
PDMS, precoated with serum or not, suits well for HL60 cells, demonstrating the best 
results in the viability experiments, as expressed as an apoptosis/proliferation ratio < 1. We 
also looked at other materials, such as native silicon-oxide (SiO2) and borosilicate glass. In 
the near future other (combinations) of microchip materials will be analyzed for their 
viability as well as analyzing the effect of mammalian cells on microchip materials in more 
detail with MALDI-MS. 

Keywords: HL60 cells, lab-on-a-chip, viability  

1. INTRODUCTION 
 Today there is a huge interest and effort in analyzing complex biological systems such as 
living cells using micro- and nanotechnologies. However, transferring classical biological 
experiments into the chip environment, we have noticed problems concerning cell viability. 
It is of course crucial that it is verified that cells are in good viable condition before 
performing any sophisticated cell analyses on lab-on-a-chip devices, because this generated 
environment can be quite different from the conventional culture flasks. Therefore new 
viability control experiments were performed to ensure that cells feel comfortable being in 
contact with these microchip materials.

2. EXPERIMENTAL 
 Human promyelocytic leukemic HL60 cells (concentration 1.0 x 106 cells/ml) were 
cultured in a 24-wells plate in contact with native silicon-oxide (SiO2), glass (borosilicate), 
and polydimethylsiloxane (PDMS), precoated or not with 100% fetal bovine serum (FBS), 
for 72 hours in an incubator (humidified atmosphere of 37°C and 5% CO2). Viability was 
analyzed with real-time reverse transcriptase polymerase chain reaction (real-time RT-
PCR). Cyclin D1 is measured as a proliferation marker. Cyclin D1 plays an important role 
in the transition from the G1 to the S phase in the cell cycle [1]. Tissue transglutaminase 
(tTG) is measured as an apoptotic marker. tTG prevents the leakage of intracellular 
compounds from the cell in the apoptotic cascade [2]. Both markers are measured at the 
mRNA level. Experiments are performed twice in fourfold.  

3. RESULTS & DISCUSSION   
 Figure 1 shows that HL60 cells in contact with native SiO2 results in a ratio >1, meaning 
apoptosis, during the first 24 hours of incubation. However, in time this ratio turns towards 
proliferation after 48 hours, and apoptosis at 72 hours, though both not significant. 
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Precoating of native SiO2 with 100% FBS benefits the viability. Borosilicate glass 
(microscope slides) induces the proliferation of HL60 cells, precoated with 100% FBS or 
not, after 24 hours of incubation. The best proliferative results are obtained when HL60 
cells are in contact with PDMS, especially when the PDMS is precoated with 100% FBS. 
These results are further confirmed by cell counts, showing the highest increase in 
proliferation over 3 days of incubation (Figure 2). To prevent the cells from diffusing 
between the SiO2 and the bottom of the culture plate, which can negatively influence the 
viability of HL60 cells, PDMS is placed in between. During the 48 hours of incubation, the 
cells are proliferating, and the obtained apoptosis/proliferation ratio is slightly better 
compared to the native SiO2 precoated with 100% FBS alone. Table 1 summarizes the 
measured Cyclin D1 and tTG expression separately, and the calculated 
apoptosis/proliferation ratio for all used microchip materials. 

Figure 1. The apoptosis/proliferation ratio of HL60 cells in contact with microchip 
materials, measured with real-time RT-PCR. Dashed line refers to the control sample, 

meaning culture plate only. * = statistical significant, p  0.05. The figure represents data 
from 2 experiments performed in fourfold, with the exception of HL60 cells in contact with 

PDMS+SiO2+serum, this experiment is performed once in fourfold. 

Table 1. Effect of the different microchip materials on the viability of HL60 cells measured 
with real-time RT-PCR. Cyclin D1 and tTG expression is shown separately, demonstrating 
cell turnover, as the ratio apoptosis/proliferation. A ratio <1 indicates proliferation and a 
ratio >1 indicates apoptosis. * = statistical significant, p  0.05. The data from HL60 cells 

in contact with PDMS+SiO2+serum are from one experiment for 48 hours. All the other 
experiments are from two experiments for 72 hours. 

 24 hours   48 hours   72 hours   
 Cyclin D1 tTG ratio Cyclin D1 tTG ratio Cyclin D1 tTG Ratio 
SiO2 1.00 1.19 1.19 1.02 0.92 0.90 1.31 1.39 1.06 
SiO2+serum 1.11 1.08 0.97 1.05 0.82 0.78 0.91 0.78 0.86 
Glass 0.98 0.94 0.96 0.94 0.82 0.87 1.11 0.90 0.81 
Glass+serum 0.91 1.15 1.26 0.95 0.81 0.85 1.04 0.93 0.89 
PDMS 1.04 1.03 0.99 1.02 0.78 0.76 0.91 0.63 0.69 
PDMS+serum 1.36 0.87 0.64 1.29 0.83 0.64 1.25 0.85 0.68 
PDMS+SiO2+serum 0.96 0.85 0.88 1.17 0.77 0.66 - - - 
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ABSTRACT
 This study presents the results of DNA amplification by PCR in ~3nL water-in-oil 
microdroplets in a continuous-flow based  polymer microchip. A multichannel product 
detection system is also presented  which uses 16 lenses integrated into the device which 
interfaces to a 16 channel photomultiplier and associated circuitry. 

Keywords: Continuous-Flow, Droplets, PCR, Real-Time. 

1. INTRODUCTION
 The ability to perform  PCR in a Lab-on-a-Chip device offers many practical 
benefits such as a reduction in reagent consumption, the possibility of portable devices and 
reduced cycle time due to faster heating and cooling as a result of the small sample volumes 
used.  A number of such devices have been reported in previous years [1].  We report a 
polymer device for real-time PCR in water-in-oil microdroplets in a continuous-flow based 
chip.  A continuous segmented flow method for DNA amplification has been previously 
reported [2].  This method, however, performed PCR in 300-nL volumes compared to 
droplet sizes of 1-3nL in this new device. PCR amplification has also been shown in water-
in-oil droplets in the form of an emulsion with droplet diameters ranging from 2 to 10µm 
[3].  In this emulsion method the analysis of the PCR product can only be performed by 
recombining the aqueous phase.  The design described below for droplet based PCR 
presents numerous advantages such as real-time detection capabilities and high throughput. 
In addition, as the sample is contained in a spherical droplet surrounded by oil, rather than 
as a slug, interactions between the sample and the channel walls are eliminated.  This will 
therefore minimize adsorption of biological molecules to the channel walls and prevent 
sample carry-over between droplets. 

2. EXPERIMENTAL 
             The device consists of a polycarbonate (PC) chip sandwiched between two heating 
blocks set to 60oC and 95oC (Figure 1). The microchannel structure is precision CNC 
milled into the PC chip and consists of a sample injection area and thermocycler region. 
The sample is introduced into the chip via a 100µm x 100µm channel forming a T-junction 
with a 200µm x 200µm oil filled channel.  At this junction droplets of the sample are 
formed by shear induced detachment.  The main oil channel is then widened to 400µm x 
500µm to decrease the flow of the droplets through the thermocycler region to 
approximately 2cms-1.  This consists of thirty-two 15mm long channels arranged  on each 
side of the chip so that the sample oscillates between each side and therefore between the 
two temperature zones.  The sample passes through the chip via 500µm vertical through 
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Figure 2. Cell count measurements with HL60 cells in contact with microchip materials 
performed on a Sysmex cell counter. The relative proliferation rate on day 0 is set at 1 for 

all materials used. This experiment is performed once. 

4. CONCLUSIONS 
 This paper demonstrates that measuring the viability of HL60 cells in contact with 
commonly used microchip materials is very advantageous when deciding which material to 
use for your lab-on-a-chip device. First results show that PDMS, precoated or not with 
serum, benefits the viability, and can be used in combination with native SiO2 or 
borosilicate glass for making fine structures. However, it is not only the material that in the 
end affects the viability, but the final chip design is also very important. Next steps will 
concentrate on analyzing other combinations of microchip materials, different 
modifications and elucidating the mechanism in more detail with MALDI-MS. 
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ABSTRACT
 This study presents the results of DNA amplification by PCR in ~3nL water-in-oil 
microdroplets in a continuous-flow based  polymer microchip. A multichannel product 
detection system is also presented  which uses 16 lenses integrated into the device which 
interfaces to a 16 channel photomultiplier and associated circuitry. 
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1. INTRODUCTION
 The ability to perform  PCR in a Lab-on-a-Chip device offers many practical 
benefits such as a reduction in reagent consumption, the possibility of portable devices and 
reduced cycle time due to faster heating and cooling as a result of the small sample volumes 
used.  A number of such devices have been reported in previous years [1].  We report a 
polymer device for real-time PCR in water-in-oil microdroplets in a continuous-flow based 
chip.  A continuous segmented flow method for DNA amplification has been previously 
reported [2].  This method, however, performed PCR in 300-nL volumes compared to 
droplet sizes of 1-3nL in this new device. PCR amplification has also been shown in water-
in-oil droplets in the form of an emulsion with droplet diameters ranging from 2 to 10µm 
[3].  In this emulsion method the analysis of the PCR product can only be performed by 
recombining the aqueous phase.  The design described below for droplet based PCR 
presents numerous advantages such as real-time detection capabilities and high throughput. 
In addition, as the sample is contained in a spherical droplet surrounded by oil, rather than 
as a slug, interactions between the sample and the channel walls are eliminated.  This will 
therefore minimize adsorption of biological molecules to the channel walls and prevent 
sample carry-over between droplets. 

2. EXPERIMENTAL 
             The device consists of a polycarbonate (PC) chip sandwiched between two heating 
blocks set to 60oC and 95oC (Figure 1). The microchannel structure is precision CNC 
milled into the PC chip and consists of a sample injection area and thermocycler region. 
The sample is introduced into the chip via a 100µm x 100µm channel forming a T-junction 
with a 200µm x 200µm oil filled channel.  At this junction droplets of the sample are 
formed by shear induced detachment.  The main oil channel is then widened to 400µm x 
500µm to decrease the flow of the droplets through the thermocycler region to 
approximately 2cms-1.  This consists of thirty-two 15mm long channels arranged  on each 
side of the chip so that the sample oscillates between each side and therefore between the 
two temperature zones.  The sample passes through the chip via 500µm vertical through 
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holes.  The 60oC temperature block is equipped with 16 GRIN (Gradient Refractive Index) 
lenses to focus excitation light into the flow channel.  A fluorophore-containing droplet 
which passes the excitation light will fluoresce and the light emitted is collected by the 
same GRIN lens. The fluorescent light is separated from the incoming excitation light with 
a 45 degree dichroic beam splitter and is reflected and imaged onto a 16-channel PMT 
array.   

Figure 1. Schematic of device design 

3. RESULTS AND DISCUSSION 
 Fluorescence data have been collected using the GRIN lenses and it has been demonstrated 
that individual droplets can be detected at a linear flow of up to 8mm s-1 (Figure 2).   
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Figure 2. Fluorescence data measured from 
droplets of 1µM L-1 fluoroscein with a flow rate 
of 8mm s-1. Each peak represents one droplet. 

DNA amplification has also been carried out using this device with a sample which had 
been preamplified on a conventional thermocycler (Figure 3). 
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Figure 3. Electropherogram of PCR product 
after 12 cycles on conventional thermocycler 

and 16 cycles on the microfluidic device 

 The cycle time in the microfluidic device was approximately 9 seconds.  An increase in 
correlation area of the product peak was seen in the sample which had been additionally 
thermocycled on the microfluidic device compared to the positive control (Table 1). 

Sample Treatment Correlation Area of 
PCR product 

Thermocycler only 
(12 cycles) 

22.03

Thermocycler 
(12 cycles) and Chip 

(16 cycles) 

85.30

Table 1. Table comparing correlation area of 
PCR product detected in sample. 
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ABSTRACT 
Sodium dodecyl sulfate (SDS) was utilized to modify lipoproteins and channel surface of 

polymethylmethacrylate (PMMA) chip to suppress lipoprotein adsorption.  Meanwhile 
polymers were added into running buffer to minimize electroosmotic flow (EOF) and to 
serve as sieving matrix.  Under optimal conditions, two baseline separations of high-density 
lipoprotein (HDL), low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) 
were achieved with different selectivity.  This method affords high separation speed (within 
100 s) and high reproducibility.  The relative standard deviations (RSD) of intra-assay and 
inter-assay were in the range of 0.90-1.9%, indicating this method is highly reliable.  
Keywords: Lipoproteins, microfluidic device, sieving matrix, surface modification 

1. INTRODUCTION 
Lipoproteins, nanometer-sized particles, are macromolecular complexes of lipids and 

globular proteins held together by hydrophobic interaction and electrostatic attraction.  The 
primary function of lipoproteins is to transport lipids through vascular and extravascular 
body fluids.  Disorders in lipoprotein metabolism are critical to the development of 
atherosclersis, coronary heart artery disease, liver dysfunction and cancer.  Therefore, 
lipoprotein analysis in serum has been one of the most important and ubiquitous clinical 
measurements.  In general, lipoproteins are classified into high-density lipoprotein (HDL), 
low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) based on isolation 
by ultracentrifugation.  At present, commonly used methods for lipoprotein analysis include 
sequential and gradient ultracentrifugation, specific enzyme assay, selective precipitation 
and size exclusion chromatography.  However, all these methods are labor-intensive and/or 
time-consuming.  

Microchip electrophoresis is a rapidly developing analytical technology that has attracted 
great attention in recent years due to its substantial advantages over conventional analytical 
technologies including high speed, low consumption of sample and buffer, easy integration 
and miniaturization.  Recently Verpoorte et al. utilized microchip electrophoresis to 
separate HDL and LDL.[1]  Unfortunately, HDL and LDL were not baseline resolved and 
the method suffered from poor reproducibility.  Hence it is necessary to find more suitable 
method for lipoprotein analysis with enough resolution and high reproducibility.  

In this paper, we choose sodium dodecyl sulfate (SDS) as anionic surfactant to 
simultaneously modify lipoproteins and channel surface.  As surfactant alkyl chains adsorb 
on the inner surface of polymethylmethacrylate (PMMA) chip and the lipoproteins form 
complexes with the surfactant, both the lipoproteins and channel surface are negatively 
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charged.  As a result, strong lipoprotein adsorption on the PMMA chip would largely reduce 
due to electrostatic repulsion.  Furthermore, taking into account the fact that the 
lipoproteins differ in size, polymers are added into the running buffer to serve as sieving 
matrix and to regulate separation selectivity. 

3. EXPERIMENTAL 
All experiments were carried out on a HITACHI SV 1100 microchip electrophoresis 

instrument with a light-emitting diode (LED) confocal fluorescence detector and an 
external power supply capable of providing voltage ranging from 0 to 5000 V (Hitachi 
Electronics Engineering, Tokyo, Japan).  A blue LED with a median excitation wavelength 
of 470 nm was used as excitation source.  The fluorescence was collected with condensing 
lens, spectrally filtered by a beam splitter (transmission > 530 nm) and an emission filter 
(transmission > 580 nm), and then detected by an avalanche photodiode (Hamamatsu 
Photonics, Hamamatsu, Japan).  Electrophoresis chip specification was demonstrated in our 
previous paper.[3]

4. RESULTS AND DISCUSSION 
One of the difficulties of lipoprotein analysis in CE is their high propensity to adsorb on 

separation channel, leading to peak broadening or even loss of peak.  In order to suppress 
strong analyte-wall interaction, we use SDS to modify both lipoproteins and inner channel 
surface.  It is well known SDS molecules can easily form complexes with proteins.  It is 
reasonable to deduce that SDS molecules can form complexes with lipoproteins due to the 
presence of apolipoproteins on lipoprotein surface.  The charge number of the lipoproteins 
increases as a result of such complexation.  Meanwhile, PMMA is a relative hydrophobic 
material compared to fused silica capillary; thus the alkyl chain of SDS can readily adsorb 
on PMMA inner surface, leaving sulfate group outside.  Therefore both lipoproteins and 
inner channel surface are negatively charged.  The adsorption could suppress due to 
electrostatic repulsion.  

However, since the lipoproteins incorporating with surfactants and PMMA channel have 
the same type of charge, the direction of lipoprotein electrophoresis is opposite to that of 
electroosmotic flow (EOF).  In our experiment, no peak was observed when the sample was 
analyzed directly, indicating the magnitude of EOF is comparable to or higher than that of 
lipoprotein electrophoretic velocity.  In order to overcome this problem, it is necessary to 
suppress EOF in this system.  It has been well-documented that the addition of polymers 
into running buffer can dramatically reduce EOF.  After addition of 0.050% (w/w) polymer 
such as HPMC, MC and PEO, EOF marker was not detected within 20 min (maximum 
separation time permitted by the software), which demonstrates EOF has been substantially 
suppressed.  Figure 1 shows HDL, LDL and VLDL are readily baseline separated within 
100 s with good peak shape when using SDS as coating material and using HPMC to 
suppress EOF.  The above separation result approves it is successful to diminish lipoprotein 
adsorption and to suppress EOF utilizing our experiment strategy. 

As we know one of distinguished differences in these lipoproteins is particle size. 
Generally, LDL particle is about two times larger than HDL, and VLDL particle is 15 times 
larger than LDL.  With gradual increase in polymer concentration in the running buffer, 
sieving mechanism starts to play a role in the separation and VLDL migration will be 
greatly retarded by polymer network.  Figure 2 demonstrates the dramatic change in 
lipoprotein separation with increasing polymer concentration and separation mechanism 
undergoes the variation from electrophoretic mobility dominated to polymer sieving 
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ABSTRACT
A pneumatically-driven, microfluidic-based, disposable, polycarbonate cassette for DNA 

amplification and detection is described. The cassette consists of a monolithic -
polycarbonate microfluidic chip and a lateral flow (LF) strip.  The chip contains a
polymerase chain reaction (PCR) chamber and a mixing/incubation chamber.  The flow 
control was realized with phase-change valves that can operate in self-actuated mode and 
do not require any moving parts.  The fusion and mixing of two liquids were achieved by 
pre-freezing the mixing chamber. Tests with B. cereus genomic DNA demonstrated that 
the performance of the cassette compared favorably with bench-top protocols.
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1. INTRODUCTION
There is a growing interest in portable microsystems that integrate PCR amplification and 

detection of DNA amplicon. The common detection methods used include hybridization
[1,2] and electrophoresis [3]. The flow control in multifunctional, micro fluidic devices 
remains a challenge.  Often the flow control is accomplished with the use of valves made 
with wax [2] or PDMS [3].  Non-invasive phase-change (PC) valves have been investigated 
for application to stainless steel and fused silica tubes [4].  Here, we explore the application 
of PC valves for flow control in a chip made with polycarbonate.  Further details on the 
modeling and characteristics of the PC valve are provided elsewhere [5]. We report on the 
integration of on-chip PCR with LF immunoassay for DNA detection.

2. FABRICATION OF THE DEVICE AND EXPERIMENTAL PROTOCOL
The disposable cassette (Fig. 1B) contains a monolithic polycarbonate microfluidic chip 

(Fig. 1A) and a lateral flow strip. The chip was fabricated with polycarbonate using 
computer numeric control (CNC) mill machining and thermal bonding. It consists of a PCR 
chamber, a mixing-incubation chamber, and conduits . The chip interfaces with a LF
detector (Fig. 1B). The cassette is designed to interface with an analyzer (not shown).

The process began with the pneumatic introduction of PCR reagents and analyte into the
10-µL PCR chamber. A conduit segment downstream of the PCR chamber was pre-cooled
with a thermoelectric unit.  As soon as the sample-buffer mixture arrived at the cooled 
location, the liquid froze, blocking the flow passage and forming a valve. This arrangement 
allowed us to operate in an open loop control mode.  Subsequently, a second PC valve froze
the fluid upstream of the PCR chamber. The frozen fluid segments kept the PCR reactor 
pressurized during the thermal cycling and suppressed bubble formation. Upon the
completion of the thermal cycling, the PCR products were propelled to a 100-µL mixing-
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dominated. In the electrophoretic mobility dominated region, the elution order is HDL,
VLDL and LDL.  Further increase in polymer concentration makes polymer entangled and
larger lipoprotein is more retarded with respect to smaller one.  As a result, it eventually
leads to the reversal of elution order of LDL and VLDL and the final elution order becomes
HDL, LDL and VLDL. When HPMC concentration reaches 0.80% (w/w), the second
baseline separation is achieved within 320 s. Under this condition, sieving matrix plays a 
dominant role in the separation.  To our best knowledge, it is the first time to separate the
lipoproteins in polymer solution on the basis of their different particle sizes and to achieve
baseline separation by microchip electrophoresis.  Reproducibility is a very important factor 
during method development. The intra-assay and inter-assay reproducibilities are in the 
range from 0.9% and 1.9% RSD (n=10) for both two baseline separations.  These results are
notably improved compared to those in the literature,[1] which approves this method is
highly reliable and it is also feasible and successful to use surfactants to modify both
lipoproteins and separation channel to minimize strong lipoprotein adsorption as well as to 
use polymers as sieving matrix to regulate the selectivity of lipoprotein separation.
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Figure 1. Baseline separation of
lipoproteins.

Figure 2. Effect of HPMC concentration on 
lipoprotein separation.

5. CONCLUSIONS
Two baseline separations of three lipoproteins were realized by microchip electrophoresis

with high-speed and high-reproducibility, using surfactants to modify lipoproteins and
separation channel as well as using polymers to suppress EOF and serve as sieving matrix.
Lipoprotein adsorption was efficiently suppressed due to electrostatic repulsion and peak
shape of lipoproteins was thus greatly improved. Furthermore, with the change in
separation mechanism from electrophoretic mobility dominated to polymer sieving
dominated, the migration order of LDL and VLDL reversed.  It makes this method has high
ability to regulate the resolution and selectivity of lipoprotein separation.
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ABSTRACT
A pneumatically-driven, microfluidic-based, disposable, polycarbonate cassette for DNA 

amplification and detection is described. The cassette consists of a monolithic -
polycarbonate microfluidic chip and a lateral flow (LF) strip.  The chip contains a
polymerase chain reaction (PCR) chamber and a mixing/incubation chamber.  The flow 
control was realized with phase-change valves that can operate in self-actuated mode and 
do not require any moving parts.  The fusion and mixing of two liquids were achieved by 
pre-freezing the mixing chamber. Tests with B. cereus genomic DNA demonstrated that 
the performance of the cassette compared favorably with bench-top protocols.

Keywords: Microfluidics, LOC, PCR-LF detection, phase-change valve

1. INTRODUCTION
There is a growing interest in portable microsystems that integrate PCR amplification and 

detection of DNA amplicon. The common detection methods used include hybridization
[1,2] and electrophoresis [3]. The flow control in multifunctional, micro fluidic devices 
remains a challenge.  Often the flow control is accomplished with the use of valves made 
with wax [2] or PDMS [3].  Non-invasive phase-change (PC) valves have been investigated 
for application to stainless steel and fused silica tubes [4].  Here, we explore the application 
of PC valves for flow control in a chip made with polycarbonate.  Further details on the 
modeling and characteristics of the PC valve are provided elsewhere [5]. We report on the 
integration of on-chip PCR with LF immunoassay for DNA detection.

2. FABRICATION OF THE DEVICE AND EXPERIMENTAL PROTOCOL
The disposable cassette (Fig. 1B) contains a monolithic polycarbonate microfluidic chip 

(Fig. 1A) and a lateral flow strip. The chip was fabricated with polycarbonate using 
computer numeric control (CNC) mill machining and thermal bonding. It consists of a PCR 
chamber, a mixing-incubation chamber, and conduits . The chip interfaces with a LF
detector (Fig. 1B). The cassette is designed to interface with an analyzer (not shown).

The process began with the pneumatic introduction of PCR reagents and analyte into the
10-µL PCR chamber. A conduit segment downstream of the PCR chamber was pre-cooled
with a thermoelectric unit.  As soon as the sample-buffer mixture arrived at the cooled 
location, the liquid froze, blocking the flow passage and forming a valve. This arrangement 
allowed us to operate in an open loop control mode.  Subsequently, a second PC valve froze
the fluid upstream of the PCR chamber. The frozen fluid segments kept the PCR reactor 
pressurized during the thermal cycling and suppressed bubble formation. Upon the
completion of the thermal cycling, the PCR products were propelled to a 100-µL mixing-
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incubation chamber that was maintained at -15°C and froze on the chamber bottom. Buffer
solution laden with phosphor reporter particles (UPT) [6] next flowed over the frozen PCR 
products, filled  the mixing chamber, and halted at the exit pre -cooled PC valve. The mixing 
chamber was then heated to 37°C, and the DNA amplicons interacted with the
functionalized phosphor reporters. The mixture was subsequently propelled to the loading 
pad of the LF strip. The LF strip contained a capture zone, consisting of immobilized
ligands that specifically bind to the reporter particles in a sandwich assay format. Finally,
the LF strip was scanned with an IR laser, and the phosphor particles’ emission was
detected with a photomultiplier tube. Fig. 2 shows the schematic of the bio-interaction
between DNA amplicon, UPT particles, and immobilized ligands.

3. RESULTS AND DISCUSSION
Experiments were carried out with B. cereus DNA at concentrations of 0.1, 1, and 10ng in 

10µl of sample.  A 305bp sequence was amplified. The detected signal is depicted in Fig.
3A as a function of spatial location.  The peak in Fig. 3A coincides with the location of the 
capture zone. Fig. 3B examines the signal’s reproducibility by repeating the test with two 
samples of identical concentrations. Fig. 3C compares the results obtained with benchtop 
(dark) and chip (gray) sample processing for various DNA concentrations.  The results 
indicate that the chip’s performance is comparable to that of the bench-top process.

4. CONCLUSIONS
A pneumatically driven, disposable cassette for DNA amplification and detection via an

UPT-LF format was designed, fabricated, and tested. The flow control was successfully
realized with PC valves. The fusion and mixing of two liquids were effectively achieved by 
pre-freezing the mixing chamber. The performance of the cassette was compared and 
favorably agreed with a bench-top protocol. This is the first integration of microfluidics 
with LF detection. The device described will serve as a module in a comprehensive point of 
care diagnostic system that will also include nucleic acid extraction and isolation.
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Fig. 1: A) A polycarbonate-based chip
including PCR and mixing/incubation
chambers. The dashed lines indicate the
location of the thermoelectric units. B) The 
polycarbonate cassette interfacing the chip 
(A) with the lateral flow strip.
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Fig. 2: Schematic of the bio-
interaction. The DNA amplicons that 
were labeled with Digoxigenin and
Biotin during the PCR bind with
Avidin-labeled UPT particles and then 
are captured on the LF strip.
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Fig. 3: A) The detected signal as a function of the spatial location along the lateral flow 
strip. B) A comparison of on-chip and bench-top protocols  with the same amount of 
DNA amplicons. C) A comparison of bench-top and on-chip processing for DNA
concentrations of 0.1, 1 and 10ng in a 10µl sample .
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ABSTRACT 
 We present a PMMA micro-fluidic device and a protocol to reconstitute planar lipid 
bilayers with high reproducibility, which enabled formation of multiple bilayers. We 
previously reported that bilayer membranes can be successfully formed in a PMMA chip, 
by flowing lipid solution and buffer alternately into a channel, and performed recording of 
ion channel current at single molecular level. In this report, an aperture edge where a 
bilayer is to be formed is designed to have a vertical wall, so that a fixed amount of lipid 
solution remains. Thus, an amount and distribution of lipid solution is precisely controlled, 
and reproducibility of bilayer formation is improved dramatically. Reconstitution of four 
bilayers in a single device is demonstrated. 

Keywords: membrane protein, multiple planar lipid bilayers, electrophysiology 

1. INTRODUCTION 
 Membrane proteins (e.g., ion channel, transporter, receptor) play significantly important 
role in living organisms, and exploring their structures and functions is attracting an 
enormous attention. Difficulties in handling membrane proteins basically arise from the fact 
that they function in the lipid membrane structure. Planar lipid bilayer membranes can be 
reconstituted in laboratory to realize electrophysiological analysis of membrane proteins in 
an artificially controlled environment [1]. 
 In the previous reports [2, 3], we developed a planar lipid bilayer chip made of PMMA 
plastic, which is capable of ion channel current recording at single molecular level. 
Reproducibility of the bilayer formation was dramatically improved by optimizing the 
geometrical design of apertures. Here, we fabricated and tested a device that has multiple 
apertures for the simultaneous formation of bilayer membranes. 

2. DESIGN AND PROCEDURE 
The conceptual illustration of the lipid bilayer chip is shown in Fig. 1. Planar lipid 

bilayer is formed at an aperture (100 m) opened through a septum between a chamber on 
the top and a channel at the bottom. Ag/AgCl electrodes connected to a patch clamp 
amplifier are inserted into both fluidic compartments for monitoring the trans-membrane 
current. The device was fabricated by machining a 1.5 mm thick PMMA plate with an 
automated machining system (Modia systems, MM-100) according to the design drawn on 
the 3D CAD/CAM software as shown in Fig. 2. The aperture edge was designed to have a 
straight vertical wall, so that a fixed amount of lipid solution remains in the volume defined 
by the aperture diameter and the wall height. 
 The procedure for the bilayer reconstitution is illustrated in Fig. 3. Firstly, buffer (10 
mM KCl) is introduced into the upper chamber. Its interface stops at the aperture due to the 
surface tension (Fig. 3a-1). Secondly, lipid solution (20 mg/mL asolectin/n-decane, 
fluorescent labeled lipid is added for fluorescent observation) is introduced into the bottom 
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channel (3a-2) and sucked out. At this stage, a layer of lipid solution remains on the water
surface (3a-3). Then, buffer is introduced into the bottom channel, leaving a layer of lipid 
solution sandwiched by buffer (3a-4). It is found that the constant volume of lipid solution
proportional to the wall height remains at the aperture [3]. Lastly, a lid is placed to close the 
upper chamber for the application of static pressure to thin down the lipid layer (3a-5). The
schematic of thinning process is shown in Fig. 3(b). After the buffer introduction in Fig.
3(a)-4, the thickness of the lipid layer is almost the same as the wall height (Fig. 3b-1). As
the pressure is gradually applied, excess of lipid solution goes aside along the bottom wall
of the septum. The bilayer structure self-assembles spontaneously when the thickness of
lipid layer approaches a few hundred Angstroms [1]. The optimum wall height is found to
be around 50 m for 100 m diameter aperture, with which the yield of bilayer forming
reached 90% [3].

3. RESULTS
Figure 4 (a) and (b) show bright field and fluorescent images, respectively, of four

apertures before the pressure application. In Fig. 4(b), thick and uniform layers of lipid
solution remain at each aperture. By increasing pressure, the light emission gradually dims
as they thin down (Fig. 4d). Formation of bilayers is confirmed when the vague circular 
edge (Plateau-Gibbs border) appears inside the aperture as shown in Fig. 4c at typical
pressure of 200~400 Pa. Since the initial thicknesses of lipid layers are the same, the
thinning process proceeds uniformly, and four bilayers are formed simultaneously. 
 Bilayer formation is also monitored electrically. It is well known that a bilayer
membrane works as a thin dielectric capacitor (0.4 ~ 0.5 F/cm2). Figure 5 shows the
capacitive transient current across the bilayer membrane when 0.5 mV square signal is
applied. In Fig. 5(a), where only one bilayer is formed out of four apertures, the peak value
of transient current is approximately 20 pA. In Fig. 5 (b) and (c), two and four bilayers are
formed, respectively, showing the peak values proportional to the number (area) of bilayers.
Thus, in the present device, bilayer formation optically observed under the microscope can
be confirmed with electric measurement simultaneously.

4. CONCLUSIONS
Multiple planar lipid bilayers are formed simultaneously in a PMMA micro fluidic

device. This technique will help to realize high-throughput analytical and diagnostic
systems based on membrane proteins. The formation process of bilayer can be monitored
optically and electrically at the same time, which will allow multiple options for membrane
protein analysis.

ACKNOWLEDGMENT
This project is supported by the PROgram for the Promotion of Basic Research Activities for Innovative

Biosciences (PROBRAIN) under the supervision of the Ministry of Agriculture and Fisheries in Japan.

REFERENCES
[1] W. Walz, A. A. Boulton, G. B. Baker, Humana Press (2002).
[2] H. Suzuki, K. Tabata, Y. Kato-Yamada, H. Noji, and S. Takeuchi, TAS 2004, 2: 246-248, 2004.
[3] H. Suzuki, K. Tabata, H.Noji, and S. Takeuchi, 3rd Annu. Int. IEEE-EMBS Special Topic Conf.
Microtechnologies in Medicine and Biology, Hawaii, 2005.



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1302

Figure 1 Schematic of the lipid bilayer chip
and recording setup.

Figure 2 Photographs of PMMA fluidic
channels. (a) Overview. (b, c) Close-up views

of a tapered hole and four apertures.

Figure 3. (a) Sequence of the lipid bilayer formation process. (b) Schematic of thinning process of
lipid layer during the pressure application.

Figure 4 Images of apertures during bilayer
formation process. (a) Initial state and (b) its
fluorescent view. (c) Final state when four

bilayers are formed and (d) its fluorescent view.

Figure 5 Transient current across multiple
bilayers when 0.5mVp-p square signal is

applied at 50Hz.
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Abstract

An automated 768-lane BioMEMS DNA sequencing system has been built and tested.

(1) In order to prove realistic read length and parallelism for long-read de novo sequencing,

electrophoretic separations are implemented in 25-cm x 50-cm micromachined devices. (2)

A total of greater than 172,000 bases, 99% accuracy is achieved for each iteration of a 384-

lane plate. This implies a system throughput exceeding 4 Megabases of raw sequence

(Phred 20) per day on the new platform. (3) protocols for using 1/64x Sanger DNA samples

(a 32-fold enzyme reduction relative to previous DNA sequencing chips) have been

developed. (4) “pull-back-free” operation is required.

Key Words: DNA Sequencing, Genomics

1. Introduction

Previous research on MEMS-based DNA sequencing has proven considerable promise,

however all “chip-based” sequencing has been substantially manual. We build on the

significant capability that was demonstrated in simpler microdevice apparatus by Paegel et.

al (430-base reads in a compact 96-channel device)
1
, Liu et. al (450-base reads in a 16-

channel device.)
2

and Koutny et. al (800-base reads in a single-channel device.).
3

To make

the technology compete in the real-world (at genome centers as opposed to in academia),

the following improvements were perceived as necessary:

(1) Long read length. For de novo sequencing, genome centers will not sacrifice read length

below that of capillary array (CAE) machines. At the start of our program read lengths in

multi-channel systems were too short.

(2) Much higher sensitivity and ability to lower DNA sample concentrations/costs. Previous

“chip-based” sequencers had adequate signal-to-noise performance but all required much

too concentrated DNA samples (even for short read length) and consumed more than 30

times the expensive enzymes of CAE machines.

(3) Automation. At the start of our program, all “chip-based” systems were manual.

Requirements for automation and high-throughput completely restructure the chip

architectures and required systems-level thinking surrounding duty cycle, lane yield, and

robustness to poorly controlled parameters.

(4) Long-term yield and performance statistics. At the beginning of our study, results on

chip-based sequencing were generally reported on the basis of single best-achieved runs.

Not surprisingly, these requirements completely restructured the priorities of the MEMS

design.

2. Experimental: The BioMEMS-768 System Design

The design for the 384-lane MEMS plates used for our study is shown in FIG. 1. The full

BioMEMS-768 Sequencer (FIG. 2), uses two of these plates in alternate electrophoresis and

regeneration mode to produce a functional 768-lane machine. In addition to support
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automation for the two MEMS plates the system comprises a custom-built scanning

detector, 96-tip robotic fluid handler, 30-sample-tray stack loader, high-pressure matrix

injection system and expert system software for system operation, data handling and base-

calling. The engineering of this system is described in some detail in El-Difrawy et. al, Ref.

4. Some of the initial optimization is described in Aborn et. al, Ref. 5.

3. Results and Status

A great deal of the intensive development required to make BioMEMS sequencing ready

for the genome centers has been related to robust and scaled sample injection, with heavy

consideration of the effects of the

network current effects that occur on

real multi-channel sequencing plates.

The wal l chemis t ry and

electrophoretic conditions that

undermine plate life are also key;

these considerations are a major

component in the microfluidic layout

of BioMEMS plates. We report the

first massive data gathering exercises

that are preliminary to qualifying the

new technology at the genome

centers. We will also suggest

peripheral, perhaps MEMS-based,

technologies, which will be needed

to take full advantage of the MEMS

format for sequencing and re-

sequencing applications at the

genome centers. More than 250 data

runs have been made on various 384-

lane chips (100,000 lanes of long-

read DNA sequencing data).

The combined advances, particularly

those in read length and sample

requirement that are achieved in the

BioMEMS-768 system, directly

address the cost model requirements

for adaptation of microfluidics

technology as the next step beyond capillary array (CAE) instruments. With the engineering

reported here, the BioMEMS-768 format is now posed to compete directly against only

several alternatives as the successor to CAE machines (such as ABI 3730 and Megabase)

for next-generation genome centers. The key advantages of the BioMEMS machine are 8X

the number of re-circulating lanes of CAE and superior properties for scaling of sample

requirements and operating costs. Some of this speculated advantage is now proven. The

next steps will be to drive home the advantages of BioMEMS for data quality over CAE.

This direction (improved data quality) is already shown for the DNA forensics application,

where shorter (15- to 20-cm) electrophoresis microdevices are sufficient to significantly

outperform commercial CAE machines.
6

Fig. 1 Layout of 384-Lane Plates
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Fig.2 “BioMEMS-768” DNA

Sequencer recirculates 768 lanes

each of nominal 40-cm effective

length.  It extends the read-length

of MEMS-based DNA sequencing

to the values required for de novo

sequencing. The footprint and

component costs are similar to

current (non-MEMS) sequencers

that have 8 times less throughput.

Sample scaling beyond current

CAE machines has also been

demonstrated.

Fig. 3 Image of a 384-lane plate (separation conditions, 50oC, 187 V/cm, 2% LPA; 196 lanes shown).
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ABSTRACT
In this paper, we present a novel disposable lab-on-a-chip of blood typing microfluidic

biochip in which flow splitting microchannels, chaotic micromixers, reaction chambers and
microfilters are fully integrated. The biochip was fabricated by SU-8 photolithography,
nickel electroplating, injection molding and thermal bonding in mass production with the
fabrication cycle time of about 15min. Human blood groups of A, B and AB have been
successfully determined with 3 l of blood via the fabricated biochip within 2min.

Keywords: Blood typing microfluidic biochip, Chaotic micromixer, Disposable
integrated lab-on-a-chip, Injection molding

1. INTRODUCTION
Blood typing is the most important test for the case of transfusion. The present blood

tying methods have a limitation for emergency and point-of-care blood typing due to the
requirement of large scale equipments and much blood sedimentation time [1]. Furthermore,
the present methods generally require the blood volume of the order of 10 l. Lee et al. [2]
recently presented a miniaturized blood typing system fabricated by the micro-
stereolithography technology. However, their system could not achieve the disposability.
In this regard, we propose a low cost prototype of blood typing microfluidic biochip of
compact size, which requires very small sample blood volume of the order of 1 l.

2. THEORY AND DESIGN
The ABO blood group can be determined by reacting sample red blood cells (RBCs)

with the corresponding serum, i.e., anti-A and anti-B. For instance, RBCs of blood group
A are agglutinated each other by anti-A. Table 1 lists the determination method of ABO
blood group. Figure 1 shows the schematic diagram of a blood typing microfluidic unit in
the biochip, in this study, in which flow splitting microchannels, serpentine laminating
chaotic micromixers [3], reaction microchambers and microfilters are fully integrated.

Table 1. Determination of ABO blood group from reaction results ((+) and (-) mean the existence and
absence of agglutinated red blood cells (filtered cells in this case), respectively).

Reaction result of sample red blood cells with
Anti-A Anti-B ABO blood group typing 

(-) (-) O
(+) (-) A 
(-) (+) B
(+) (+) AB
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Flow splitting
microchannels to
separate blood and
subsequently join
with each serum

Serpentine laminating
chaotic micromixers
to mix blood and each
serum effectively

Reaction microchambers
to keep mixtures of blood
and sera during reaction
time (about 1~2min) for
agglutination

Microfilters to filter agglutinated red
blood cells having gradually
decreasing five filter gap sizes of
200, 150, 100, 80 and 50 m

Inlet of sample blood Inlets of test sera Outlets

Figure 1. Schematic diagram of one unit in a disposable lab-on-a-chip of blood typing microfluidic
biochip in which flow splitting microchannels, serpentine laminating chaotic micromixers [3],

reaction microchambers and microfilters are fully integrated. The reaction microchamber can contain
about 3 l of mixture of blood and serum. The large size of agglutinated RBCs formed by antigen-

antibody reaction between RBCs and test serum can be efficiently filtered by the microfilters.

OmniCoatTM

SU-8

SU-8 photolithography

Nickel electroplating

SU-8 removing

Injection molding of COC

Thermal bonding

Electroplated nickel

Nickel disk

3 l of human blood

The fabricated blood 
typing microfluidic
biochip

3 l of anti-A
3 l of anti-B

Saline

Flow

Figure 2. Schematic diagram of fabrication
process. Total fabrication cycle time of each

chip (from injection molding to thermal bonding)
is about 15min (1min for injection molding,

3min for post processing of cutting and drilling,
and 11min for thermal bonding). Individual

biochip size is 56 44 3.7mm3.

Figure 3. Experimental setup for blood typing
via the fabricated biochip. 3 l of each blood and
sera are loaded into the inlet reservoirs and then
the blood and sera are injected into the biochip
by syringe pumps with the help of the working

fluid of saline.

3. EXPERIMENTAL 
 Figure 2 illustrates the fabrication process of the biochip. The mold insert of the biochip
was fabricated by SU-8 photolithography and nickel electroplating [3]. The polymer
biochip was realized by injection molding of COC (cyclic olefin copolymer) and thermal
bonding with a holed pressure equalizing plate [4]. The required fabrication time of
biochip (from injection molding to bonding) is just about 15min.
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Figure 3 shows the experimental setup for blood typing. The sample blood and test sera
of constant volumes (~3 l) are injected through each inlet and joined together at the
entrance of the micromixers by means of syringe pumps with the help of saline as a
working fluid (indicated in Figure 3). The chaotic micromixer [3] was applied for efficient
mixing of RBCs and serum to detect weak subgroups of A or B. The mixture of RBCs and
serum is kept during the reaction time (about 1~2min) in each reaction chamber. And then,
RBCs and sera are flushed out by saline. The reacted agglutinated RBCs, which show the
corresponding blood group, are effectively filtered by the gradually decreasing microfilters.

4. RESULTS AND DISCUSSION
The performance of the developed biochip was successfully demonstrated by

determining human blood groups of A (not shown), B and AB with 3 l of blood as
indicated in Figure 4.

Filtered agglutinated
red blood cells

Filtered agglutinated
red blood cells

(a) (b)
Figure 4. ABO blood typing results: (a) blood group B and (b) blood group AB (Insets are enlarged

microscope views).

5. CONCLUSIONS
In this paper, we have successfully designed and fabricated a disposable blood typing

microfluidic biochip by injection molding process. The developed biochip was
successfully characterized by determining human blood groups of A, B and AB.
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ABSTRACT
 The use of microfluidic system is a trend in diagnostic assays and bioreactors based on 
the protein and cellular engineering. In the development of such devices, it would be
essentially required to pattern proteins and cells within microchannels just prior to the use
of the devices, since such delicate biomaterials exhibit the lower stability against
desiccation, oxidation and heat. We have developed a microfluidic device which enables 
the real-time immobilization of proteins and cells within the microchannels using 
electrochemical means. This technique is easily applicable to the ordinary microfluidic 
systems, opening new possibilities for the microchannel-based bioassays. 
Keywords: cell patterning, protein patterning, microchannel, electrochemical method 

1. INTRODUCTION 
 The controlled immobilization of biomolecules on substrate surfaces is one of the most 
important subjects for both in vivo and in vitro medical devices [1]. We have recently
developed a mild, wet micropatterning technique, “electrochemical bio-lithography” [2-4].
The technique is based on our finding that the albumin- or heparin- coated substrates, 
initially anti-biofouling, rapidly becomes protein- and cell-adhesive upon exposure to the
reactive oxidizing agent such as hypobromous acid, which can be produced by the
electrochemical oxidation of bromide ion in aqueous solution. Thus, this lithography can 
be conducted under typical physiological conditions, and enables the spatiotemporal control
of proteins and cells on surfaces by scanning a microelectrode [2,3]. In this paper, we take
advantage of the electrochemical bio-lithography to pattern proteins and cells within 
microchannels. Figure 1 depicts our approach: 1) fabricate and package the microfluidic 
device having the 
microelectrode array at the 
upper wall of the channel, 2) 
locally turn on the 
anti-biofouling property of 
the channel bottom wall to 
protein- and cell-adhesive,
3) introduce the materials of 
interest into the 
microchannel.

2. EXPERIMENTAL
Figure 2 shows the 

prototype of the
microfluidic device. The 

Figure 1. Strategy for the on-demand immobilization 
of biomolecules within a microchannel.
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Pt microelectrode array was fabricated on a glass 
slide by a series of photolithography-based 
microfabrication technologies. The device
consists of three layers: electrode-fabricated 
substrate, silicon rubber, and glass slide. The 
silicon rubber has a stencilized channel pattern 
which forms the channel by sandwiching it
between the electrode substrate and the slide. 
The inlet for reservoir and the outlet for aspiration
were equipped at either end of the channel. The
potential of the electrode array was referred to the 
Ag/AgCl reference electrode placed at the inlet
reservoir. 

3. RESULTS AND DISCUSSION 
 Figure 3 shows the locally immobilized 
proteins (Fig.3b) and cells (Fig.3c) within the
microchannels according to the strategy shown in 
Fig.2. A solution of albumin or heparin was 
flowed through the microchannel to coat the inner 
wall. Subsequently, a phosphate buffered saline 
(PBS) containing 25 mM KBr (pH 7.4) was 
introduced into the channel and a potential 
pulse of 1.7 V vs. Ag/AgCl was applied to the
microelectrode array at the upper wall of the 
channel in order to generate Br2 (subsequently
HBrO). Then, a solution of Cy3-labled 
protein A (protein A-Cy3) was flowed, 
followed by wash of the channel with PBS. 
As clearly seen in Fig.3b, the protein A-Cy3 
was locally immobilized on the bottom wall of 
the channel, corresponding to the pattern of the 
electrode array at the channel upper wall
(Fig.3a). Also, HeLa cells was patterned 
within the microchannel by seeding the cells in 
the channel, on the bottom wall of which
fibronectin was locally immobilized (Fig.3c). 
The size of protein- and cell-patterned area was 
controlled by the electrolysis period and the 
channel height. As shown in Fig.3d, the 
pattern width was proportional to the square 
root of the electrolysis period, indicating that 
the surface reaction in which the
electrogenerated oxidant changes the surface
property is fast enough to satisfy the diffusion 
controlling case [3,4]. 
 Figure 4 shows the multiple types of protein
array fabricated in the microchannel. After the first protein (mouse IgG-Cy3) was locally

Figure 2. Prototype of the
microfluidic device to immobilize
proteins and cells on the bottom
wall of the channel. (a) Overview 
of the microfluidic system. (b)
Schematic representation of the side
and top view of the device.
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Figure 3. (a) Microelectrode array at 
the upper wall of the channel. (b, c)
Micropatterns of (b) protein A-Cy3
and (c) HeLa cells formed on the
bottom wall of the channel. (d) Plots 
of the pattern width of the protein- and
cell-immobilized area versus the
square root of the electrolysis period. 
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immobilized on the channel bottom wall, the 
electrochemically lithographic treatment was conducted
for the immobilization of the second protein (human 
IgG-Cy2). Then, the third protein (mouse IgG) was 
patterned by repeating the process. 
 Figure 5 demonstrates the sandwich immunoassay 
within the microchannel by taking advantage of the
electrochemical bio-lithography. Protein A, which 
specifically captures the Fc region of IgG, was patterned 
on the channel bottom wall as described above.
Subsequently, the primary antibody (anti-mouse IgG), 
bovine serum albumin, the antigen (mouse IgG), and the 
fluorescence-labeled secondary antibody (FITC-labeled 
anti-mouse IgG) were introduced into the channel in turn. 
As shown in Figure 5b, the specific fluorescence was 
observed in the electrochemically treated area, 
indicating the assembly of the sandwich structure on 
the bottom wall of the channel. Figure 5c depicts
the quantitative assay for the antigen concentration, 
appearing the concentration dependency in the 
fluorescence intensity. 

4. CONCLUSION 
 The combination of microfluidic system with the 
electrochemical bio-lithography enables the 
real-time and on-demand immobilization of proteins 
and cells within the microchannel, that is, a series of 
protocols from immobilization to measurement can 
be carried out under physiological conditions. This 
methodology can address the issue in the integration
of the delicate biomolecules into the microfluidic 
devices.
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Figure 4. The array of 
multiple types of antibody, 
fabricated on the channel 
bottom wall by the stepwise
lithographic process. 
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ABSTRACT
In this study, focus has been placed on potentiometric measurement of ammonia ions for 

BUN (blood urea nitrogen) and Creatine sensors by using new 19-membered crown
ionophore, TD19C6 (3wt%), PVC (30wt%) membranes along with anionic additives
(10mol %) K-TCPB and TFPB, and plasticizers (67wt%) BBPA and TOTM. The screen
printed electrodes Ag/AgCl (250mm in diameter), newly developed non-liquid junction
reference electrode, painless needle and disposable polycarbonate chip (PC), designed of
using a trace of amount of whole blood extracted from painless needle is demonstrated.

Keywords: healthcare chip, electrochemical sensor, blood urea nitrogen (BUN),
Creatine

1. INTRODUCTION
In the sensor development, concept of micro total analytical system (µ-TAS) and lab-on-

a-chip system has been emerged as a means to provide vital technology. This paper reports
a BUN (blood urea nitrogen) measurements based on detection of ammonia ions with an
ionophore membrane and new development of non liquid junction type KCl-saturated
reference electrode.

2. THEORY
In the previous study [1, 2, 3, 4] it showed that the BUN measurement was based on the

detection of proton loss [H+] during the reaction, NH2CONH2 (urea) +2H2+H+

NH4+HCO3
-, in the presence of urease. In this paper we report urease follows NH2CONH2

(urea) + 2H2O 2NH4
+ + CO3

-2 in the presence of urease and water. The released 
ammonia ions from hydrolysis are then detected by the ion-selective ionophore membrane
measuring the potential difference between different concentrations of ammonia solutions.
Consequently, the detected potential from various concentrations may have to fit the
calculated results through Nernst Equation.

3. EXPERIMENTAL
In order to extract human blood from capillary vessels, painless needle made by using

stainless (SUS) tube 150 µm in diameter with 80 µm bore (Figure 1), screen printed
electrodes (Figure 2) along with disposable PC made microfluidic system were developed
(Figure 1).
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Figure 1 painless needle (left), chip after insert painless needle (right)

Figure 2 Screen printed electrode (carbon electrodes and Ag/AgCl electrodes are 250mm in
diameter)

Figure 3: membrane formation of urea sensing membrane and electrode (left); surface
formation of membrane on electrode by SEM (120 83.3µm WD 20.6mm) (right)

Figure 4 non-liquid junction reference electrode

4. RESULTSAND DISCUSSION
As one application of µ-TAS, we are developing a variety of clinical chips. One of them

is a healthcare chip which enables us to check pH, Na+, K+, glucose and BUN from a trace
amount of blood collected by a painless needle as shown in Fig. 1.

Four membrane recipes have been used and the results show reasonably stable 
measurements to various urea concentrations ranging from 1mM, 0.01M and 0.1M urea
solutions (Fig. 5, (a)). In Fig. 5, calculated potential change per decade is about 35mV of
Formula 1 while in it shows potential change of lower than 35 mV per decade of Formula 2,
indicating that Formula 1 and 2 with proper inner layer anionic additives might provide
better detection. In the BUN sensors study, Formula 3 and Formula 4 are not suitable due to
their unstability to immobilize necessary components inside the membrane. In this study,
Creatine measurement has also been carried out by using the same membrane configuration

500 m500 m
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with a mixture of Urease and Creatine amidinohydrolase. However, the results were
tentative at a detection level of 0.01mM in concentration.

(a) (b)
Figure 5: EMF measurement of ammonia ion of Formula 1 (a), and BUN of Formula 1 (b)

(a) (b)

Figure 6: EMF measurement of Creatine (a) and measurement of non-liquid junction
reference electrode (b) quick response time (<100 seconds) and long life time (>1000
seconds)

A reference electrode with rapid response less than 100 sec. long lifetime more than
1000 sec and no contamination of the solution are required for biochips which measure low
level signals from trace amount of solutions such as a blood and thicknesses of 10 to 20 µm
for the PVC film thickness was adoped for our on-chip measurement.

5. CONCLUSIONS
We successfully developed non-liquid junction reference electrode and achieved

reasonable results on BUN and Creatine sensors based on ammonia ions detection.
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ABSTRACT
The sensitive detection of circulating tumor cells in the peripheral blood of patients is a

potential indicator of prognosis and diagnosis in oncology. We have developed a
microfluidic technique to capture the cancer cells by positive selection. The device consists
of antibody functionalized micro-posts. A human non-small-cell lung cancer line was
cultivated, stained with cell tracker and spiked into the whole blood. The sample then is
flown through the microfluidic device with anti-EPCAM coated posts and the cells
expressing epithelial-cell adhesion molecule are captured. Fluorescently labelled
monoclonal antibodies specific for leukocytes (CD45) are used to further distinguish
epithelial cells from leukocytes. This approach of affinity based capture of target cells on
antibody functionalized posts has the advantage of higher throughput with minimum
activation of cells and no alteration to cell phenotype. Also, immuno-phenotyping can be
performed on captured cancer cells with regard to organ lineage and, potentially, the
presence of activation and invasive markers and detection of oncogenes.isolation and
analysis of circulating tumor cells

Keywords: Early detection of cancer, Microfluidics, Circulating tumor cells,
microposts

1. INTRODUCTION
Non-small-cell lung cancer (NSCLC) is the most common cause of mortality due to

cancer in the United States. Non-small cell lung cancers are categorized into three types:
squamous cell carcinoma (also called epidermoid carcinoma ), adenocarcinoma, and large
cell carcinoma . These separate types are grouped together because, in early stages before
the cancers have spread, they all can be treated surgically. By the time lung cancer is
diagnosed by the more conventional methods such as chest x-rays and computed
tomography (CT) scans , it usually has already spread so far that it cannot be surgically
cured. Hence they can only prolong survival, but cannot reduce mortality rates. On the
otherhand, the more sensitive procedures such as biopsy, thoracoscopy, and bronchoscopy
are invasive and involve surgery. In this paper we present a microfluidic based diagnostic
BioMEMS device for the early detection of cancer using a completely non-invasive rapid
procedure requiring only a small sample of patient’s blood.

The sensitive detection of circulating tumor cells (CTC) in the peripheral blood of
patients is a potential indicator of prognosis and diagnosis in oncology [1]. Hence in the
present work we designed a microfluidic device to detect the circulating tumor cells in
blood. The more conventional strategy for the detection of occult tumor cells is the PCR
amplification of tumor-specific abnormalities present in the DNA or mRNA of these cells
[2]. Because of the limitations of PCR (e.g., contamination of samples, inability to quantify
tumor cells or perform functional assays), it is now clear that other techniques should be
used as an adjunct for the detection of occult tumor cells. More recently the researchers 
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have been using immunomagnetic separation technology as a means to improve the
detection of CTCs [3]. However, the recovery using such techniques is still less than 50%.
On the otherhand, use of Bio-microelectromechanical systems (BioMEMS) to manipulate 
and analyze cells for therapeutic and diagnostic purposes is increasingly becoming popular
due to the dramatic reduction of sample size and handling. We have developed a
microfluidic technique to capture the cancer cells by positive selection using antibody
functionalized micro-posts. The use of microposts offer the advantages of high throughput
at low shear stress, larger surface area for capture, and longer residence time for cells. This
novel approach of affinity based capture of target cells combining microfluidics with
immunodetection has the advantages of high target cell capture efficiency, higher
throughput with minimum activation of cells and no alteration to cell phenotype. Also,
further immuno-phenotyping can be performed on captured cancer cells with regard to
organ lineage and, potentially, the presence of activation and invasive markers and
detection of oncogenes to design a complete lab-on-a-chip cancer detection system.

2. MATERIALS AND METHODS

A human non-small-cell lung cancer line (NCI-H1650 from ATCC) was cultivated and
grown to confluence on RPMI-1640 (Invitrogen Corporation) supplemented with 10% fetal
bovine serum and incubated at 37oC. After detaching the cells from the culture, the cells are
stained with cell tracker orange (CMRA from Molecular Probes, Eugene, OR) and counted
using haemocytometer. The stained cells are then spiked into the fresh blood (whole blood)
from healthy donors. The sample then is flown through the microfluidic device with anti-
EPCAM coated posts (Fig 1 & 2) and the cells expressing epithelial-cell adhesion molecule
are captured. The typical concentration of cells and the flow rates at which the samples are
flown through the device are given in Table I.
Once the cells are captured at a given flow rate, the device is washed with buffer at a higher
flow rate (typically 3ml/hr) to remove the non-specifically bound cells. To further
distinguish epithelial cells from leukocytes a stock solution (0.5ml) of fluorescently
labelled monoclonal antibodies specific for leukocytes (FITC CD45) is flown through the
device and the device is incubated at room temperature for approximately 30 minutes. After
incubation the device is washed with buffer to remove the excess stock solution. Finally the
cells are fixed on the chip using 1% PFA (Para Formaldehyde).

Inlet through hole Outlet through hole

Active capture area
55.18mm

Figure 1 Schematic of capture device Figure 2 Sample flowing through the device
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Flow
Rate
(ml/hr)

Duration No. of
Cells
Passed

No. of Cells Captured Yield

1.5 2 hr 150000 30000/ml
(Haemocytometer count of waste )

60%

1.08 2 hr 108000 68661
(counted under microscope)

63.58%

1.21 2hr 121000 75491 62.39%

Table 1 Experimental data of lung cancer cell detection in whole blood

4. RESULTS AND DISCUSSION
Based on optimum shear stress studies, three sets of experiments are performed using

slightly different flow rates. The parameters and results of these experiments are
summarized in Table 1. In each of the experiment approximately 50000cells/ml are spiked 
into the blood sample. The captured cells are counted either directly under microscope or
from the concentration of target cells in the waste volume. Figure 3 presents the captured
cells shown in orange and the leukocytes shown in green. Note the cancer cells are much
larger in size compared to leukocytes. It is also observed that the maximum number of cells
captured are located around the posts. The obtained yields are greater than 60% with less
than 5% of non-specific binding.
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Abstract

In this paper, a novel microchip-based electrophoresis analysis protocol of the lactate
dehydrogenase (LDH) isoenzymes was developed. A Xe lamp-induced fluorescence
detection system was set up to study on-chip LDH isoenzymes assay. Experiments for
determination of LDH1 standard solution and serum LDH isoenzymes from a healthy adult
donator were carried out, followed by on-chip monitoring of incubation product of NADH
catalyzed by LDH. The efficient separation of different LDH forms indicates the
potential of microfluidic devices for isoenzymes assay. This is the first work to assay
LDH Isoenzymes with microchip-based capillary electrophoresis.
Keywords: lactate dehydrogenase, isoenzymes, microchip capillary electrophoresis
1. Introduction

As a result of the tissue-specific nature of isoenzymes, the presence of elevated levels
is often correlative with certain disease states. LDH isoenzymes have been found to be
one of the important enzymes in diagnosing different kinds of diseases, such as liver and
cardiac diseases, etc. Both the LDH activity and the LDH forms in serum are important
biomarkers for different cancers and leukemia. The conventional method such as gel
electrophoresis in clinical laboratory and capillary electrophoresis (CE) [1, 2] for LDH
isoenzymes assay is labor, time and reagent consuming. Microchip capillary
electrophoresis (MCE) devices offer the ability of on-line rapid isoenzyme assay and
application for point-of-care testing [3]. In this work, we employed MCE to apply for
LDH isoenzymes assay, and the efficient separation of serum LDH forms was realized,
which indicated the potential of microfluidic devices for isoenzymes assay.
2. Experimental

The microchip capillary electrophoresis devices were micro-fabricated with standard
photolithography, wet etching and low-temperature bonding techniques. A home-made
microchip-based isoenzymes assay system is schematically shown in figure 1. In brief, a

Figure 1. Schematic diagram of a microchip-based isoenzymes assay system
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Xe lamp at a power of 150 W was used as the excitation source. A quartz lens was used to
focus the beam of light to the detection window on the microchannel. A cut-off filter and
an interference filter were used to minimize the background from stray light. A
peltier-based temperature controlling setup for enzyme reaction is shown in figure 2, which
was applied for optimal enzyme reaction temperature control and low-temperature
electrophoresis. For measurement of LDH activity a three-step procedure was employed.

Firstly, a stream of flowing standard solution or LDH serum was introduced into injection
channel by applying the voltage at the sample reservoir. Secondly, a LDH sample plug
was injected into the separation channel and pre-electrophoresed by applying high voltage
for 2 min at the buffer reservoir under 15 controlled by the temperature-control setup.
Then the voltage was turned off for 3 min for incubation at 37 . Finally, the high
voltage was reapplied to drive the products of NADH to detection window.
3. Results and Discussion

Detection was based on the large difference in fluorescence efficiency between the
NADH and other components in the solution. NADH is an intrinsically fluorescent

Figure 3. Eletropherograms of LDH isoenzymes. A) NADH from standard
LDH1 solution B) serum LDH of a healthy adult donator. The
electrophoretic buffer: 50 mM pH 9.4 2-Amino-2-methyl -1,3-propanediol
containing enzyme substrate L-lactic acid and coenzyme NAD+.
Pre-electrophoresis for 2 min at 15 , incubation for 2 min at 37 .

A B

Figure 2. On-chip peltier-based temperature controlling setup

Peltier 3MTMThermally Conductive Tape

Cooler

Microchip
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molecule (360nm excitation/460nm emission). Figure 3(A) shows product of NADH from
standard solution of LDH1 by former method. A sharp peak of NADH appeared at about
6 min plus pre-electrophoresis and incubation time. The serum from a healthy adult was
analyzed by MCE, and the electropherogram was shown in figure 3(B). The serum LDH
isoenzymes from a healthy adult abundance follow the order:
LDH2 LDH1 LDH3 LDH4 LDH5, which is consistent with the order reported in clinical
laboratory science.
4. Conclusions

A microchip-based isoenzymes assay system was set up. The setup could realize
on-chip separation of LDH isoemzymes including enzyme reactions and detection. The
MCE system for isoenzymes assay has potential for clinical application.
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ABSTRACT
This paper reports a new on-chip immunological detection system that was detected

Hepatitis B surface antigen (HBsAg). The channel fabricated on a chip has unique 
structures. In order to increase binding efficiency, oligonucleotide (ON) is immobilized on
the wall of a shallow part of the channal.  And, to enhance detection sensitivity, the depth of 
a deep part is optimized for the thermal lens measurement. Using this system, we
succeeded in detecting 10 pg/mL of HBsAg.
Keywords: Diagnosis, Immobilization, Immunoassay, Thermal lens microscopy

1. INTRODUCTION 
On-chip immunological detections using beads-bed scheme have been reported [1].  

Advantages of this method are high sensitivity and fast analysis. But it was a little bit
troublesome, and required complicated channel structures. The method based on 
immunoreaction on the surface of a microchannel, in which the microchip consisted of a 
substrate immobilized antibodies and a PDMS with a microchannel, have been also 
reported [2]. For on-chip immunological detection, the antibodies must be immobilized on
a surface of the microchannel. To form a microchannel with polymer, a heating process or
adhesive that has organic solvents is required. Then, antibodies are fatally damaged by 
these processes. To resolve these drawbacks, it is necessary to develop simple structured 
microfluidic devices and new antibody immobilization methods for polymer. In this paper,
we report that on-chip immunological detection system by using a newly designed polymer
microchip and a new antibody immobilization method. Our method is based on unique 
characters of oligonucleotide (ON) [3]. ON is stable for heat, acid, alkaline, organic 
solvents and forms stable complex with complementary pairs. We used this character to
immobilize antibody on polymer surface.

Figure 1. Principle of our ELISA system. (a) ON is immobilized on the wall of a channel. 
(b) The complementary ON-labelled monoclonal antibody is bound by DNA-DNA 
interactions. (c) Antigen is bound to antibody. (d) Biotinyl monoclonal antibody is bound
to antigen. (e) Horseradish peroxidase (POD)-labelled streptavidin is bound by 
streptavidin-biotin interaction. (f) Enzyme reaction is measured by a thermal lens detector
(TLD) using SELFOC® microlens.

(a) (b) (c) (d) (e)

POD POD
POD

(f)

POD POD
POD

2. PRINCIPLE
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Figure 2. Structures of microfluidic chips.

3. EXPERIMENTAL
Microfluidic chips

Amino group introduced ON was immobilized on a surface of an aldehyde activated 
cycloolefin (COC) using a dispenser system which is widely used for LCD productions. In
this study, two types of PDMS chips were prepared. One had a plane straight structure (Fig. 
2, Ch.1), the other had a structure with two different depth parts. A shallow part is 20µm 
depth and other part is 100µm (Fig. 2, Ch.2). Microchips were prepared by self-
adhesiveness of PDMS to ON-immobilized COC.
Heat stability of oligonucleotide

ON-immobilized substrates were heated at 130ºC which is for bonding polymers for 0,
20, 40, 60 minutes, respectively. Using the Ch.1, biotinyl complementary ON and Cy5-
labelled streptavidin were flowed serially into channels. Fluorescence of Cy5 was
measured after removing PDMS from the substrate. 
Hybridization efficiencies of microfluidic chips

2, 10, 50 µM of biotinyl complementary ON were flowed to the Ch.1 or Ch.2. And
POD-labelled streptavidin was introduced into the channels. Enzyme substrate, SAT3 was
flowed, and the product was measured by using the TLD.
Sensitivity of HBsAg
The complementary ON-labelled 
monoclonal anti-HBsAg-Fab’ was flowed 
in the Ch.2. 0, 0.1, 1, 10, 100pg/mL of 
HBsAg were flowed, respectively. 
Biotinyl monoclonal anti-HBsAg-IgG and 
POD-labelled streptavidin was flowed 
sequentially. Enzyme substrate was
injected, and the product was measured by 
the TLD. 0
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Figure 3. Heat stability of ON at 130 ºC. 
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4. RESULTS AND DISCUSSION
Heat stability of ON

Heat stability of ON was shown in Figure 3. ON was still active in binding with
complementary ON after 60 minutes. This result strongly indicated our immobilization
method is suitable for polymer based microfluidic devices.
Hybridization efficiencies of microfluidic chips

Hybridization efficiency of the Ch.2 is
better than that of Ch.1 (Fig.4). 20µm
depth part is suitable for hybridization.
And detection area with 100µm depth is
suitable for TLD. We believe that this
structure is applicable for any kinds of
biological binding reactions with optical 
measurements.
Sensitivity of HBsAg

10pg/mL of HBsAg is detected by 
using the Ch.2 (Fig. 5). This result shows
the Ch.2 is not only suitable for DNA
hybridization but also for immunological 
high sensitive detection.

5. CONCLUSION 
The highly sensitive immunoassay

system without a dam structure and beads
was established. A newly designed 
microchip is simple and suitable for
effective immunoreaction. If a specific 
antibody is immobilized on the wall of
microchannel, this one can be used for only 
a specific parameter. In contrast to it, our
ON-immobilized chip can be used for any 
kinds of parameters, since a binding of ON and complementary ON is universal. We are
trying to modify this microfluidic chip to a test strip that is a device for everybody can use
anywhere.
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ABSTRACT
 We developed a new microfluidic analysis system for multiple blood chemicals in a 
disposable microchip.  A thermal lens detector with auto-focusing/alignment functions, a 
hydraulic flow control device and a microchip stage with a thermoelectric heater were 
integrated into a A4 size box.  Hydraulic flow control device successfully controlled fluid 
flow in a microchip for parallel analysis of 3 blood chemicals.  Quantitative measurement 
of Total cholesterol, HDL cholesterol and triglyceride was achieved in this system. 

Keywords: Clinical diagnostics, Thermal lens detection, Hydraulic flow regulation 

1.  INTRODUCTION
 Blood chemical analysis is one of the most popular clinical diagnostics.  It is important 
and useful especially in terms of a first medical examination and disease monitoring.  
Therefore, point-of-care diagnostic testing is preferable to use at a GP office or home.  A 
glucose sensor is widely used for monitoring diabetes.  It is a single analyte test. However, 
measurement of multiple blood chemicals related in a disease is more helpful for accurate 
diagnosis and appropriate therapy. 

In this paper, we present a new analysis system for measuring multiple blood chemicals 
in a microfluidic chip.   

2.  SYSTEM
 Integrated microfluidic analysis instrument was developed [1].  The photograph of the 
main unit of the instrument is shown in Figure 1.  A thermal lens detector with auto-
focusing/alignment functions [2], a hydraulic flow control device [3] and a chip stage with 
a thermoelectric heater were integrated into a compact instrument.  The size of the main 
unit is 300x202x215mm approximately.  It was designed for multi-analyte measurement in 
a disposable microchip.  The thermal lens detector is placed on a x-axis stage, so it can 
measure sequentially multi-point on a scan line.  The hydraulic flow control device can 
control fluid flow in a disposable microchip without contacting the fluid.  It is comprised of 
a hydraulic flow control chip, a syringe pump and a 3-way valve.  The valve is used when 
regulation fluid is supplied to the device.  The chip stage is placed on a z-axis stage, so as 
to adjust a microchannel position to the focus point of the laser beam emitted from the 
thermal lens detector.  The main features of the instrument are shown in Table 1.  
Programmable measurement sequence such as the syringe pump drive, the stages position 
control, auto-focusing/alignment of the thermal lens detector and the thermal lens signal 
collection, could be controlled by a notebook PC. 
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3.  Microchips 
 The photograph of the polymer microchips were shown in Figure 2.  All channels’ sizes 
are 200 m in width and 100 m in depth.  The bottom microchip is a disposable reaction 
microchip that was designed for parallel measurement of 3 blood chemicals.  It is the same 
size as a credit card.  The top microchip is a flow regulation chip that could be used 
repeatedly.  It is connected to a syringe pump in the instrument (not shown in the 
photograph) and the channels are fulfilled with regulation fluid.  The hydraulic flow 
regulation microchip has silicone diaphragms on the bottom surface.  The positions of the 
diaphragms correspond with the reservoirs in the reaction microchip.  The reservoirs are 
covered with PTFE membranes.  So, the solution in the reservoirs does not contact with the 
hydraulic flow regulation chip.  Fluid flows from 7 reservoirs in the reaction microchip are 
controlled by a single syringe pump through the hydraulic flow regulation microchip.  Flow 
ratio between the reservoirs is determined by the ratio of the diameters of the diaphragms.   

Figure 1.  Photograph of the instrument.  The 
size is 300x202x215mm 

Figure 2.  Photograph of polymer microchips.   

Table 1.  Main features of the instrument 
Function specification 
Thermal lens detector  
   Laser wavelength 640nm(Excitation), 782nm(Probing) 
   Sensitivity <2x10-7M(Nickel(II) phthalocyanine-tetrasulfonic acid 

tetrasodium solution, in 100um height channel) 
Syringe pump flow rate 0.1-15µl/min 
Stage position accuracy 1µm 
Temperature control 35-40 °C±0.1°C

4.  ASSAYS 
 Fluid flow in the reaction microchip shown in Figure 2 was successfully controlled by 
the hydraulic flow control device.  It was checked using dye solution and microbeads 
suspension.  Total cholesterol, HDL cholesterol and triglyceride in human serum were 
measured.   These analytes are important markers for hyperlipemia.  The assays are based 
on specific enzymatic reactions which use the same reagents as a standard blood chemical 
analyser uses. Human serum is introduced into a sample reservoir, then it goes into three 
reaction channels.  At each reaction channels, 2 enzymatic reagents are mixed sequentially.  
The assays were performed at 37°C.  Figure 3 shows the analysis curves of each analyte.  

Hydraulic flow regulation microchip 

Reaction microchip 

Reaction
microchip

Hydraulic flow regulation microchip 

Syringe pump Thermal lens detector 
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The results demonstrate the ability of quantitative measurements of those blood chemicals 
in this system. 
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Figure 3.  Thermal lens signal vs. concentration of each blood chemical in human serum. 

5.  CONCLUSIONS 
 Microfluidic analysis instrument for measurement of multi blood chemical in a 
disposable microchip was developed.  Auto-focusing/alignment of the thermal detector, 
Non contact fluid handling by a hydraulic flow control device were suitable for use of a 
polymer disposable microchip.   In this system, fluid flow in a microchip for parallel 
analysis of 3 blood chemicals was successfully controlled.  Quantitative measurement of 
Total cholesterol, HDL cholesterol and triglyceride was achieved in this system.   
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ABSTRACT
 We report a preliminary results of employing molecular beacon in picoliter droplets for 
breast cancer gene (BRCA1) detection.  Experiments are carried out comparing the 
detection with control samples, verifying signal-to-noise levels and rate of hybridization.  
The sensing system is rapid, simple, highly selective, stable, reproducible, and only a few 
micro liters of samples are required. 
Keywords: gene detection, molecular beacons, microfluidics, mixing in droplet 

1. INTRODUCTION
Breast cancer is a world wide public health concern and the estimated death toll in the 

U.S. was 40,000 in year 2001.  Breast cancer is also ranked first as the cause of cancer 
death for women between ages 20 to 59 years.  People carrying mutation in both BRCA1
and BRCA2 are prone to breast cancer and ovarian cancer [1].  We choose BRCA1, a single 
strand DNA (ssDNA) as our target gene in this experiment.  The conventional DNA 
detection method which involves a heterogeneous solid-liquid hybridization process  
requires probe immobilization.  Stringent rinsing to remove non-specific DNA bonding is 
required and the whole process is time consuming and also requires a lot of samples.  A 
new technique utilizing molecular beacons (MB) which is one class of FRET molecule has 
been reported for the construction of probes that are useful for real-time detection of 
nucleic acids. [2].  Molecular beacons are synthesized single stranded nucleic acid 
molecules that are constructed by stem and loop structures.  The loop portion contains 
sequences complementary to the target single strand DNA.  The stem portion is formed by 
annealing two complementary arm sequences that are not related to the target single strand 
DNA.  MB becomes fluorescent only when the probes encounter the target single strand 
DNA.  MB also has outstanding capability for the selective detection of single nucleotide 
polymophism.  In this study, the development of a picoliter droplet system as a fast and 
simple cancer gene detection platform requiring only few microliter of sample is reported. 

2. THEORY
The droplet based picoliter microfluidic system developed by our group and others is a 

promising reactor for biological and chemical assays as the reaction time is greatly reduced 
and chemical concentration in each droplet can be precisely controlled.  Many advantages 
for using droplet based devices have recently been reported, including the rapid mixing of 
liquids that are normally hindered in low Reynolds number single phase laminar flow [3-5].  
Because the differential of surface tension between oil, DNA buffer solution and MB 
solution, it naturly generates turbulence inside the droplets.  The strong convection inside 
droplet accelerates DNA dectection when using free solution molecular beacons (MB) 
bioassays making  it much faster than conventional time comsuing methods such as 
heterogeneous solid-liquid hybridization process. 
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3. EXPERIMENT

The design of a picoliter droplet generation device is shown in figure 1.  When the 
BRCA1 and MB flow into the certer channel from two different inlets, the merged single 
stream is pinched-off by the shear force from two oil streams and form the picoliter 
droplets as shown in Figure 2.  Once inside the droplet, the BRCA1 and MB would start to 
mix and hybridize almost instantly due to the convection resulting from the surface tension 
force and the viscous shear force exerted on the generated droplet.  The flow rate of target 
DNA, molecular beacons and mineral oil are 0.2 ul/min, 0.2 ul/min and 4 ul/min 
respectively.  The width, height and length of micro channel are 120 um, 120 um and 15.83 
mm respectively. 

If the BRCA1 match the complementary sequence of the loop portion of MB, the stem 
portion of MB will separate and emit fluorescence.  Since the convection inside the 
droplets is very strong, it accelerates the hybridization rate of BRCA1 to MB.  Because the 
droplets diameter is as small as 84.8 um or 319 picoliter, the reaction space of reagents is 
much reduced.  Therefore. it also dramatically increases the BRCA1 and MB hybridization 
rate.

4. RESULTS AND DISCUSSION 

We have successfully observed that the fluorescence of MB in micro channel increases 
along the channel from pinch-off point to product reservoir after the BRCA1 hybridizes 
with MB, as indicated in figure 3.  According to figure 4 -the image from CCD camera with 
exposure time 10 milliseconds, the measured droplet displacement is 62.2 um.  The velocity 
of droplets in the channel is  6.22mm/sec.  Because the total length of channel is 15.83 mm, 
it only takes 2.54 sec for a droplet to flow through this channel after its generation.  If all 
the MBs thoroughly hybridized with its complementary genes in the droplets before the 
product reservoir, the hybridization rate will be less than 2.54 sec.  Compare with 
conventional solid-to-liquid DNA hybridization which requires at least 6 hours for the 
whole process, this detection method in picoliter droplet by molecular beacons for BRCA1 
gene is much faster. 

We measured the fluorescence intensity at the product reservoir by spectrafluorometer. 
The average relative fluorescence intensities of BRCA1 hybridizing with MB, non-specific 
ssDNA with MB and MB in buffer is 1682.4, 83.0 and 53.7 respectively.  The signal-to-
background value of this BRCA1-molecular beacon is around 31.3 as shown in figure 4.  
The fluorescence intensity of non-specific ssDNA to BRCA1 MB is only 83.0.  The design 
of BRCA1 MB is very selective and sensitive, and also is a fast gene detection platform. 

5. CONCLUSIONS 

The picoliter droplet system provides an outstanding reactor platform for biological and 
chemical reagents.  Its excellent mixing in droplets can greatly accelerate the hybridization 
rate of molecular beacons and target breast cancer genes.  This system has capability for 
precise mixing of controlled volumes of reagents.  Other advantages include simple sample 
preparation, minimal reagent contamination in channels, rapid detection, and requiring only 
a few microliters of samples for detection. 
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Figure 1.   Picoliter droplets generation channel 
design layout.  Pitch-off area channel width- 20um. 
The dimension of channel after pitch-off point is 

120um Wx 120um Hx 15.83 mm L 

Figure 2.  Emulsion picoliter droplets are 
uniformly generated in microfluidic channel 

Figure 3.  The fluorescence of MB in micro 
channel are increasing along the channel from 

pinch-off point to product reservoir. i.e. the 
BRCA1 hybridized with MB along the channel. 

Figure 4. Picoliter droplets in 90 degree turns 
micro channel.  The width of channel is 120 um 
and the droplet’s diameter is 84.8um.  According 

to the camera exposure time-10 ms and the 
displacement of droplet is 62.2 um, we get the 
droplet velocity in the channel is 6.22 mm/sec 
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ABSTRACT
 We demonstrate a biomolecule detection method using colocalization of target-selective 
quantum dot nanoprobes.  The presence of target is shown through the colocalized 
emissions of bound events and easily distinguished with colorimetric measurements, 
negating any additional step for separation of unbound probes.  Furthermore, the method 
shares characteristics with a homogeneous format, which leads to better reaction kinetics 
and faster detection as compared to conventional solid-phase approaches.  Anthrax-relevant 
sequences were sampled and were detected and identified through measuring the 
colocalization of individual nanoprobes.  Multiplexed detection can be achieved by 
adopting multiple quantum dots with spectrally separable emissions. 

Keywords: Biomolecules detection, colocalization, homogeneous, and quantum-dots 

1. INTRODUCTION
 Practical application of molecular diagnostics is essential to areas such as genetic and 
pathogenic diseases or biowarfare control.  Current diagnostic procedures utilize the 
binding of specific complementary probes to a target of interest [1, 2, 3].  Nanomaterial-
based assays have provided pervasive advantages over conventional solid-phase assays (e.g. 
microarrays) with regard to assay sensitivity, selectivity and practicality [4, 5].  In one 
aspect, traditional separation-dependent assays are complicated by less efficient solution-
surface binding kinetics [4], which results in a reduction of detection sensitivity and 
throughput. 
 Nanoparticle-based optical detection methods are commonly studied [5] and regarded as 
a potential approach for applications of biomolecule detection.  Quantum-dots are attractive 
candidates as labeling nanomaterials due to their superior transduction mechanism (broad 
excitation and narrow emissions) and reliable photostability.  Herein, we report a novel 
biosensing nanomaterial-based method that obviates the need of separation and is capable 
of detecting low-abundant targets based on two-color colocalization of semiconductor 
quantum-dot (QD) probes.  We have demonstrated that this method can effectively detect a 
small number of targets (anthrax genomic sequences) in a sample containing a high-
concentration of background bacterial genomic DNA.  Moreover, this method can be 
applied to multiplexed detection with multiple emissions of quantum-dots. 

2. PRINCIPLE
 As shown in Fig. 1, two target-specific molecular probes labeled with QDs of different 
emission wavelengths, green (525nm) and red (605nm), are deployed to detect a target of 
interest.  The specific binding of the probes to the target yields a sandwiched nanoassembly.  
Since the physical size of the nanoassembly (~50nm) is smaller than the diffraction-limited 
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resolution (~250nm) of a confocal imaging system [2], the nanoassembly is imaged with a 
blended color (yellow) due to the colocalization of the two linked QD nanoprobes.   
Consequently, the formation of the nanoassembly, and thereby the presence of the target, 
can be determined based on colorimetric measurements of the nanoparticles.  Since the 
unbound QD nanoprobes retain their original colors, they can be easily differentiated from 
the blended-color nanoassemblies, and separation of the unbound probes from the sample 
becomes unnecessary.  

3. RESULTS AND DISCUSSION 
 We used the detection of DNA sequences derived from pathogenic B. anthracis pX01 
plasmid gene cap (M24150, 5’-ATG CCA TTT GAG ATT TTT GAA TTC CGT GGT-3’) 
to validate this biosensing method.  Discrete yellow fluorescent images of single 
nanoassemblies were observable when measuring a sample containing the specific DNA 
sequences (Fig.2a).  In contrast, only red and green images of QD nanoprobes were 
observed when measuring negative-control samples that contain non-specific 
oligonucleotide (Fig.2b) or genomic DNA from E. Coli (Fig.2c), demonstrating both high 
specificity and low background achieved by this method. As shown in the fluorescence 
intensity histograms (Fig.3), a number of nanoparticle fluorescent images with increased 
fluorescence intensity were measured in the presence of specific targets, suggesting that 
some nanoassemblies were comprised of multiple crosslinked QD nanoprobes and targets.  
Benefiting from more efficient binding kinetics in a homogenous-format (all bindings take 
place in a solution-phase), our detection assay can be completed within less than 60 
minutes (Fig.4), while conventional heterogeneous separation-based assays usually require 
hours to achieve efficient molecular binding prior to detection.  

Figure 1. QD nanoprobes are made by functionalizing QDs with target-specific oligonucleotide 
probes. Two QD probes having different emission wavelengths and probe sequences are 
sandwiched by a target, forming a QD probe-target nanoassebly. The nanoassembly is imaged with 
a blended color (yellow) due to the colocalization of the QD probes (green and red) linked by a 
target and can be detected through colorimetric measurements. 

QD nanoprobes

Complementary target

Nanoassembly Colocalization

UV light 
excitation

Figure 2. (a) In the presence of specific targets, fluorescent images of the nanoassemblies appear as 
a blended yellow color (colocalization events, indicated with arrows). (b) No colocalization events 
are measured in the negative-control samples comprising of nonspecific oligonucleotide targets, and 
(c) Background bacterial genomic DNA, suggesting high specificity and low-background for the 
biosensing method. (Dimension Bar: 1 m)

(c)(b)(a)
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ABSTRACT
This work presents initial results for a voltage-controlled microfluidic valve design; this 
mechanism forms the core of a purely diffusion-based microgradient generator. The 
valving mechanism is based on the principles of electrowetting and surface tension at gas-
liquid interfaces and requires very low external power and no external fluidic connections. 
Moreover, it is specifically designed to enable the construction of two-dimensional 
diffusible chemical microgradients in cell culture. Swift and fast valving is achieved at a 
120 V, 1 Hz voltage pulse train applied for 10 seconds. Measured current during actuation 
is less than 1 µA. 

Keywords: Diffusion, Electro-wetting, Surface tension, Microgradients 

1. INTRODUCTION
Microgradients of diffusible chemical gradients play a central role in the development of 
form and function in organisms of all scales. It has been widely accepted that animals use 
concentration gradients of diffusible substances termed morphogens for tissue patterning 
and, more recently [1], it has been shown that plants use diffusible substances (e.g. auxins) 
to pattern structures (such as vasculature). The emerging field of regenerative medicine is 
also starting to wrestle with the idea of signals directing growth. The controlled patterning 
of chemical gradients can aid in the study of stem cell differentiation, neuronal growth and 
bacteria sensing [2, 3, 4].  

While the ability to sense these diffusible gradients is well developed, technologies to 
control the diffusible environment in developing tissues are still emerging [4, 5, 6, 7]. 
Previous attempts towards chemical release have been mostly ‘puffer’ devices where 
chemicals are released out of pores directly into the micro-environment [4]. In most other 
devices, the gradients are generated by flow and are largely one- dimensional. Also, some 
of these devices tend to use complex valving schemes and external pressure sources to run 
[3]. 

We present a device which can be used to pattern local chemical microgradients via 
diffusion (as opposed to forced convection or fluidic motion). The system’s advantage lies 
in its simple valving scheme, which allows for the construction of large arrays of actuatable 
pores for arbitrary molecules. Very low power is consumed.  

2. THEORY 
Surface tension forces, which dominate at micro - nano scales, can be modulated by the 
well-known process of electrowetting [8]. Electrowetting is a straightforward process: on 
applying an external potential between a liquid and a solid, the free charge carriers and 
dipoles at the interface redistribute, modifying the surface energy at the interface [9] and 
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4. CONCLUSIONS 
 In summary, we report a generic biosensing platform whose applications can later be 
extended to the detection of other biomolecules such as peptides and proteins by 
conjugating proper probe molecules (e.g. antibody) to QDs.  This method can also be 
applied to quantitative study of molecular-bindings, as it allows direct observation and 
counting of bound and unbound biomolecules.  This novel detection platform is particularly 
effective for applications such as early cancer diagnostics, infectious disease detection, and 
screening of bioterrorist agents, in which rapid analysis is required with a minimal amount 
of available sample. 
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Figure 3. Histogram of particle fluorescence 
intensity distribution in the red emission. A number 
of particles images with enhanced fluorescence 
intensity are measured, suggesting some 
nanoassemblies are comprised of multiple 
crosslinked QD probes and targets. 
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ABSTRACT
This work presents initial results for a voltage-controlled microfluidic valve design; this 
mechanism forms the core of a purely diffusion-based microgradient generator. The 
valving mechanism is based on the principles of electrowetting and surface tension at gas-
liquid interfaces and requires very low external power and no external fluidic connections. 
Moreover, it is specifically designed to enable the construction of two-dimensional 
diffusible chemical microgradients in cell culture. Swift and fast valving is achieved at a 
120 V, 1 Hz voltage pulse train applied for 10 seconds. Measured current during actuation 
is less than 1 µA. 
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1. INTRODUCTION
Microgradients of diffusible chemical gradients play a central role in the development of 
form and function in organisms of all scales. It has been widely accepted that animals use 
concentration gradients of diffusible substances termed morphogens for tissue patterning 
and, more recently [1], it has been shown that plants use diffusible substances (e.g. auxins) 
to pattern structures (such as vasculature). The emerging field of regenerative medicine is 
also starting to wrestle with the idea of signals directing growth. The controlled patterning 
of chemical gradients can aid in the study of stem cell differentiation, neuronal growth and 
bacteria sensing [2, 3, 4].  

While the ability to sense these diffusible gradients is well developed, technologies to 
control the diffusible environment in developing tissues are still emerging [4, 5, 6, 7]. 
Previous attempts towards chemical release have been mostly ‘puffer’ devices where 
chemicals are released out of pores directly into the micro-environment [4]. In most other 
devices, the gradients are generated by flow and are largely one- dimensional. Also, some 
of these devices tend to use complex valving schemes and external pressure sources to run 
[3]. 

We present a device which can be used to pattern local chemical microgradients via 
diffusion (as opposed to forced convection or fluidic motion). The system’s advantage lies 
in its simple valving scheme, which allows for the construction of large arrays of actuatable 
pores for arbitrary molecules. Very low power is consumed.  

2. THEORY 
Surface tension forces, which dominate at micro - nano scales, can be modulated by the 
well-known process of electrowetting [8]. Electrowetting is a straightforward process: on 
applying an external potential between a liquid and a solid, the free charge carriers and 
dipoles at the interface redistribute, modifying the surface energy at the interface [9] and 
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inducing a change in the contact angle of a liquid droplet. The relationship between the
applied electric potential (V) and the resulting surface tension ( ) is derived by a 
thermodynamic analysis of the interface [9]. The result is expressed in Lippmann’s
equation:

 = 0 – ½ cV2 (1)
0 is the surface tension of the solid-liquid interface at V=0, c is capacitance per unit area. 

The amount of change of contact angle induced by an electric potential is given by [10]:
cos (V) – cos 0= 0  V2/(2t LG) (2)

Where 0 denotes the equilibrium contact angle at V = 0, 0 is the permittivity of vacuum,
the dielectric constant of the dielectric layer and t the thickness of the dielectric. 
Importantly, the contact angle change deviates from this expression for high potentials and
‘plateaus’ [9]; this prevented changes of more than 70 degrees in contact angle across our 
devices. This technique has been used previously in devices where water movement was
controlled on dielectric via the application of an appropriate external potential between two
electrodes [10].

3. EXPERIMENTAL
A. Fabrication
Figure 1 illustrates the fabrication process. Indium tin oxide (ITO) electrodes are sputtered
(1000 Å) over a glass substrate, patterned through lift-off process and annealed at 750 °C in
Rapid Thermal Anneal (RTA) oven. A thick layer of oxide (1.2 µm) is deposited via
PECVD and annealed in RTA at 700 °C. Contacts are then etched through the oxide in
RIE. A hydrophobic fluoro-polymer layer (2500 Å) is then plasma-deposited using an STS
DRIE etcher and patterned with a lift-off process. A 5um thick resist is spun and patterned
into desired microchannel geometries. Cr/Au (250A/1500A) is then evaporated onto the
chip to form the ground electrode. To stabilize and mechanically strengthen the top 
electrode, 2 µm of gold is electroplated at a current density of 2mA/mm2. A final
photoresist coat, lithography and gold etch defined the pore and the exposed contact pad 

areas. The wafer is then diced into
1.5 cm x 1.5 cm chips. Photoresist is
then removed by immersing the chip
overnight in acetone. The completed
microsystem stands as a bridge
structure with a gap of 5um between
the top and the bottom.

B. Experimental Setup
After fabrication, the chip is loaded
with DI water. Water fills into the
chip from the reservoir through
capillary action. A hydrophobic 
fluoro-polymer perimeter contains
the water within the chip and
prevents it from coming in contact 
with any of the outside electrodes.

Figure 1: Fabrication Process Flow
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The valving scheme requires having
some gas phase bubbles trapped inside
the liquid-filled chip which can then be
transferred or rotated to provide an open
and closed valve. As liquid moves into
the chip from one end, it encounters the
fluoro-polymer patches, leaving trapped
gas bubbles.  Different designs were 
attempted with varying degrees of

success:

                     a.                                               b.                                          c.

To operate a valve, electric potential is applied to move the gas-liquid interface. As water 
prefers the more hydrophilic, actuated surface, this forces the interface to move and the gas 
phase to shift over the non-actuated electrode. All testing was done on a Nikon TE2000U 
inverted microscope equipped with Alessi MH-3599-125 manual probes. A Keithley 2400 
SourceMeter current source was used to apply potential and measure currents. Pictures 
were taken with a Nikon Cool Pix 4500 digital camera.

Figure 2: Schematic of device operation

Figure 3: Various Electrode Designs

4. RESULTS AND DISCUSSION 
Fig. 4 shows how we manipulate the gas-liquid interface. The hydrophobic fluoro-polymer
(  > 170°) perimeter restricts the water to the periphery of the structures while filling the
entire channel. A 120 V, 1 Hz voltage pulse train is applied for 10 seconds; the
electrowetting phenomenon lowers the surface tension of the hydrophobic region, allowing
water to enter.

Once trapped, the enclosed bubble of design a) (Figure 3) was difficult to move over long
distances. The interface could rarely be made to shift repeatedly back and forth. We
hypothesize that this is due to the range of contact angles we can achieve with EWOD and 
our current fluoro-polymer (see above); we are currently fabricating devices with
hydrophobic coatings with unbiased water contact angles of ~120°. Design b, conversely,
could be made to actuate over long distances (not shown). Using EWOD, it was possible to
push the air-liquid interface over large distances repeatedly. 

Once the valve is closed (by moving the gas phase away from the pore), chemicals inside 
the liquid medium are free to diffuse towards the open pore. With arrays of these devices, it
should be possible to regulate the diffusible microenvironment in the space above the pore 
by controlling which valves are open or closed. In this study, the size of the pore was 5 x 5
µm.
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ABSTRACT 
This paper describes a method to pattern microarrays in a closed microfluidic device. 

Two perpendicular laminar flow streams can operate in terms to sequentially coat the 
surface of a flow-chamber with parallel lanes in two directions. Two perpendicular sample 
streams can be controlled in position and width by applying electrokinetic focusing, for 
which each of the two streams is sandwiched between two parallel laminar flow streams 
containing just a buffer solution. Electroosmotic flow allows a simple chip design without 
any moving parts being involved. With this device configuration it is possible to define an 
array of up to 169 spots on a surface area of 1 mm2.

Keywords: electrokinetic focusing, electroosmotic flow, laminar flow, microarray 

1. INTRODUCTION 
Microfluidic offers new physical environments such as laminar flow, characterized by 

low Reynolds numbers. The position and the width of a laminar flow stream can be varied 
by sandwiching the stream between two parallel sheath flow streams. This technique, in 
case of pressure driven systems, is known as hydrodynamic focusing. Hydrodynamic 
focusing has been applied for patterning metal and polyelectrolyte structures inside 
microfluidic channels [1] and biochemical arrays on microfluidic chips. Parallel lanes of 
immobilized proteins could be patterned in one operation step. For a more complex 
geometry like an array, the device had to be removed from the substrate and turned 90 
degrees for the second immobilization [2, 3]. Electrokinetic focusing is similar to 
hydrodynamic focusing but with electroosmotic flow instead of pressure driven flows.  It is 
straightforward to control parallel fluid streams in position and width inside a laminar flow 
chamber using electrokinetic focusing [4].  

The device described here uses electrokinetic focusing with two perpendicular laminar 
flow streams for an adjustable patterning of bio-chemical assays. Since it is a closed and 
liquid filled chip, both streams can operated in terms without the array spots being exposed 
to air.  

2. PRINCIPLE 
Each chip consists of six inlet channels connected to a wider flow-chamber and two 

outlet channels. As shown in figure 1, during the first patterning step (a), three inlet 
channels are active and fluid is pumped through them by electroosmotic flow (EOF) while 
the perpendicular channels are passive. The position and the width of sample stream 1 
entering the flow-chamber can be controlled by focusing with two parallel sheath flow 
streams. The sample stream is guided to the desired positions to sequentially immobilize 
lanes of e.g. proteins inside the flow chamber. Sample stream 2 is then (b) used to 
immobilize lanes in the perpendicular direction. If appropriate surface and bio-chemistry is 
applied, this patterning procedure results in a micro array with the number of spots based on  
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Occurrence of electrolysis is the main failure mode of the device. We suspect failure was 
due to a highly granular film which allows water to penetrate and form a direct conducting
path to the electrode. This dielectric thickness withstood up to 200V DC without
electrolysis. The power consumed by this microsystem was minimal. Measured currents 
during device operation were recorded to be less than 1 µA over 10 s, even for large (> 200 
µm diameter).  Future work will include forming well defined and controlled gradients and
studying cell cultures in these chemical gradients. 

Figure 4: (L) No actuation during filling. (M) Potential applied to one electrode to trap 
bubble. (R) Potential applied to both electrodes collapses gas phase during filling. 

5. CONCLUSIONS
There is a growing need for devices which can setup controllable multi-dimensional
chemical gradients without convection. The microgradient array generator chip has the
potential to setup diffusion based chemical gradients. A simple valving scheme has been
implemented here to achieve this goal.
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ABSTRACT 
This paper describes a method to pattern microarrays in a closed microfluidic device. 

Two perpendicular laminar flow streams can operate in terms to sequentially coat the 
surface of a flow-chamber with parallel lanes in two directions. Two perpendicular sample 
streams can be controlled in position and width by applying electrokinetic focusing, for 
which each of the two streams is sandwiched between two parallel laminar flow streams 
containing just a buffer solution. Electroosmotic flow allows a simple chip design without 
any moving parts being involved. With this device configuration it is possible to define an 
array of up to 169 spots on a surface area of 1 mm2.
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1. INTRODUCTION 
Microfluidic offers new physical environments such as laminar flow, characterized by 

low Reynolds numbers. The position and the width of a laminar flow stream can be varied 
by sandwiching the stream between two parallel sheath flow streams. This technique, in 
case of pressure driven systems, is known as hydrodynamic focusing. Hydrodynamic 
focusing has been applied for patterning metal and polyelectrolyte structures inside 
microfluidic channels [1] and biochemical arrays on microfluidic chips. Parallel lanes of 
immobilized proteins could be patterned in one operation step. For a more complex 
geometry like an array, the device had to be removed from the substrate and turned 90 
degrees for the second immobilization [2, 3]. Electrokinetic focusing is similar to 
hydrodynamic focusing but with electroosmotic flow instead of pressure driven flows.  It is 
straightforward to control parallel fluid streams in position and width inside a laminar flow 
chamber using electrokinetic focusing [4].  

The device described here uses electrokinetic focusing with two perpendicular laminar 
flow streams for an adjustable patterning of bio-chemical assays. Since it is a closed and 
liquid filled chip, both streams can operated in terms without the array spots being exposed 
to air.  

2. PRINCIPLE 
Each chip consists of six inlet channels connected to a wider flow-chamber and two 

outlet channels. As shown in figure 1, during the first patterning step (a), three inlet 
channels are active and fluid is pumped through them by electroosmotic flow (EOF) while 
the perpendicular channels are passive. The position and the width of sample stream 1 
entering the flow-chamber can be controlled by focusing with two parallel sheath flow 
streams. The sample stream is guided to the desired positions to sequentially immobilize 
lanes of e.g. proteins inside the flow chamber. Sample stream 2 is then (b) used to 
immobilize lanes in the perpendicular direction. If appropriate surface and bio-chemistry is 
applied, this patterning procedure results in a micro array with the number of spots based on  
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the stream widths and spacing 
used. The voltages required to 
generate the adequate electro-
osmotic flows, depending on 
velocity, positions and stream 
widths are calculated real-time 
with an analytical model. This 
model is an analogy of 
electroosmotic flow to electrical 
circuits.  

3. FABRICATION 
As illustrated in figure 2 standard cleanroom fabrication techniques were applied. Each 

chip (15x15 mm2) consists of two plates. The silicon top plate contains the microfluidic 
channels as well as inlet and outlet holes while the bottom Pyrex glass plate is left 
unprocessed. The 10 µm deep channels and chamber were etched into the silicon with a 
first reactive ion etching (DRIE) step. The pyramidal shaped inlet and outlet holes were 
etched through the wafer, starting from the backside in a KOH isotropic wet etching bath. 
After removing the etching masks and photoresist, the structured silicon wafer was oxidized 
to build up a 1 µm thick layer of silicon oxide.  This layer serves as an electrical insulator to 
prevent short circuits while applying the voltages required for EOF. 

Figure 2. Main fabrication steps for the micro patterning device 

4. EXPERIMENTAL 
The chip was placed in an in-house fabricated holder containing eight reservoirs with 

integrated platinum electrodes connected to two high voltage sources (IBIS 411, 
microfluidic control unit, IBIS Technologies B.V., the Netherlands). The applied voltages 
were controlled with a LabView (National Instruments) program based on an analytical 
model. An inverted microscope (Olympus IX51) with fluorescence unit, equipped with an 
F-View II 12-bit digital camera was used to view the stream profiles. All inlet reservoirs 
and the connected chip were filled with 10 mM HEPES in demineralized water (pH 7.4). 
During experiments fluorescently labeled bovine serum albumin (BSA) (0.5 mg/ml in 
HEPES buffer) was added as a stream marker to the sample stream reservoirs. Throughout 
microfluidic operation, microscopy images were captured using the camera control 

Figure 1. Two perpendicular sample streams operate in 
terms to immobilize lanes of molecules. 
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software AnalySIS (Soft Imaging System GmbH, Germany). To visualize and study the 
array geometry the captured images of single streams were merged to one overlay image. 

5. RESULTS AND DISCUSSION 
As seen in figure 3 it was possible to control the position of the two perpendicular 

sample streams by electrokinetic focusing to create a microarray. This figure shows micro 
arrays with 25 and 169 spots. The single images were combined to one overlay using photo 
editing software. Due to the cross shaped flow chamber geometry the stream lines tend to 
diverge in the middle part. This effect results in a round shaped array geometry and non 
uniform shaped spots.    

Figure 3. Image overlays visualizing possible array geometry: left: 5x5 streams, right: 
13x13 streams with (only the overlapping areas made visible) and a spot size of ~25x25µm2

6. CONCLUSIONS 
A microfluidic device for the immobilization of biomarkers to form an array has been 

developed and experimentally characterized. Two electrokinetically focused sample 
streams can be positioned inside a laminar flow chamber by controlling only the applied 
voltages. Parallel lanes of molecules can be immobilized in two directions while the 
overlapping areas form the array spots. The principle has initially been demonstrated with 
fluorescein as a stream marker and visualized with picture overlays. Experiments with 
protein arrays are underway. Further investigations focus on the influence of proteins on the 
chip surface properties and therefore on the electroosmotic flow.  
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ABSTRACT 
 In this paper, a polymer micro-channel array chip for blood analysis was fabricated and 
evaluated. The chip having 6 m wide and 10 m deep fine micro-channel array was stamped 
on polymethylmethacrylate (PMMA) by hot embossing method. The surface of PMMA 
blood analysis chip was coated by organic film. The experiment results indicated that the 
PMMA chip shows remarkable advantage for preventing blood platelets adhesion. 

Keywords: Blood analysis, Hot embossing, Micro-channel array, PMMA 

1. INTRODUCTION
 We fabricated and evaluated fluidic characteristics of the PMMA micro-channel array 
chip for blood analysis. The PMMA chip having 6 m wide and 10 m deep fine micro-
channel array was structured by hot embossing of PMMA plate (Comoglass® from 
KURARAY Co., Ltd.).  A flow test using human blood demonstrated that the micro-channel 
array made of PMMA (hereafter referred to as blood analysis chip made of PMMA) with 
surface treatment reduced the adhesion of platelets which is the major disadvantage of the 
commonly used blood analysis chip made of silicon [1]. On the other hand, the selection of 
PMMA materials that are superior in optical characteristics may provide additional 
capabilities that allow measurement of fluorescence for qualitative and quantitative 
evaluation of distinctive types of blood cells. 

2. FABRICATION
 A matrix mold of the multi-stage 
pattern consisting of micro-channels 
and flow paths was fabricated by the 
two steps photolithography as shown 
in Fig. 1 [2]. A nickel stamp was 
then formed by electroforming. We 
selected PMMA (Comoglass® from 
KURARAY Co., Ltd.) as the 
substrate material. Hot embossing 
equipment (EVG520HE) which 
enables fine microstructures, even 
nano-imprints, was utilized to 
fabricate the blood analysis chip. Fig. 
2 is a SEM micrograph of the 
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fabricated micro-channels.  Fig. 3 shows the overall view of the blood analysis chip made of 
PMMA and its assembly for practical applications. In order to reduce adhesion of platelets 
to the surface of PMMA blood analysis chip, organic film coating was performed.  The 
organic film was the same polar group as phosphorylcholine, a constituent of plasma 
membrane. It is copolymerized with butyl methacrylate to increase adhesiveness of the 
organic film to the acrylic resin. Since the surface of PMMA is hydrophobic, this surface 
pretreatment is indispensable. A spin coating was used to cover the blood analysis chip with 
above copolymer.   

3. EXPERIMENT 
 The Micro Channel Flow 
Analyzer (MCFAN® from 
Hitachi Haramachi 
Electronics Co., Ltd.) as 
shown in Fig. 4 was used to 
characterize the fabricated 
PMMA blood analysis chip. 
The blood transit time (100 
µL, 5% heparin added) was 
measured and the contentious 
imaging of the blood flow 
was performed to evaluate the 
platelet adhesion. 

4. RESULTS AND DISCUSSION 
 Fig. 5 indicates the platelet adhesion on the PMMA and silicon blood analysis chips. The 
adhesion of platelet was significant in silicon chip while all most no adhesion was observed 
in the PMMA chip coated with the organic film. Advantages of the polymer blood analysis 
chip were clarified by this measurement. 

Micro-channel

Figure 2 SEM image of the fabricated micro-
channel array for blood analysis chip 

Figure 3 Components for the measurement 
and photomicrograph of the blood analysis 
chip 
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Choice of optimal polymer materials that have good optical characteristics (small 
ultraviolet absorption and absence of ring structures in chemical structure) will enable to 
investigate the changes of fluorescence intensity around the micro-channel array with each 
blood cell type. This is very important for qualitative and quantitative assay in clinical 
applications. Advantages of polymer blood analysis chips are clear in low cost, whole blood 
measurement capability, sample reduction, time reduction for the measurement, and thermal 
recycling capability. Clinical applications of polymer blood analysis chips will be pursued 
by establishing correlation between individual diseases. 
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ABSTRACT
We have developed a new type of cell cultivation chips that enable cells' configuration 

control on a substrate using both topographic and chemical effects for further 
understanding of cells' behaviour. The chip is comprised of promising biocompatible 
materials, PDMS and magnetic beads. Both materials are designed to show topographic and 
chemical effects during cell cultivation on a chip. Oxygen plasma treatment is applied prior 
to use of a chip for practical control of its physicochemical factors. With these steps, we 
can achieve feasible control of cell's configuration on a chip during cell cultivation. 

Keywords: magnetic beads, micro-patterned scaffold, cell cultivation, cell patterning 

1. INTRODUCTION
For recent years, cell patterning on a chip has been intensively studied for regulating 

configuration of cultivated cells. Conventionally, such technologies as photolithography, 
contact printing and ink-jet printing [1] have provided feasible patterning of various kinds 
of cells. However, such patterning methods are based on only chemical treatment. For more 
precise control of cells' behaviour, physical effect, especially topographic effect should be 
involved for cell patterning. Recent reports demonstrated that application of a mechanical 
factor to cultured cells is important for understanding cell growth and proliferation [2]. 
Some researchers attempted it using elastic materials such as silicone rubber. Although 
silicone rubber substrate is of great interest as an alternative to glass-based substrate, 
problems of insufficient cell attachment and growth remain unsettled [3]. In this paper, we 
describe a simple improvement method of poly(dimethylsiloxane) (PDMS) surface using 
O2 plasma treatment. Furthermore, for providing both topographic and chemical effects on 
a cell cultivation chip, we utilized beads for attracting cells. When beads are scattered on 
HeLa cells cultured on a polystyrene dish, HeLa cells seem to collect beads on their body. 
This motivated us to design a micro-patterned scaffold chip consisting of a modified PDMS 
film and patterned beads. We demonstrate its usefulness for controlling both cell 
proliferation and configuration. 

2. EXPERIMENTAL 
Chip materials: SYLGARD 184 (Dow Corning) was used to prepare a PDMS films. 

Magnetic beads with 2.8 µm and 4.5 µm in diameter were purchased from Dynal. Oxygen 
plasma treatment of a chip: a home-made plasma reactor was operated at an RF power of 
400 W and a pressure of 6.5×10-3 Pa. Cell cultivation: As a model cell, HeLa cells were 
cultured in Dulbecco's modified Eagle's medium supplemented with 10 % fatal bovine 
serum, L-glutamine and penicillin-streptomycin, and incubated at 37 oC in 5% CO2 in air 
atmosphere. Initial area density of seeded cells was constant at 3×103/cm2 in all the 
experiments. 
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3. RESULTS AND DISCUSSION 
Figure 1 shows the fabrication sequence of micropatterned scaffold chips. In order to 

make a topographic scaffold, microbeads chemically modified on their surfaces 
(Dynabeads M-270: 2.8 µm diam. and M-450: 4.5 µm diam.) were used. The process 
consists of the following two steps. The first step is temporary immobilization of these 
beads on the SU-8 microhole array chip with corresponding hole sizes. The microhole array 
chip plays a role of a template, on which each single bead was introduced into each 
corresponding hole in a self-assembling manner with the assistance of a magnetic field. 
This enabled a formation of the aligned beads on the template. In the next step, the aligned 
beads were transferred onto a PDMS film to make a micropatterned scaffold chip. Finally, 
the processed chip was exposed to O2 plasmas for a given time to form hydrophilic surface. 
Figure 2 shows a micrograph of the template and an SEM photo of the scaffold chip. Prior 
to the cell cultivation experiment on micro-scaffold chips. Effects of O2 plasma treatment 
on cell attachment property were investigated for PDMS and bead surfaces individually. 
Cell attachment property and contact angle of PDMS are shown in Fig. 3. The cell 
attachment property was evaluated by counting the number of attached cells after 
cultivation for 24 h. The cell attachment curve exhibited a peak at 20 s, while water contact 
angle decreased monotonically with the exposure time. As a result, it can be deduced that 
the preferable water contact angle for cell attachment is approximately 60 degree. On the 
other hand, effect of O2 plasma treatment on bead surface was investigated by observing 
behaviour of beads scattered uniformly over HeLa cells cultured on a polystyrene dish as 
shown in Fig. 4. The average number of beads attached on cells (n=50) after 24-hour-
cultivation was counted as a measure of cell attachment property.  A peak of the number 
was observed at 20 s. No toxicity derived from both PDMS and beads was found during 
cultivation. And cultivation lasted at least a week. Subsequently, plasma treatment for a 
micro-scaffold chip was investigated. Figure 5 demonstrates the typical behaviour of cells 
on a chip under certain plasma treatment conditions. Figure 6 shows photographs of time 
lapse observation during four days after seeding. In these photos, 3 sets of 4 beads within 
each circle formed 10 µm square areas and each set enclosed single HeLa cell. Interestingly, 
HeLa cells inside the square areas did not show any proliferation and movement for at least 
four days, while HeLa cells outside show growth and proliferation. This phenomenon 
indicates that micro-patterned scaffold chips enable to control cell proliferation as well as 
the cell configuration. Finally, we examined the way how the cell approached the bead on 
the chip. According to wet- SEM images in Fig. 7, the cell spread a part of the body 
straight to the bead instead of crossing over or keeping way from the bead. This indicates 
that a bead surface is a useful scaffold for cell patterning as well as that of PDMS. 
Therefore, affinity balance between a PDMS surface and a bead surface for cell adhesion 
will affect cell configuration control. 

4. CONCLUSIONS 
We have successfully controlled cells' configuration on the micro-patterned scaffold chip 

using topographic and chemical effects. The developed chip will be useful for a research on 
cell adhesion and cell growth, and expected to contribute to an establishment of a model 
cell for next-generation cell biology. 
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Figure1. The fabrication sequence for micro-
patterned scaffold chips. 

Figure2. A micrograph of SU-8 template 
filled with 2.8 m and 4.5 m beads in 
diameter (a), an SEM photo of micro-
patterned scaffold chip (b). 

Figure 6. Time lapse observation of
cultivated HeLa cell on scaffold chips.  

Figure 7. Wet-SEM images of HeLa cells after
three-day cultivation. 

Figure 4. Effect of O2 plasma treatment on 
cell attachment property on beads. 

Figure 3. Effect of O2 plasma treatment on 
cell attachment property and water contact 
angle of PDMS surface.
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AN ON-CHIP WHOLE BLOOD CELL-SERUM 
SEPARATOR USING DYNAMIC PULSATILE PRESSURE 
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ABSTRACT
 In this work, a new on-chip whole blood cell-serum separator has been proposed and 
fabricated on a polymer substrate and fully characterized with human whole blood, where 
the serum from whole blood has been separated using the dynamic differential forces 
generated from a series of dynamic pulsatile pressures.  The separation of serum from 
human whole blood was achieved in less than 7 seconds.  The blood cell-serum separator 
developed in the work will be very suitable for disposable lab-on-a-chips with blood for 
clinical diagnostics.. 

Keywords: Dynamic pulsatile pressure, on-chip blood separator, point-of-care-testing 
(POCT), blood cell-serum. 

1. INTRODUCTION
     Most clinical diagnostics and protein 
analyses using human blood are usually 
performed on cell-free serum or plasma 
since the blood cells and their constituent 
substances result in measurement biases, 
lack of reproducible results and difficulties 
in interpreting the data [1].  Various 
methods such as physical filtration and 
centrifugation have been used to separate 
serum from whole blood [2].  Although 
these approaches have been well 
established in macro world, those methods 
are not suitable for the polymer lab-on-a-
chips toward point-of-care testing (POCT) 
devices.  In specific, short separation time 
is essential for the point-of-care testing, 
but currently available microseparation 
techniques have limitation in improving 
the separation speed due to mostly its 
passive separation.  

2. DESIGN AND FABRICATION
     Recently, the method of separation 
using a series of pulsatile pressures was developed by our research team for an aqueous 
sample with suspended polymer microbeads [3].  In order to extend the separation method 
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P
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Figure 1. Blood seaparator: (a) schematic diagram 
of an on-chip blood separator using a series of
pulsatile pressure and (b) a series of pulsatile 
pressures.
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Figure 2. Separation process using a series of pulsatile 
pressure: (a) separation takes place during application 
of pulsatile pressures and (b) cell-serum separation 
after end of the process. 
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to human whole blood, a new on-chip blood cell-serum separator has been designed as 
described in Figure 1.  Because of  the simple and rapid operation, the separator using a 
series of pulsatile pressure is fitted for a lab-on-a-chip which needs serum for clinical 
diagnostics. 

     When a series of short-duration, impulsive pressure are applied to the blood sample, the 
viscous drag, inertial force and shear force on blood cells inhibit it from achieving the same 
velocity as blood serum.  Hence, 
after a series of pulsatile pressure, 
the blood cells accumulate towards 
the front of the blood sample 
column in micro-channel, illustrated 
in Figure 2.   Figure 3 shows the 
summary of  plastic 
microfabrication and a fabricated 
on-chip blood separator.  A 
LabViewTM-controlled pulsatile 
pressure generator was designed for 
the study, which has a high 
pressurized air tank, regulators, a 3-
way microvalve and a precision 
pressure sensor for monitoring as 
shown in Figure 4.  The equipment 
is able to control a frequency, duty 
cycle and the number of pulses of 
applied pulsatile pressure.   

3. EXPERIMENTAL RESULTS 
     Figure 5 illustrates how to 
calculate efficiency for blood 
separation.  The intensity of blood 
sample in microchannel after 
separation was analyzed by image 
analysis software (Scion ImageTM)
and evaluated for various separation 
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Figure 3. Fabrication summary: (a) process 
flow for polymer microfabrication and (b) 
fabricated on-chip blood separator. 
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Figure 4. Pulsatile pressure generator: (a) 
schematic diagram; (b) 3-way microvalve and a 
precision pressure sensor beneath the stage; and 
(c)  pulsatile pressure stage. 

Figure 6. Microphotographs of blood serum separation in 
microchannel using a series of pulsatile pressure: (a) chip 
with blood cloumn; (b) separated blood column; (c) 
separated serum at the end of the sample; and (d) blood 
cells at the front of the sample. 
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conditions.  Figure 6 shows the experimental results of blood cell-serum separation using 
human whole blood.  It is observed that the blood cells are successfully separated in the 
front of blood sample in microchannel.  From a dispensed volume of 350 nl of whole blood 
sample, up to ~20 % of volume of serum successfully separated from the human whole 
blood in 7 seconds, using 5 psi of pressure with over 20 pulses in case of 3 Hz and 200 um 
of channel width as shown in Figure 7(a).  The achieved separation is considered as one of 
the fastest serum separations from human whole blood on a chip (e.g., most passive 
separation requires at least a couple of minutes).  Figure 7(b) shows efficiency of serum 
separation as a function of channel width in case of 3 Hz and 20 pulses.  

4. CONCLUSIONS 
In this study, a new on-chip blood cell-serum separator using a series of dynamic 

pulsatile pressures has been successfully realized for the separation of cell-serum from 
human whole blood in less than 7 seconds using an innovative dynamic separation 
topology.  The integration of both the separator developed in this work and an on-chip 
pressure generator [4] would be very suitable for disposable polymer lab-on-a-chips, which 
should allow the realization of an inexpensive point-of-care testing (POCT) lab-on-a-chip 
for clinical diagnostics using whole human blood.    
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ABSTRACT 
This paper reports an evaluation on the analytical performance of enclosed SU-8 micro-
channels and demonstrates efficient electrophoretic separation of fluorescent markers 
(RS=1.95) performed in SU-8 microchannels in less than 30 s. 
 
Keywords: Electroosmotic flow, electrophoresis, microfluidic separations, SU-8 
 
1. INTRODUCTION 
Transition to polymer-based fabrication technologies has enabled simple and low cost fab-
rication of microfluidic separation devices of widely varying materials [1].  However, the 
surface chemistry and electrokinetic properties of polymer materials need to be carefully 
examined if such materials are to be used as platforms in electrophoretic separations.  SU-8 
is an epoxy polymer which has earlier been used as etching and electroplating mask in 
microfabrication [2], but has recently been adopted as structural material in microfluidic 
components as well [3,4].  We have recently published a report on the characterization of 
electrokinetic properties of SU-8 [5].  This paper reports a supplementary study on material 
properties from the analytical point of view and demonstrates the applicability of SU-8 
microchannels for microchip electrophoresis.  To the best of our knowledge this is the first 
report on electrophoretic separations performed in enclosed SU-8 microchannels. 
 
2. EXPERIMENTAL 
SU-8 microchannels were fabricated according to the recently published adhesive bonding 
method [6].  Applicability of these microchannels for electrophoretic separations was 
demonstrated with fluorescein (Flu) and its isothiocyanate derivative (FITC), that are com-
monly used fluorophores e.g. in amino acid labeling.  Detection of the analytes was per-
formed using off-chip fluorescence microscopy (ex 450-490 nm, em >515 nm).  In addition, 
further examination on earlier published electroosmotic flow (EOF) reversal [5] was per-
formed employing current monitoring method for electroosmotic (EO) mobility measure-
ments.  The effect of non-specific analyte adsorption on SU-8 was studied for 0.5 mg/ml 
rhodamine B and bovine serume albumine (BSA) solutions by measuring the changes in the 
surface charge on SU-8 particles.  Chemical stability of SU-8 was assessed employing 
lithographically defined SU-8 bars immersed in selected analytical solvents, acids and bases 
for 7 days.  Poly(dimethylsiloxane) (PDMS) bars were used as references.  
 
3. RESULTS AND DISCUSSION 
We have earlier reported on extensive cathodic electroosmotic flow (EOF), equal to that in 
glass microchannels, for SU-8 microchannels at pH range !4 [5].  In addition, at pH range 
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"3 EOF was shown to reverse toward anode in SU-8 microchannels.  In this study the re-
producibility of such EOF reversal is demonstrated by determining the EO mobility of runs 
repeated in turn at pH 9 and pH 2 with only simple rinse with the specified buffer in be-
tween.  Each time the reversed EOF was recovered with no significant changes in the 
magnitude or the stability of the flow (Figure 1(a)).  To supplement the knowledge on the 
analytical performance of the SU-8 microchannels, the effect of non-specific adsorption on 
surface charge was studied with concentrated rhodamine B and BSA solutions, both of 
which are known to easily adsorb on most plastic surfaces.  Both rhodamine B and BSA 
caused considerable changes in the surface charge at pH range <5, whereas at pH range !5 
non-specific adsorption was not considered significant according to the zetapotential 
measurements, in which the surface charge was similar for both control particles and 
particles incubated with rhodamine B or BSA (Figure 1(b)).  SU-8 was also shown to be 
chemically stable against all solvents tested except for the most polar organic solvents 
(acetonitrile, dichloromethane and methanol), that slightly bent the SU-8 bars and caused 
10-25 % increase in weight (Figure 2).  However, these changes were relatively minor 
when compared to the changes in PDMS bars in general.  Most importantly, SU-8 was 
shown to be very well stable against concentrated acid and base solutions commonly used 
in electrophoresis applications. 

(a)

EO
 m

ob
ili

ty
/ x

10
-4

 c
m

2 V
-1

s-
1

-4

-2

0

2

4

pH 9
pH 2

(b) pH 2 4 6 8 10 12

Ze
ta

po
te

nt
ia

l/ 
m

V

-60

-40

-20

0

20

40

60

control
rhodamine B
BSA

  
 
Figure 1. (a) EO mobility of runs repeated in turn at pH 2 and pH 9 (n=3 for each bar) in an 
SU-8 microchannel.  (b) Effect of BSA (black circles) and rhodamine B (white circles) in-
cubation on the surface charge of SU-8 particles (n=5 for each data point).  Both sets of 
measurements conducted in 10 mM phosphate buffer. 
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Separation of fluorescent markers was demonstrated employing enclosed SU-8 microchan-
nels under electroosmotic conditions.  Efficient separation with baseline resolution 
(RS=1.95) was achieved for Flu and FITC in less than 30 s within a separation path of 1 cm 
from the injection cross (Figure 3).  Although heavily concentrated (50 #M) sample solu-
tion was applied, plate numbers of 20 000-40 000 m-1 were easily achieved. 
 

 

Figure 3. An electropherogram of separation of 50 #M fluorescein (Flu) and its 
isothiocyanate derivative (FITC) performed in SU-8 microchannel with separation buffer of 
10 mM phosphate buffer (pH 11) and separation voltage of +1 390 V (E=250 Vcm-1).  The 
detection window was at the distance of 1 cm from the injection cross. 
 
4. CONCLUSIONS 
Our results indicate that SU-8 is potentially an excellent material for separation microde-
vices due to the relatively high EO mobility.  Currently, optimization of SU-8 microchannel 
geometry for electrophoretic separations is under way.  Furthermore, SU-8 would have 
great potential in fabrication of integrated microfluidic systems due to unique processing 
possibilities that provide microstructures of nearly any desired shape and size.  For 
instance, an electrospray emitter tip can be easily patterned in the end of an SU-8 micro-
channel [4] enabling online mass spectrometric characterization of readily separated com-
pounds. 
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ABSTRACT
Last year, the microchannel bend structure was presented as an on-chip blood separation

technique for the separation of blood plasma and blood cells. This novel technique
combines two separation mechanisms, the centrifugal force and the so called “plasma-
skimming” effect. This paper reports the effect of channel geometry an feed velocity
variations in microchannel bend structures on the separation mechanisms and therefore red 
blood cell (RBC) separation efficiency. The results show different separation efficiencies 
up to 100 % for RBC which were affected by channel geometry and feed velocity as well. 
“Plasma skimming” is the predominant separation effect. 

Keywords: blood, centrifugal force, plasma skimming, separation 

1. INTRODUCTION
Most clinical chemistry tests are performed on cell-free serum or plasma. Therefore 

micro assay devices for blood tests require integrated on-chip microfluidics for separation
of plasma or serum from blood. These requirements of a convenient and inexpensive
integrated microfluidics for blood separation are achieved by novel blood/plasma
separation units based on microchannel bend structures which were presented at µTAS 
2004 [1]. The separation unit is based on microchannel bend structures that simply consist
of a feed channel branching into a cell channel and a plasma channel (Figure 1). The
microchannel bend simply works on physical and hydrodynamic separation mechanisms
without integrated actuators like pumps or valves.

Figure 1. Polymer Chip (20 mm x 20 mm) with a separation unit and detailed
view of the bend region, channel width: 30 µm (PC), 100 µm (CC),

PC position 90°, bend radius r: 0,5 mm. 
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2. THEORY 
The centrifugal force and the so called “plasma skimming” effect are identified as 

separation mechanisms. The “plasma skimming” effect depends on the ratio of the flow
rates in the cell channel and the plasma channel. If the flow rates in these branching
microchannels are significantly different, particles preferably enter the branch with the 
higher flow rate [2]. The centrifugal force works in the bend region and causes different
settling velocities based on density differences between blood cells and the plasma. In a
laminar capillary flow blood cells tend to migrate to the tube axis. The cell enriched core of 
the flow is deflected to the outer wall of the bend and a plasma enriched layer develops at
the inner wall [3].

3. EXPERIMENTAL
The measurements were performed on twelve different chip designs. One parameter was 

varied at a time while the rest of the parameters in each experimental set was kept fixed. 
The different test chips were fabricated by a rapid processing technology based on UV-
LIGA and polymer replication. A detailed fabrication process and the experimental setup
procedure were presented at SPIE Optics East 2004 [4]. The experiments were performed
with human whole blood (Figure 2) or diluted blood samples (hematocrit: 9, Figures 3–5). 

4. RESULTS AND DISCUSSION 
The effect of different channel geometries as well as feed velocities on red blood cell

separation efficiency was tested. The separation efficiency is calculated from the cell 
concentration in the feed channel (cEC) and the cell concentration in the plasma channel
(cPC) as follows:

= (cFC – cPC)/ cFC             (1) 

The “plasma skimming” effect depends on the ratio of the flow rates in the cell channel and
the plasma channel. Figure 2 shows the expected increase of separation efficiency with 
higher flow rate differences and therefore decreasing flow rate ratio. The separation
efficiency should increase with larger bend radii and larger angles of PC position due to a 
longer exposure of the blood cells to the centrifugal force. Figure 3 shows a slight increase

ηη η η

Figure 2. Effect of flow rate ratio on RBC 
separation efficiency.

Figure 3. Effect of bend radius on RBC 
separation efficiency.
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ηη η η

Figure 4. Effect of PC position on RBC 
separation efficiency.

Figure 5. Effect of feed velocity on RBC 
separation efficiency.

of separation efficiency up to a bend radius of 1 mm, then a slight decrease.
Figure 4 shows an increase of separation efficiency with increasing angle of the PC
position. Higher feed velocities should increase the effect of the centrifugal fore. Figure 5 
shows an increase of separation efficiencies for chip #12 with higher velocities. 

5. CONCLUSIONS 
The results suggest that both separation mechanisms, the centrifugal force and the

“plasma skimming”, are involved in the separation process. The “plasma skimming” is the
predominant separation effect. The effect of the centrifugal force is less significant but
marked for the separation process in microchannel bends. Compared to existing
microfluidic separation devices like micro filters and diffusion based, the advantages of this
separation technique are the low dead volumes, the robustness, and the simple geometry
allowing a cost effective mass production in polymers for disposable use. 
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ELECTROPHORESIS WITH TEMPERATURE 
GRADIENTS: THEORY AND EXPERIMENTS

S.M. Kim, G.J. Sommer, E.F. Hasselbrink, Jr.
Dept. of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48105 USA

ABSTRACT
This study presents an expanded theoretical analysis and experimental validation of 

temperature gradient focusing.  A straight PDMS microchannel of varying cross-sectional 
area is used to demonstrate concentration of FITC-BSA due to temperature gradients 
created by Joule heating along the channel.  The channel also allows for injection to a 
separation region by removing the applied potential and waiting for the concentrated 
analyte to diffuse to a location of non-concentrative net velocity.  The concentration point is 
also predicted using a 1D numerical model simulation to plot the net analyte velocity along 
the channel.   
KEYWORDS: concentration, electrophoresis, separation, temperature gradient 
focusing

INTRODUCTION AND THEORY
Microfluidic temperature gradient focusing (TGF) was introduced in 2002 by Ross and 

Locascio [1].  The theory proposes that focusing occurs by analogy with isoelectric 
focusing (IEF): A channel is filled with buffer and analyte, and a temperature gradient and 
E-field are applied along the channel length.  The cross-sectional-average flow speed ubulk
cannot vary along the length of the channel, but the temperature gradient can introduce 
significant variation in the electrophoretic drift velocity uep.  Concentration occurs at a 
location xconc if the temperature gradient and E-field are set up such that ubulk+uep > 0 at 
x<xconc, and ubulk+uep < 0 for x>xconc.  In other words, one must balance net bulk flow against 
electrophoresis to achieve focusing. 

Of course, enhanced concentration can occur even when bulk fluid flow velocity is 
zero.  The quasi-1D transport equation shows that TGF occurs wherever the divergence 
field of the species flux vector ( Ji) is negative.  In 1D, the transport equation for the 
concentration of each species (Ci) is: 

)( i
i J

xt
CA , where ACuCuJ iiepibulki )( , ,   (1) 

where A is the cross-sectional area and uep,i is the electrophoretic velocity of species i.
Because 0)( Aubulk ,

x
Au

C
x
Cuu

t
CA iep

i
i

iepbulk
i ,

,    (2) 

At steady state, Ci/ t =0 and if we solve the differential equation (ubulk=const.), 
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NUMERICAL SIMULATIONS
A 1D numerical model was formulated using MATLAB and FEMLAB to simulate 

flow through a microchannel with temperature gradients either externally imposed or 
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resulting from Joule heating.  The expected temperature profile was calculated along our 
fabricated variable-width PDMS microchannel (Figure 1) filled with 20mM phosphate 
buffer under an applied voltage of 300 V across the channel (Figure 2).  (Note: the model 
predicts a temperature spike of over 100ºC near the center of the channel.  This is an 
overestimated peak, most likely due to nonlinearities in the model.  The peak temperature is 
well below this value, but the model still provides us with a good approximation.)  The net 
analyte velocity (unet = ubulk + uep) of BSA protein in the channel under the same conditions 
was then calculated and plotted using the simulated temperature profile (Figure 3). 

EXPERIMENTAL
 A PDMS microchannel system, shown in Figure 1, was fabricated by casting PDMS 
over an SU-8 2010(Microchem) mold on a silicon substrate.  The channel is approximately 
10µm deep, has three different widths (10 m, 120 m, and 480 m) and a total length of 
14.6mm.  After the plasma treatment for bonding, the PDMS slab is placed over a glass 
microscope slide, and ports are punched through to form reservoirs.  
 A dilute solution of FITC-labeled BSA (1mg/mL, Sigma-Aldrich) in phosphate buffer 
(20mM, pH 7.2) is loaded into the channel.  To concentrate the protein, port 2 is grounded 
while 300V is applied at port 1.  Time sequence fluorescence images (Figure 4(a)) show 
concentration of protein at the left junction of 10 m and 120 m width channels.  The 
concentration (mean fluorescence intensity) versus time (Figure 5) suggests that FITC-BSA 
is concentrated by about 1100–fold, in less than 7 minutes.  After the concentration, the 
electric potential is removed and concentrated protein slowly diffuses into both directions.  
When the diffusing analyte reaches a location in the channel of non-concentrative net 
velocity it is injected into the right side of the channel as shown in Figure 4(b) by applying 
100V at port 1.

Note: we attempted to measure the channel temperature using a dilute Rhodamine B 
solution.  However, Rhodamine B is not a suitable thermometric technique for Joule 
heating as its ionic properties seemed to vary with temperature. 

DISCUSSION
Negatively charged BSA protein is highly concentrated at a certain location in our 

varying cross-sectional area channel. The sample solution is heated by Joule heating 
imposed by an applied electric potential. The temperature of the solution varies with the 
cross-sectional area as we simulated with a simple 1D model.  The corresponding 
temperature variation affects the electrophoretic mobility of the protein. 

At the concentration point, the bulk solution velocity due to electroosmotic flow and 
pressure driven flow is balanced with the electrophoretic velocity of protein (unet ~0) and 
the protein concentration increases as shown in equation (3).  Also, the net velocity profile 
created with the simple 1D numerical model validates the experimental results. 

After releasing the electric potential across the channel, the concentrated protein slowly 
diffuses in both directions and some portion of the concentrated protein is injected to the 
cathode direction by applying lower electric potential. However, protein continues to 
concentrate at the concentration point after some time by the same focusing mechanism. 

We have demonstrated significant protein concentration using a simple varying cross-
sectional area channel. This novel design does not require any additional membrane or 
stacked nano-porous material inside a microchannel, as proposed by other studies [2, 3].  
Careful geometrical design of the channel greatly simplifies the fabrication process and 
subsequent implementation into a lab-on-a-chip application.  
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Figure 1 - Fabricated PDMS microchannel 
(3 different widths, 10 m depth, total 
length: 14.6mm) 

Figure 2 – Simulated steady-state 
temperature profile along channel due to 
Joule heating.  300V applied across 
channel.

Figure 3 - Simulated steady-state net 
velocity profile (ubulk + uep) of BSA protein 
due to 300V applied across channel. 

   (a) Concentration          (b) Injection 

Figure 4 – Experimental time sequence 
images of concentration and injection of 
FITC – BSA (1mg/mL in 20mM phosphate 
buffer, pH 7.2).  Concentration stage: 300V, 
Injection stage: 100V 
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INTEGRATED MICROFLUIDIC OPTICAL

MANIPULATION
S. J. Cran-McGreehin, T. F. Krauss and K. Dholakia

University of St Andrews, U.K.

ABSTRACT

We demonstrate the first ever integrated optoelectronic trap in which a particle may be
held, guided and interrogated by optical forces alone, using lasers that are microfabricated
adjacent to a microfluidic channel, all on a single disposable chip of size less than 1cm2.
We demonstrate trapping, shunting and rotation of colloidal and biological matter in this
system, and perform spectroscopy of a trapped object. This paves the way for complex
multiplexed optical trapping microchips where samples may be analysed and then guided
to new interrogation regions with all-optical motion instigated by on-chip lasers, without
the need for further external optical apparatus.

Keywords: Integrated, microfluidic, optical trapping

1. INTRODUCTION

A key vision of microfluidics research is to develop large-scale, integrated and
automated platforms for processing and analysing biological samples using tiny volumes
of analyte. Optical manipulation is an appealing technique, because it is non-invasive and
versatile, and can perform many different functions, including holding, sorting,
identification, spectral analysis and even gene therapy [1]. These methods use external
laser sources that are coupled into the device via bulk optics; they are large and require
careful alignment. In contrast, we demonstrate the first all-integrated optoelectronic
micromanipulation chip. We have built microfluidic channels on the semiconductor
material in which the lasers are manufactured; the design can be reconfigured to perform
most tasks. The system requires no optical alignment or expertise of the end-user; a device
may simply be placed on a platform with simple electrical connections. Observation, if
desired, may be performed with any type of microscope system. The compact size
(<20mm3) makes it perfect for multiplexed analyse in portable lab-on-a-chip devices.

Figure 1: Concept diagram of a device; integrated lasers guide and trap particles.
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2. MANUFACTURE
Figure 1 shows the initial concept diagram of the device. Our trap is a simple counter-

propagating beam trap, in which the dipole force draws particles onto the trap axis, and
radiation pressure pushes them to the equilibrium position. This principle has been used in
the fibre trap [2], but we take it a step further by integrating the microfluidic features onto
a GaAs-based laser chip using standard semiconductor processing techniques, giving
permanent, accurate alignment. Each laser injects up to 20mW (CW) of power directly
into the trap channel in a single (zero-order) transverse mode, whilst operating at low
electrical powers (<4V, <200mA). The length of each laser cavity is defined by etched
facets, and the lasers are fabricated in two banks, each facing pair constituting a counter-
propagating beam optical trap. To avoid an electrical short-circuit, SU-8 polymer is used
to coat the base and walls of the microfluidic channel; a glass or polymer lid seals the
channel whilst allowing observation from above Fluid flow can be generated by an
external pump, electro-osmotic flow, microfabricated pumps [3], or the radiation pressure
[4] induced by the integrated lasers.

3. RESULTS
We demonstrate the ability of the trap to perform a variety of useful tasks It can hold

biological and colloidal particles, as seen in figure 2, either individually, allowing separate
analysis, or by gathering them into groups. We also demonstrate shunting of particles
between traps by switching off the lasers in one trap to release a particle into the fluid flow
that then carries it to another trap where it is held. This shunting illustrates the potential of
this technology for moving specimens to desired locations in a test and measurement
device. Optical actuation of various components is also possible. A simple example is
rotation, observed when an asymmetric particle is held off-axis in the trap; the imbalance
in radiation pressure causes the particle to rotate.

Figure 2. Clockwise from top left: A 5µm-diameter polymer sphere; a Chinese hamster ovary cell;
and three separate polymer spheres brought together in the trap.

We are able to control the transverse position of a particle within the trap by adjusting
the power in one or both of the lasers. The data show a linear relationship between relative
beam powers and equilibrium position over a range of ~8µm. Furthermore, the position
can be monitored via the fluorescence of the particle [5]. We demonstrate this by using a
violet laser diode operating at 411nm to excite fluorescence at 485nm in a polymer sphere;
this is easily detected, as seen in figure 3(a). The excitation beam is focussed at the centre
of the trap, and the intensity of the fluorescence signal decreases as the sphere moves away
from the excitation beam, as seen in figure 3(b). This signal can be be used in a feedback
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Abstract:
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Introduction:
Some of the most important problems remaining for DNA forensics revolve around analysis
of samples from crime-scenes, which derive from multiple donors or with less than 50
DNA copies (low copy number – LCN – samples).
The Whitehead Institute GeneTrack instrument [1-2] comprises a 16-lane microdevice with
five-color detection, automated lane finding and high-voltage control, a professional
graphical user interface, automated data calibration, color separation and allele-calling, and 
provision for integration with laboratory information systems. Multi-donor mixed samples
were studied in the context of the limits of the laser-induced fluorescence detector and data-

reduction software.

Figure 1: The microfluidic glass device with two
interface boards.

Sgueglia has thoroughly
characterized the reproducibility of 
CAE machines for STR forensics
[3]. Therein, she demonstrates the 
dependency of current CAE
machines on environmental factors, 
particularly room temperature, in
order to meet the required stability.
This constraint is even more severe
(or untenable) in a less-controlled
environment such as a mobile lab.
Data reproducibility is enormously
important to forensic applications,
since their findings are for 
courtroom evidence, with huge 
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loop to control the trap powers and hence the particle's position, allowing accurate,
automated positioning of particles or cells for further studies, such as Raman spectroscopy
and gene therapy using photo-poration [1].

We also present data from the physical analysis of the trap. The trapping efficiency is
~1%; it is low because of the high vertical divergence, and can be increased by reducing
the gap between the facets or by etching curved facets. The spring constant of the trap is
determined by observing the motion of a particle as it returns to its equilibrium position
after an initial perturbation; the value of 3.2x10-8N/m compares well with fibre traps [2].

Figure 3. (a) Clear fluorescence signal obtained from a sphere in the trap; (b) variation of the
fluorescence signal's 485nm peak as particle is moved in trap.

4. CONCLUSIONS AND FURTHER WORK
We conclude that this technology can perform many useful optical manipulation tasks,

making it an excellent candidate for multiplexed µTAS applications. We envisage further
applications, including GFP expression via integrated GaN lasers, and photo-poration.
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societal costs for errors. Since a 
STR profile from a single donor
can have as many as 27 alleles,
mixtures with the complexity of
unknown sample ratio, genetic
degeneracy, and PCR artifacts,
become a tour de force in
interpretation. The interpretation
begins by eliminating artifacts
introduced by PCR and CE,
estimating the relative proportion
(ratio) of donors and then
considering all the possible
genotype combinations [4]. At
some point minor-donor peaks will
not be distinguishable above noise
and/or cannot be assigned on top of 
a major-donor peak.

Figure 2: Electropherogram for a 2:1 mixture in
foreground with allelic ladder in background. Three
alleles are visible for loci D5S818, two unbalanced
alleles for D13S317, D7S820 and two balanced
alleles for D16S539. Multiple data runs for this same
mixture show relative areas for each peak consistent
within 3%.

Methods and Materials: 
DNA samples (1-2 ng) have been amplified with commercial STR kits (Promega). A 4% 
LPA matrix is used for separation. Laser induced fluorescence combined with a five-color
PMT array was used to obtain the signal from the DNA fragments. Complete data analysis
was performed using the in-house developed software packages for the GeneTrack 
instrument

Results and Discussion: 
We accumulated data from mixture samples (Figs. 2-4) and analyzed it using our 
laboratory-developed software algorithms to assign alleles and measured peak height and 

area. To determine run-to-run
variation we normalized the peak
area for each allele against the sum
of all measured peak areas in the 
locus. We then determined the
average relative peak areas (rpa) and 
standard deviation ( ) for each
allele in our mixtures. In the first 
experiments, we mixed two samples
at 4 near-equivalent mixture ratios.
Secondly, we tested more extreme
mixture ratios. Lastly, we
experimented widely with run 
protocol modifications to see if we 
could enhance system detection for 
difficult mixtures.

Figure 3: Mean relative areas for 3 peaks from
locus CSF1PO for two DNA donors that are
mixed at 4 different ratios. Error bars show +/-
3  variance for n = 21,18,17 and 14
respectively. Although we had expected fast run 

time to be the principal selling
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point, we have found that one of
the unanticipated major practical
benefits is data quality and data
stability of the microdevice.
Reproducibility comes, in part,
because of the compact “uni-
block” nature of the separation
device combined with better heat
sinking and thermal/mechanical
stability. This will likely make
microdevice systems the best 
choice for mobile laboratory
applications. The second key
advantage is s/n properties of the
microdevice data, which cascades 
into very appreciable benefits in
de-convolving complex mixtures,
in elimination of PCR artifacts, 
and interpretation of LCN 

samples. Since forensics scientists spend far more time on expert data analysis than they do
in the chemistry lab, it is these latter advantages, which will propel microdevices into
mainstream use in the forensics laboratory.

Figure 4: Mean relative areas for 4 peaks from
locus CSF1PO for two DNA donors that are
mixed at 3 different ratios – 9:1, 14:1 and 19:1.
Error bars show +/- 3  variance. Allele 9 and 13
are from a (heterozygous) minor donor and alleles
11 and 12 are from a (heterozygous) major donor.
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Figure 5: Electropherograms showing a ladder with
standard loading protocol (top) and preferential
loading protocol (bottom). The standard protocol
shows balanced signal over the 100 thru 400 base
pair region while preferential load shows ladder off
scale at 100pb (> 20 volts) and about 2 volts at
400bp.
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ABSTRACT
 The first all-silicon/glass thermal field-flow fractionation chromatograph composed of 
the doser with six micro check-valves, the separator made of stack of glass and silicon 
layers, and set of nano-volume microsensors has been made and tested. Separation of KCl, 
KMnO4 and colloidal solution of 3.0 m polystyrene beads in injection and preparative 
mode has been achieved. Maximal separation factor of 17 % and 2.1 mln K/m thermal 
gradient have been obtained.  

Keywords: Microsystem, separation, thermal field-flow fractionation, TFFF 

1. INTRODUCTION
  The thermal gradient separation method is very attractive method of separation of many 
“difficult” substances for analytical or preparative purposes. The wider use of this method 
is limited by lack of the miniaturized chromatographs possessing high separation factor, 
low power consumption and being biocompatible. In this work we show the first complete 
silicon/glass micro-TFFF chromatograph, which contains integrated doser, separating-chip, 
set of microsensors, able to separate true and colloidal solutions. All parameters and 
functions of the chromatographic system are electronically controlled. 

2. TFFF DESCRIPTION
 The chromatograph consists of the silicon/glass microengineered parts and external 
steering pneumatic facilities, syringe pump, analogue/digital transducer and microcontroller 
with proper software. The microengineered parts of TFFF chromatograph (Figure 1) are: 
the dosing device, the separator, meandered cooler and set of microsensors – 
conductometric and fluorometric. 

Figure 1. The chromatograph in full configuration. 
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 The dosing device (Figure 2) is made as a silicon/glass sandwich. The fixed-volume loop 
and six pneumatically steered microvalves with Kapton® or Teflon® foil membranes are 
made by use of the lamination technique with a controlled shrinkage of the foil. The dosed 
volume can be electronically adjusted in the range of 0.1 - 0.7 µl. 

Figure 2. Dosing device: a) fluidic network scheme, b) valve cross-section, c) example of dosing – an 
output signal of the internal conductometric sensor for changed doze of 1mM KCl. 

 The 7-layers silicon/glass separator chip (Figure 3) is anodically bonded, posses one 
inlet and two outlets corresponding to hot/top and cold/bottom walls of the 55 mm-long, 2 
mm-wide and 30 m-deep separation channel. The thermal gradient value in the range of 0-
2.5 MK/m is obtained by controlling of the temperature of cooling and heating fluids in 
flow-through circuits. The maximal temperature of heating fluid is always kept below 363K 
(90oC), well below degradation point of most of samples. The temperature of cooling fluid 
is controlled by the external meandric channelled silicon/glass microcooler with a built-in 
Peltier’s cell. 

Figure 3. Separator on-chip: a) separation principle, b) cross-section, c) top-side view. 

 The Cr-Ni-Au electrodes of conductometric sensors (dead volume 87nl) are patterned at 
the inner surface of the glass cover, which is anodically bonded to micromachined silicon 
substrate with fluidic channels (Figure 4). The sensor is linear and highly sensitive, can 
sense dosing of 0.01 µl of 1-10 mM KCl.  

Figure 4. Conductometric sensor: a) cross-section, b) top-side view, c) detection of injected doses of
1.0 mM solution of KCl in water. 

 In the fluorimetric sensor (Figure 5) light from external source, guided by glass fibre, 
induces fluorescence of a sample flowing through the channel, formed in silicon substrate 
and covered with anodically bonded glass. A PMMA fibre collects induced fluorescence 
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signal. The detection volume is about 20 nl, sensitivity 43.2 cps*105/mM; the detection 
limit is 5 µM. For true solutions measurements chromatograph three conductometric sensor 
are used. For colloids, the conductometric sensor localized at “cold” wall output is replaced 
by fluorimetric sensor.  

Figure 5. Fluorimetric sensor: a) cross-section, b) top-side view, c) detection of injected 0.1 mg/ml 
mixture of 0.3 µm polystyrene beads and water into a DI water stream. 

3. RESULTS 

 The separation properties of the chromatographic system were characterized for the 
flow-injection (FI) and preparative, continuous flow (FPC) modes of the work. The FI tests 
were done for 0.5 l injection of the samples of 10 mM KCl in DI water (Figure 6), 100 
mM KMnO4 in water (Figure 7), colloidal solution of 0.3 µm polystyrene beads and 100 
mM of fluorescein in water (Figure 8). Reasonable modulation of the retention time at 
“cold” and “hot”output was noticed for thermal gradient greater than 1 MK/m, e.g. for KCl 
retention time increased almost 4 times (from 174 s to 665 s) for about 2.4 MK/m at “cold” 
output, in comparison to non-gradient conditions. The preparative analyses FPC were made 
for       100 mM KMnO4 solution in DI water and the mixture of 3.0 µm polystyrene beads 
(0.1 mg/l) marked by fluorescent indicator (  = 480 nm), obtained by dissolution in water 
of the original solution of Sigma Aldrich (Poland). It has been noticed that efficient 
separation of KMnO4 and polystyrene beads was obtained for wide range of thermal 
gradient (Figure 9). The separation factor of polystyrene beads was about 17 % for 2.14 
MK/m, cooling fluid kept at 296 K (23oC) and heating fluid temperature below 361 K 
(88oC).

4. CONCLUSIONS 
 The results confirm effective separation of the true and colloid solutions in TFFF
system. The high value of the thermal gradient (up to 2.5 mln K/m) can be obtained for 
relatively low temperature of the “hot” wall of the separator, below 363K (90oC). The all-
silicon/glass construction of the separator chip and co-working dosing/sensing chips 
ensures very high chemical resistance and biocompatibility. The 17 % separation factor 
indicates that the cascade of at least 5 separators could remove almost 70 % of the 
unwanted particles from the water solutions. The further works will concentrate on 
integration of the whole TFFF chromatographic system at a single silicon/glass wafer 
scale sandwich. 
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    Figure 6. Separation of true solutions (10 mM KCl in water): a) no thermal gradient, b) thermal 
gradient 2.47 MK/m, c) retention time at outputs versus thermal gradient. 

Figure 7. Separation of true solutions (100 mM KMnO4 in water): a) no thermal gradient, b) thermal 
gradient 2.47 MK/m, c) retention time at outputs versus thermal gradient.

   Figure 8. Separation of polystyrene beads and fluorescein (54 %/45 %/9 %): a) output signal for 
“non-gradient” mode, b) the same curves for 1.94 MK/m, injected dose 0.2 µl, c) retention time of 

polystyrene beads and fluorescein as a function of thermal gradient, temperature of cooling fluid kept 
at 293 K (20 oC).

    Figure 9. Preparative FPC analyses: a) output signal of the photometric sensor as a function of 
thermal gradient obtained for KMnO4 in water, b) output signal of the fluorimetric sensor as a 

function of thermal gradient obtained for mixture of 3.0 m polystyrene beads in water. 
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Abstract 
In this paper, we report the design, microfabrication process and experimental results for 

rapidly rebuilding the cell pattern in a biochip. We pattern the liver cells via the design of a 
concentric-stellate-tips-electrodes array to mimic the real liver tissue. By constructing the 
geometric shape and the distribution of stellate tips, the functional electrodes could 
generated spatial electric-field gradient via the effect of field-induced dielectrophoresis to 
guide and control individual cells to the desired locations in a parallel process. Experiment 
result exhibits that the liver cells are positioned and aligned into a pearl chain array to form 
the liver-tissue-mimic pattern with good cell viability via a cell-patterning biochip. 

Keywords: dielectrophoresis, cell patterning, BioMEMS 

1. Introduction 
Recent progresses in tissue engineering are dedicated on the development of cell-based 

tissues in vitro for the targets of understanding tissue performance and improving tissue 
function. Cell patterning technique provides the basis development for rebuilding cell 
blocks, which play a crucial role in the tissue engineering [1]. Many of earlier strategies 
have focused on modifying the environment for cell patterning to achieve the functional 
tissue cultures. Chemical modification of substrates by photolithography and localized 
protein patterns by microcontact printing provide a meso-layer biding environment for 
enhancing cell adhesion with polymers or peptides [2-3]. Microfluidic network and direct 
laser writing have been applied to provide physical methods for the cell patterning studies 
[4-5]. However, these methods come with some disadvantages. For example, chemical 
modifications represent complex processes to build up the cell patterns and may degrade the 
cell viability during the long running operation. The formerly proposed physical methods 
show good single cell manipulation but lack of ability to rapidly control multiple cells in 
parallel. In this paper, we present a cell-patterning MEMS chip based on dielectrophoresis 
(DEP) force to facilitate the rebuilding of liver cell pattern with good cell viability. 

2. Biochip Design for Cell Patterning 
A polarizable biosample suspending in a solution with a nonuniform electric field could 

have the induced dipole. The positive/negative DEP could form the attractive/repulsive 
force on the polarized biosample to manipulate the biosample toward the 
maximum/minimum gradient of the electric field. The methodology of this research is to 
utilize the positive dilelectrophoreric force to attract and regulate liver cells to form specific 
patterns on the targeted locations. We design the concentric-stellate-tips-electrodes array for 
the DEP manipulation to build the pattern of liver cell, which mimics the morphology of 
liver tissue, in our chip. The concentric ring-microelectrodes array with stellate tips is 
constructed to generate and enhance the desired spatial electric-field morphology for the 
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positive DEP manipulation. Figure 1 shows the geometric design of our cell patterning 
biochip. Figure 2 depicts the detail structures of concentric ring-microelectrodes with 
stellate tips which are used to enhance the DEP force at specific locations. Figure 3 
illustrates the principle of cell patterning in our biochip. The random liver cells illustrated in 
Figure 3(a) are regulated by positive DEP to form the stellate pattern with the pearl chain 
effect as shown in Figure 3(b). 

3. Experimental Setup 
A cell-patterning biochip based on dielectrophoresis is fabricated by using micromaching 

technique. Inlet and outlet microchannels are fabricated using polydimethysiloane (PDMS) 
by soft lithography technique. The concentric-stellate-tips-electrodes are micromachined 
with Pt/Ti (2000Å/200Å) on the glass substrate via the E-gun evaporation and lift-off 
process. After oxygen plasma modification, PDMS and glass are aligned and bonded 
together to achieve the final chip. Human hepatoma cells (SK-Hep1, ATCC HTB-52) with 
the size of 10~15µm in diameter are used for our cell patterning experiments in a low 
conductivity medium. The motion and displacement of cells are monitored via an inverted 
microscope (AXIOVERT25, Zeiss, Germany) and recorded via a digital CCD-camera 
connected to a computer. A function generator (33120A, Agilent, USA) is used to produce 
the electric field with via two out-of-phase applied ac voltages of 5 Vpp and 100 KHz. 

Figure 3. Principle of cell patterning in our biochip. (a)Cells are randomly distributed 
before ac electric-field is applied. (b) Cells are aligned and patterned to form pearl chain 
after ac electric field is applied via our specific chip design.

Figure 1. The geometric design of cell 
patterning biochip. 

Figure 2. Detail structures of concentric 
ring-microelectrodes with stellate tips 
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ABSTRACT
 This paper proposes a novel technique for fabricating micropatterns of 
glutaraldehyde(GA)-crosslinked gelatin. It provides another means to crosslink gelatin other 
than using the photo-sensitizing agents. And the micropatterns of GA-crosslinked gelatin can 
still be made successfully by accessing the conventional photolithography. The much less 
toxic and more biocompatible approaches of strengthening the gelatin microstructures can be 
developed according to the idea herein. This paper also describes a potential methodology of 
using GA-crosslinked gelatin patterns as the single-cell culture bases. The best spatial 
resolution of the micro gelatin bases can be reach to 10 µm herein, and the selective growing 
density of human Mesenchymal stem cell on the gelatin patterns surpass the density on the 
glass substrate with 2~ 3 orders of magnitude so far. 

Keywords: gelatin, glutaraldehyde, stem cell, cell culture 

1. INTRODUCTION
 A biolithographic technique used chitosan film as the culture bases with gelatin masking in 
2004 [1]. The pattern transfer is accomplished by applying a heated stamp to shape gelatin and 
selectively crosslink the underlying chitosan. The spatial resolution of the bio-patterns was 
limited to mm range. Another work [2] about the patterning of gelatin was enhanced by 
immobilized N-isoprophylacrylamide. But the resolution of gelatin pattern is still only 100 µm. 
Herein, we try to apply the gelatin micropattern into cell culture and improve the bio-
patterning resolution down to 10 µm by the developed gelatin MEMS process [3-5]. 

2. FABRICATION METHOD 
The fabrication process for GA-crosslinked gelatin micro patterns is depicted in Fig. 1. 

First, we spin-coats a gelatin film on a glass substrate . Second, a masking layer of positive-
toned photoresist (e.g. AZ-4620) is spun on the gelatin surface, and the correlated ultra-violet 
(UV) exposure for the portion of photoresist which defines the crosslinked gelatin is done. All 
the processing temperature of the above photolithography must be well controlled near the 
ambient temperature to prevent the melting of the natural gelatin underneath the photoresist. 
Third, we dip the sample in GA solution to undertake the crosslinking reaction with proper 
control of time. 
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4. Results and discussions 
Experimental results show that the liver cell could behave both negative dielectrophoresis 

and positive dielectrophoresis under different applied ac frequencies. When the frequency is 
higher than 1 , the cells show strong positive dielectrophoresis effect. All cells are 
aggregated rapidly at the edge of the concentric-stellate-tips electrodes to form the pattern 
of pearl-chain array. Figure 4 demonstrates in-parallel cell patterning performance in our 
chip. Figure 5 shows the same view as Figure 4 but under the fluorescence assay technique. 
The green fluorescence of liver cells demonstrates the good cell viability after the cell- 
patterning experiment. 

5. Conclusions 
We demonstrate a cell-patterning MEMS chip based on DEP force to facilitate the 

rebuilding of liver tissue. The DEP-based technique provides an easy, effective, and fast 
approach for liver cell patterning. Experimental result exhibits that the liver cells are 
positioned and aligned into a pearl chain array to form the liver-tissue-mimic pattern via our 
cell-patterning biochip. This is the first successful demonstration report on the in-parallel 
liver-cell patterning via this technique with good cell viability. 
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ABSTRACT
 This paper proposes a novel technique for fabricating micropatterns of 
glutaraldehyde(GA)-crosslinked gelatin. It provides another means to crosslink gelatin other 
than using the photo-sensitizing agents. And the micropatterns of GA-crosslinked gelatin can 
still be made successfully by accessing the conventional photolithography. The much less 
toxic and more biocompatible approaches of strengthening the gelatin microstructures can be 
developed according to the idea herein. This paper also describes a potential methodology of 
using GA-crosslinked gelatin patterns as the single-cell culture bases. The best spatial 
resolution of the micro gelatin bases can be reach to 10 µm herein, and the selective growing 
density of human Mesenchymal stem cell on the gelatin patterns surpass the density on the 
glass substrate with 2~ 3 orders of magnitude so far. 

Keywords: gelatin, glutaraldehyde, stem cell, cell culture 

1. INTRODUCTION
 A biolithographic technique used chitosan film as the culture bases with gelatin masking in 
2004 [1]. The pattern transfer is accomplished by applying a heated stamp to shape gelatin and 
selectively crosslink the underlying chitosan. The spatial resolution of the bio-patterns was 
limited to mm range. Another work [2] about the patterning of gelatin was enhanced by 
immobilized N-isoprophylacrylamide. But the resolution of gelatin pattern is still only 100 µm. 
Herein, we try to apply the gelatin micropattern into cell culture and improve the bio-
patterning resolution down to 10 µm by the developed gelatin MEMS process [3-5]. 

2. FABRICATION METHOD 
The fabrication process for GA-crosslinked gelatin micro patterns is depicted in Fig. 1. 

First, we spin-coats a gelatin film on a glass substrate . Second, a masking layer of positive-
toned photoresist (e.g. AZ-4620) is spun on the gelatin surface, and the correlated ultra-violet 
(UV) exposure for the portion of photoresist which defines the crosslinked gelatin is done. All 
the processing temperature of the above photolithography must be well controlled near the 
ambient temperature to prevent the melting of the natural gelatin underneath the photoresist. 
Third, we dip the sample in GA solution to undertake the crosslinking reaction with proper 
control of time. 
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3. THE APPLICATION OF GA-CROSSLINKED GELATIN TO CELL CULTURE 
Before using gelatin micro patterns as the micro culture bases, we wonder how “toxic” is

the organic stain, which comes from photoresist in the process of GA-crosslinked gelatin.
Therefore, this work used two sample chips covered with GA-crosslinked gelatin film
(without micro patterns) to verify the toxicity of photolithography: one was run with 
photolithography and the other was not. These two sample chips were sent to the incubation 
of Mesenchymal stem cells for 72 hours, as shown in Fig. 2. By the experiment results of Tab. 
1, only 16.7% attenuation of cell growth was observed due to photolithography. 

The sequence for cell-culture was performed as follows. First, the glass slides were 
fabricated with GA-crosslinked gelatin micro patterns. Second, the sterilization of glass slides 
was subject to 1-hour UV exposure and then treated with PBS (Phosphate buffered saline).
Third, glass slides were seeded with human Mesenchymal stem cells and culture in -MEM
(Minimum Essential Medium) with 10% FBS (Fetal bovine serum) for 3 days at 37 C in 5%
CO2 humidified atmosphere. Finally, after 3-day culture, the cells were counted quantitatively 
by a phase-contrast microscopy. The stem cells on the same GA-crosslinked gelatin pattern
for different culturing times are shown in Fig. 3. 

4. CONCLUSIONS 
With the micro patterning of gelatin film, the toxic test was performed on the cell culture

of human Mesenchymal stem cells. The cell growth density has not been observed to have 
obvious decreasing after the treatment of conventional lithography. It also found that the 
selective growing density of stem cells on the gelatin patterns surpass the density on the glass
substrate with 2-3 orders of magnitude after 72-hour incubation. We believe that this
biocompatibility, mechanical strength, chemical resistance, anti-water transmission and anti-
swelling of the well cross-linked gelatin will provide useful microstructures for cell-culturing
promisingly and beneficial to the biomedical quantitative study, e.g. the single cell incubation
and manipulation, in the future.
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Table 1: The densities of cells on 3 samples after 72-hour culturing. 
Sample Condition The density of cells

1 On the un-patterned GA-crosslinked gelatin without
photolithography treatment 1.8 104 cells/cm2

2 On the un-patterned GA-crosslinked gelatin with
photolithography treatment 1.5 104 cells/cm2

On the GA-crosslinked gelatin micro-patterns above 
the glass substrate 6.48 104 cells/cm2

3
On the bare glass substrate instead of the GA-
crosslinked gelatin micro-patterns     400  cells/cm2
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Figure 1: The patterning process of GA-crosslinked gelatin [5]: (a) Spin-coating pure 
gelatin film at 50 ˚C, drying for 1 day; (b) Patterning a positive-toned photoresist
masking at room temperature; (c) Crosslinking exposed gelatin in 50% GA for 8 sec; 
(d) Stripping photoresist by acetone and removing pure (uncrosslinked) gelatin by
warm water (80˚C).

(a)

150µm

(b)

150µm

Figure 2: The culture Mesenchymal stem cells on un-patterned GA-crosslinked 
gelatin on glass substrates after 72 hours: (a) with photolithography treatment; (b) 
without photolithography treatment.

(a)
150µm

(b)

150µm

Figure 3: The situation of cultured Mesenchymal stem cells on GA-crosslinked
gelatin micropatterns on glass substrates: (a) after 48 hours; (b) after 72 hours. 
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ABSTRACT

This paper focuses on the design, microfabrication, and testing of a novel 
integrated compartmentalized neuronal culture system with intercompartmental neuronal 
growth and isolated, compartmentalized fluid containment.  This system will be used for 
studying the localized electrophysiological effects of neurotoxins on a micropatterned 
arrangement of cultured dorsal root ganglia (DRG) neurons [1].  Here the neurotoxin 
vincristine is applied to the axonal compartment of this system and the morphological 
changes in the neurons are characterized.  Moreover, some preliminary electrophysiological 
data are shown to provide the basis for future studies using this microsystem. 

Keywords:  Compartmented cultures, drugs, multi-electrode array, neurons 

1.  INTRODUCTION 

Since their invention by Robert Campenot in 1976, compartmented neuronal 
culture systems have been used for a variety of in vitro studies involving the exposure of 
selective parts of a neuron to different drug environments.  Few studies currently employ 
the electrical stimulation and monitoring of neurons in these systems; however, the 
presence of electrodes precisely aligned to the compartmented system would enable useful 
studies that could not be possible otherwise.  By allowing for the drastic miniaturization of 
compartment barriers and the seamless integration of many electrodes, microfabrication 
technology offers a unique and powerful set of tools to increase the functionality of 
traditional compartmented culture systems.

The glass/PDMS compartment system discussed here integrates a collagen 
micropatterned substrate for directional axonal growth with a compartment divider for fluid 
isolation without inhibiting axonal growth through the fluid barrier.  The microfabricated 
compartmentalized culture system (µ-CCS) is used for neurodegenerative studies in which 
different regions of a single neuron or group of neurons can be biochemically isolated from 
the remaining regions of the cell.  The µ-CCS integrates distributed platinum black 
stimulation/recording electrodes throughout the compartmentalized culture for 
electrophysiological analysis.  In this way, neuronal circuits with a hybrid cytoarchitecture 
can be custom built and manipulated both biochemically and electrically by addressing a 
specific compartment [2].   

2.  EXPERIMENTAL METHODS 

To create the µ-CCS, 2 PDMS molds are cast against SU 8 photoresist 
(Microchem Corp.) masters that are created using standard photolithographic techniques.  
The first master contains the cell culture compartments and the microtopography that 
delineates the fluidic boundaries of each compartment.  The second master contains a series 
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of 200µm wide channels and spaces 
that are used to micropattern collagen 
on a glass substrate (Figure 1).  Once 
these molds are created, a glass 
substrate lithographically patterned 
with Ti/Au/platinum black electrodes 
and insulated with SiN is patterned 
with type 1 rat tail collagen (BD 
Biosciences) by bringing the second 
PDMS mold into contact with the 
substrate and injecting the collagen 
into the channels.  Once the collagen 
has dried, the second mold is 
removed and the first mold 
containing the cell culturing 
compartments is microstamped with 
sterile silicone grease and hand 
aligned to the glass multi-electrode 
array (MEA) substrate (see Figure 2).   

3.  RESULTS AND DISCUSSION 

DRG neurons were seeded 
and cultured in one compartment of 
the µ-CCS. After 3-4 days of in vitro 
culturing, neurite outgrowth from this 
compartment was observed along the 
micropatterned collagen lines 
followed by subsequent crossing of 
the neurites through the silicone 
grease microbarriers and into the 
adjacent fluidically isolated 
compartments (Figure 2c, 2d).  One 
day after crossing, a 0.1µM solution 
of the neurotoxin vincristine was 
applied to the distal axons and its 
neurodegenerative effects were 

Compartments
MicrochannelsInlet Outlet

Fluid 
Barrier

Figure 1.  (a)  PDMS two compartment divider with laser ablated compartments and 
microtopography for stamping silicone grease fluid barriers (b)  PDMS mold for 
patterning collagen. 
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Figure 2.  (a)  Electrode substrate with 
PDMS two compartment divider seated in 
the center  (b) Close-up view of dashed circle 
in 2a showing stimulation and recording 
sites on electrode substrate (c)  Dye being 
confined to one compartment in a two 
compartment divider.  (d) Neurons crossing 
100µm wide grease barrier along collagen 
tracks into adjacent compartment. 
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ABSTRACT
 A microbioreactor with a freeze-stop sampling system using thermoelectric cooling to 
inactivate the cell metabolism is presented. 
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thermoelectric cooling 

1. INTRODUCTION
 Small-scale cell cultivation methods have gained increased importance, and their 
development has been supported by advances in online monitoring methods, such as optical 
sensors for in-situ measurements of oxygen and pH [1,2]. Yet efficient sampling methods 
remain of great importance where in-situ, real-time measurements are difficult, for example 
for intracellular metabolite concentration or enzyme activity measurements [3], and for all 
methods which are invasive by nature, such as protein purification. Freeze-stop 
measurements of metabolite levels are ideal because they are inert, i.e. they do not need 
chemical additives. For intracellular metabolites, inactivation times below one second are 
desirable. For extracellular metabolites, chilling times on the order of seconds are 
sufficient, since the separation of the supernatant from the cells is the important step. Due 
to the small thermal mass, microbioreactors have the potential for efficient and rapid 
freezing. Instrumented microbioreactors with microbial fermentations and with 
thermoelectric cooling to 4ºC have been presented previously [4]. In this contribution, we 
present a microbioreactor system consisting of a sampling station to completely inactivate 
cellular metabolism by cell culture freezing using a thermoelectric element, combined with 
a reactor from which the cell culture is sampled.  

2. EXPERIMENTS AND RESULTS 
 The microbioreactor system consisted of a sampling station and a reactor (Fig. 1 and 2). 
The sampling station was fabricated with three layers made out of poly 
(methylmethacrylate) (PMMA): A chamber machined with a CO2-laser collected the 
sample (0.25 mm wall thickness at bottom of the chamber). Fluidic channels were 
fabricated both in the bottom and in the intermediate layer and connected to PVC tubes 
using drilled fittings. Finally, for thermal insulation to the top, a lid with an air gap together 
with an adhesive tape closed the chamber. The sampling station was cooled with a 
thermoelectric element attached underneath the chamber. Heat conductivity was increased 
by means of heat sink grease, and dissipated with a liquid heat exchanger. The cell culture 
was sampled from a reactor chamber, which had a working volume of approximately 
200 µl and was machined in PMMA and included the same fittings for PVC tubes as for the 
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morphologically assessed.  A comparison of axons before and after the application of 
vincristine showed that the axons had begun to degenerate at the distal ends in the 
vincristine compartment after two days of drug exposure (Figure 3a) [3].   

The µ-CCS containing microelectrode 
arrays were tested with a Multichannel Systems 
preamplifier apparatus.  Spontaneously generated 
electrical activity from a random network of 
cortical neurons obtained on these MEAs is shown 
in Figure 3b.  Given the poor understanding of the 
electrophysiological consequences of the 
neurodegenerative process, we will correlate the 
morphological assessments to electrophysiological 
measurements made with the multi-electrode array.  
This technique can be directly scaled to more 
complicated compartment designs that combine 
multiple compartments with different 
cytoarchitechtures and electrode configurations.   

4. CONCLUSIONS 

In this paper, we have shown the 
fabrication and testing of a novel compartmented 
culture system for studying the 
electrophysiological effects of drugs on cultured 
neurons.  The studies we plan to conduct with these 
devices will enable complicated analyses of 

physiological pathways underlying certain disease phenotypes. 
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1. INTRODUCTION
 Small-scale cell cultivation methods have gained increased importance, and their 
development has been supported by advances in online monitoring methods, such as optical 
sensors for in-situ measurements of oxygen and pH [1,2]. Yet efficient sampling methods 
remain of great importance where in-situ, real-time measurements are difficult, for example 
for intracellular metabolite concentration or enzyme activity measurements [3], and for all 
methods which are invasive by nature, such as protein purification. Freeze-stop 
measurements of metabolite levels are ideal because they are inert, i.e. they do not need 
chemical additives. For intracellular metabolites, inactivation times below one second are 
desirable. For extracellular metabolites, chilling times on the order of seconds are 
sufficient, since the separation of the supernatant from the cells is the important step. Due 
to the small thermal mass, microbioreactors have the potential for efficient and rapid 
freezing. Instrumented microbioreactors with microbial fermentations and with 
thermoelectric cooling to 4ºC have been presented previously [4]. In this contribution, we 
present a microbioreactor system consisting of a sampling station to completely inactivate 
cellular metabolism by cell culture freezing using a thermoelectric element, combined with 
a reactor from which the cell culture is sampled.  

2. EXPERIMENTS AND RESULTS 
 The microbioreactor system consisted of a sampling station and a reactor (Fig. 1 and 2). 
The sampling station was fabricated with three layers made out of poly 
(methylmethacrylate) (PMMA): A chamber machined with a CO2-laser collected the 
sample (0.25 mm wall thickness at bottom of the chamber). Fluidic channels were 
fabricated both in the bottom and in the intermediate layer and connected to PVC tubes 
using drilled fittings. Finally, for thermal insulation to the top, a lid with an air gap together 
with an adhesive tape closed the chamber. The sampling station was cooled with a 
thermoelectric element attached underneath the chamber. Heat conductivity was increased 
by means of heat sink grease, and dissipated with a liquid heat exchanger. The cell culture 
was sampled from a reactor chamber, which had a working volume of approximately 
200 µl and was machined in PMMA and included the same fittings for PVC tubes as for the 
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sampling station. The chamber was 
enclosed with a thin poly 
(dimethylsiloxane) (PDMS) layer, which 
could also serve as an aeration membrane 
[5]. To keep the cell culture at the desired 
temperature, electrical resistance heat wires 
were incorporated into an additional 
PMMA layer underneath the reactor, and 
the heating controlled with a temperature 
sensor, which was attached to the reactor 
[6].  
Freezing was investigated in three 
sampling chambers with different 
diameters, but the same height. The 
diameter of the sampling chambers ranged 
from 2 mm to 4 mm, which led to sampling 
volumes of 3.9 µl, 8.8 µl and 15.7 µl. In a 
typical experiment, the reactor was loaded with sample and held at 37°C, and then the 
medium was drawn from the reactor by means of a syringe pump into the pre-cooled 
sampling chamber. In experiments with phosphate buffered saline (PBS-buffer), the 
freezing results exhibited a high reproducibility, and the freezing time for the smallest 
volume of 3.9 µl was 3 s. Freezing was detected by visual inspection and by trying to pump 

the sample back to the reactor. An 
almost linear relationship between 
sample volume and freezing time was 
observed (Fig. 3). In preliminary 
experiments, where heat dissipation for 
the thermoelectric element was 
achieved with ice with overall longer 
freezing times, LB-medium exhibited 
the same linear relationship, yet with 
systematically shorter average freezing 
times than for PBS-buffer. Finally, 
average freezing times of 
Escherichia coli K12 cell cultures 

Figure 1: Schematic of the microbioreactor system. Sample is drawn from the reactor with 
a syringe pump. 

Figure 2: Photo of the microbioreactor system 
consisting of the reactor were the cell culture is 
loaded and the sampling station. A: reactor
chamber, B: sampling chamber, C: thermo-
electric element, D: interconnections, E: leads 
from the heat wire device, F: leads from the
temperature sensor, G: liquid heat exchanger, 
H: leads from the thermoelectric element. 

Figure 3: Averages of the freezing times for 
PBS-buffer. The error bars represent the 
standard deviation (n = 5). 
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(103 cells/ml) yielded the same average freezing times as PBS-buffer. The cell culture was 
kept frozen for 10 min. and subsequently thawed. The cells and a reference were crossed 
out onto LB (Luria Bertani)-plates and were placed over night at 37°C into an incubator. A 
viable cell count yielded a viability rate of 85.8 % in average (Tab.1).

3. CONCLUSIONS 
 We demonstrated rapid freezing of medium and E.coli cell cultures in a microbioreactor 
system with thermoelectric cooling. By increasing the contact surface in the sampling 
chamber and with improved thermal insulation to the ambient, faster freezing times can be 
expected. The current system already yields freezing times on the order of seconds and a 
high viability rate for E. coli cultures, thus is suitable for the combination with further 
analytical methods to determine metabolite levels. 
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Abstract: We have developed cell-based field effect devices for cell adhesion analysis.
Mouse fibroblast cells (L929) were adhered on the Si3N4 surface of the field effect devices.
Attachment and detachment of the cell could be detected as a shift of the flatband voltage of 
the field effect devices. Quantitative analysis of the cell adhesion could be demonstrated
when diluted cell samples are used. The shift of the flatband voltage is considered to be due 
to the negative charges of sia1ic acid at the surface of the cell membrane. The cell-based
field effect devices are useful to study cell adhesion characteristics on different surface 
materials and structures as well as cell functional analysis.

Keywords: Cell-based field effect devices, Cell adhesion, Flatband voltage, Sia1ic acid

1. Introduction
Cell functional analysis is more and more

important for cell biology, regenerative medicine, and 
drug development. Micro -fabrication technologies
have been used for cell functional analysis  and a lot of 
micro -devices have been reported mainly for cell
sorting and image analysis. We have developed
cell-based field effect devices for cell functional
analysis. Here, we report quantitative cell adhesion 
analysis using the multi-well field effect devices.
Cell adhesion is one of important characteristics to 
evaluate cell functions in vitro . Cells are well known 
to show stable activity when they are adhered to the 
substrate together. Figure 1 shows the concept of 
the cell-based field effect device. Cells are adhered on 
the surface of the field effect device. Since cells are in 
general negatively charged, cell adhesion can be
detected by measuring the flatband voltage or
threshold voltage of the field effect devices.

2. Experimental
Figure2 shows the photograph of the fabricated device(1). Ten sensing areas, of which 

diameters are 4 mm, are integrated in a silicon substrate in multi-well format. For the 
fabrication of the field effect device, n-type silicon with the resistivity of 10 Ocm was used 
as a substrate. The thicknesses of the Si3N4 layer and the SiO2 layer are 50 nm and 30 nm, 
respectively. The fabricated multi-well field effect device was encapsulated with glass rings 
using an epoxy resin (ZC-203, Nippon Pelnox) except for the sensing areas. The sensing 
spots were soaked in a phosphate buffer solution (0.025 M Na2HPO4 and 0.025 M KH2PO4,
pH 6.86, Wako) with a Ag/AgCl reference electrode for quasi-static capacitance-voltage

sensing area

Integrated field effect device

sensing area

Integrated field effect device

核核核核

Figure 1. Concept of cell-based
field effect device

Figure 2. Photograph of multi-well
field effect device
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(QSCV) measurement. The capacitance- voltage (C-V) curves were measured at a constant 
frequency of 150 Hz in the voltage range from 3 to -3 V using a precision impedance 
analyzer (4156C, Agilent).

The shift of the flat band voltage VF was calculated after cell adhesion and incubation.
The VF shift was defined as a difference of the C-V characteristics at a constant capacitance 
which corresponds to the flat band capacitance (CF). Mouse fibroblast (L929) was used for 
the cell adhesion experiment in the present study. Mouse fibroblast (L929) was introduced 
to the sensing areas of the field effect device and incubated in an incubation buffer as well 
as pH7.41 phosphate buffer at 37 ℃ in an atmosphere of 5% CO2 for 48 hours. After
incubating for a fixed period of time, the cell-containing buffer solution was taken out from
the sensing area and the surface of the field effect device was rinsed with a buffer solution. 
Image analyses were carried out using the optical microscope in parallel with the electrical 
detection and the number of the cells adhered on the surface of Si3N4 was counted.

3. Results and discussion
Figure 3 shows the photograph of the mouse 

fibroblast cells adhered on the surface of Si3N4 after 
incubation of 5 hours. The cells are adhered in a 
round shape and the average diameter is 20 µm.
Since the Si3N4 surface was not chemically modified 
with functional molecules, silanol groups are formed 
on the Si3N4 surface.  Therefore, the adhesion between 
the cells and the Si3N4 surface is considered to be based 
on physical adsorption. The cell extension could not be 
observed in the phosphate buffer solution, while the cell 
extension was observed in an incubation buffer
solution. It is noted that the adhered cells are alive in 
both buffer solutions. Nevertheless, the cells were
stuck to the surface even after rinsing a few times 
with a buffer solution. 

Figure 4 shows the shift of the C-V curves after 
cell adhesion on the gate insulator at 5hours of 
incubation and after cell detachment from the
surface at 24 hours incubation. The flatband voltage
was shifted in the positive direction by the amount 
of 29.4 mV due to cell adhesion. On the other hand, 
the flatband voltage was shifted back in the negative 
direction due to detachment of the cell. Similar
shifts of the flatband voltages were obtained for five 
sensing areas of the fabricated field effect device as 
shown in Fig. 5. The average shift was 27.5 mV with 
the standard deviation of 8.0 mV. After 24 hours of 
incubation, most of the adhered cells were detached 
and rinsed away in the cleaning process. The
detachment of the cells was observed for five
sensing areas as shown in Fig. 5. Although the
reason for the detachment is not yet clear, the cells 
seem not to form active interaction for adhesion with 
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ABSTRACT
 Our long-term interest is to explore the potential of microfluidics for the development of 
advanced tools for cell studies and analysis. This contribution describes a method to 
cultivate Human Umbilical Vein Endothelial Cells (HUVEC) in microchannels without 
continuous flow. The effects of seeding and culture conditions on cell behavior were 
studied. 
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1. INTRODUCTION
Vascular endothelial cells form the layer that lines all blood vessels in the body. In 

cancer and chronic inflammatory diseases, these cells control angiogenesis (formation of 
new blood vessels) and leukocyte recruitment. In this process, cytokines activate 
endothelial cells to produce adhesion molecules, cytokines and chemokines [1]. Identifying 
the molecular pathways controlling these processes is an important aim of drug 
development research, to ultimately enable selective pharmacological interference. 
Microfluidic devices show great potential for semi-high-throughput screening of basic 
endothelial cell behavior and response to new chemical entities/drugs, as the channels 
mimic the in vivo capillary system. To develop devices for this purpose, we have studied 
HUVEC seeding and cultivation in microfluidic channels. 

2. EXPERIMENTAL 
 To grow HUVEC in microchannels, a hybrid glass/PDMS device was used. A PDMS 
chip containing microchannels 2.5 cm long, 120 m wide and 100 m deep, was sealed to a 
gelatin-coated glass plate. The channels were incubated with 10 L of medium until 
introduction of HUVEC to the device. Different cell concentrations, ranging from 1500 
cells/ L (15,000 cells/cm2) to 4500 cells/ L (45,000 cells/cm2), were introduced to the 
reservoir and were flushed through the channel by applying vacuum. After seeding, the 
cells were incubated at 37oC under 5% CO2-95% air for at least 1 hour to allow attachment 
to the gelatin-coated surface. After attachment, the cells were washed with medium, and 
both reservoirs were filled with an equal volume of medium. The cells were observed under 
an inverted microscope (Leica DC 300F) after 2 and 19 hours of incubation. For 
comparison, 45,000 cells/cm2 seeded into 1% gelatin-coated 96-well tissue culture plates 
were also monitored. To test the behavior of HUVEC in a pro-inflammatory environment, 

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1382

the Si3N4 surface because no functional groups are 
present on the surface. For better adhesion of the 
cells, the Si3N4 surface should be chemically
modified with RGDS or proteins such as fibronectin,
which is also effective to maintain cell activity for a 
long time. The effect of biochemical mo dification
of the Si3N4 surface is now under investigation.

From the positive shifts of the flat band 
voltage for cell adhesion, the surface of the 
cell membrane is considered to be
negatively charged. The negative charges 
are derived from sialic acid residues in
glycoproteins blotted on the cell membrane.
Sialic acid is known to be present at the cell 
membrane and plays an important role in 
molecular recognition, immuno-reaction
and cell-cell interaction. The flat band
voltage shifts contain useful information on 
the density of sialic acid on the cell
membrane, which would be important for 
cell functional analysis. The above results
indicate that cell adhesion can be detected 
as a shift of the flatband voltage of the field 
effect device.

Typical density of the adhered cells is 
64000 cells/cm2. The density of the adhered 
cells can be changed by changing the cell 
concentration in the solution and calculated 
from the photograph. The resulting density of the mouse fibroblast (L929) cells were
4*105 cells/cm2, 2*105 cells/cm2 , 7*103 cells/cm2 , and 8*102 cells/cm2, respectively. We 
measured the flat band voltage shifts for each case. Figure 6 shows the relationship between 
the flatband voltage shift and cell density. The flat band voltage of the field effect devices 
shifted, depending on the cell density on the Si3N4 surface. This indicates that quantitative 
cell adhesion analysis can be made using field effect devices.

The cell-based field effect devices are useful to study cell adhesion characteristics on 
different surface materials and structures. Furthermore cell-based field effect devices would 
be used for cell functional analysis.

References
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field effect devices", Biosensors and Bioelectronics, available on line 21 February (2005).
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1. INTRODUCTION
Vascular endothelial cells form the layer that lines all blood vessels in the body. In 

cancer and chronic inflammatory diseases, these cells control angiogenesis (formation of 
new blood vessels) and leukocyte recruitment. In this process, cytokines activate 
endothelial cells to produce adhesion molecules, cytokines and chemokines [1]. Identifying 
the molecular pathways controlling these processes is an important aim of drug 
development research, to ultimately enable selective pharmacological interference. 
Microfluidic devices show great potential for semi-high-throughput screening of basic 
endothelial cell behavior and response to new chemical entities/drugs, as the channels 
mimic the in vivo capillary system. To develop devices for this purpose, we have studied 
HUVEC seeding and cultivation in microfluidic channels. 

2. EXPERIMENTAL 
 To grow HUVEC in microchannels, a hybrid glass/PDMS device was used. A PDMS 
chip containing microchannels 2.5 cm long, 120 m wide and 100 m deep, was sealed to a 
gelatin-coated glass plate. The channels were incubated with 10 L of medium until 
introduction of HUVEC to the device. Different cell concentrations, ranging from 1500 
cells/ L (15,000 cells/cm2) to 4500 cells/ L (45,000 cells/cm2), were introduced to the 
reservoir and were flushed through the channel by applying vacuum. After seeding, the 
cells were incubated at 37oC under 5% CO2-95% air for at least 1 hour to allow attachment 
to the gelatin-coated surface. After attachment, the cells were washed with medium, and 
both reservoirs were filled with an equal volume of medium. The cells were observed under 
an inverted microscope (Leica DC 300F) after 2 and 19 hours of incubation. For 
comparison, 45,000 cells/cm2 seeded into 1% gelatin-coated 96-well tissue culture plates 
were also monitored. To test the behavior of HUVEC in a pro-inflammatory environment, 
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confluent cells were incubated with 100 ng/ml of the pro-inflammatory cytokine Tumor 
Necrosis Factor (TNF ) for 24 hours [1]. 

3. RESULTS AND DISCUSSION 

The HUVEC monolayers in the microchannels were 100% confluent (i.e., covered the 
entire available area) within 19 hours when 4500 cells/ L were seeded. At lower 
concentrations, only sub-confluent layers were obtained. Seeding 45,000 cells/cm2 in 
microchannels and wells yielded confluent layers with substantially different 
characteristics, with respect to cell morphology and alignment (Figure 1). The cells seeded 
in wells exhibited a “cobblestone” appearance characteristic of regular HUVEC cultures. 
The cells in the microchannels, on the other hand, were elongated with alignment along 
channel walls. This later phenotype is often associated with a state of “cell activation”. The 
clear difference in HUVEC morphology in the well and microchannel environments raised 
the question whether the cells in the microchannel had been activated by shear stress 
(solution flow). This appeared not to be the case, since initial gene expression analysis 
(mRNA levels by quantitative real-time reverse transcriptase PCR) indicated that the 
expression of shear-stress sensitive genes was not induced in the microchannels (data not 
shown).

1.2a. 1.2b.

 1.1a.                                                                           1.1b.
Figure 1. HUVEC cultivated in microchannels (1.1) and in 96-well tissue culture plates (1.2) after (a) 
2-hr culture; (b) 19-hr culture. The microchannel photos were obtained in the same channel at exactly 
the same location. 

In a different experiment, confluent HUVEC in both formats were stimulated with the 
TNFa. As evidenced in Figure 2, cells in both cases responded similarly to this pro-
inflammatory environment by elongating, with the stimulated cells in the microchannel 
being thinner and more stretched than their non-stimulated counterparts. These 
observations imply that HUVEC in wells and microchannels have comparable cell status 
when cultivated under the same medium and temperature conditions, despite observed 
differences in cell morphology. 
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2.2a.                                                                           2.2b. 

  2.1a.                                                                           2.1b. 
Figure 2. HUVEC cultivated in microchannels (2.1) and in 96-well tissue culture plates (2.2) in the 
absence (a) and the presence (b) of 24-hr TNF  stimulation.

4. CONCLUSIONS 

 We conclude that it is feasible to culture primary endothelial cells in microfluidic 
devices. Microscopic observations show clear differences in cell morphology for cells 
grown in microchannels versus those grown in wells, the latter conditions representing the 
general conditions for cell biological and pharmacological studies. mRNA analysis 
indicates that the elongated cell morphology obtained in microchannels is most likely not 
due to shear stress caused by flow. However, further experiments will be undertaken to 
study shear-stress and activation-associated gene expression in cells grown in 
microchannels. Furthermore, their response to pro-inflammatory activation will be tested, 
to determine the suitability of microfluidic devices as cell biological and pharmacological 
tools. 
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ABSTRACT 

In vitro fertilization (IVF) is a costly procedure with disappointingly low success rates.  
Pre-implantation embryos for IVF are cultured using outdated techniques which place 
unneeded stress on the embryo. We have designed a computerized microfludic mouse 
embryo culture device with Braille displays which are intended to imitate the in vivo
microenvironment. 
Keywords: Braille displays,  PDMS microfludic devices,  Preimplantation Embryo  
                    culture, Pulsatile flow 

1. INTRODUCTION

     The purpose of this research is to introduce a novel microfluidic device to improve upon 
static culture condition in the area of IVF [1-2].  Recently, there have been studies on mouse 
embryo culture using microdevices that provide a dynamic environment but results were 
poor compared to use of a static environment [3].  It is possible that these flow rates were 
still too high for mouse pre-implantation embryos, washing away necessary compounds in 
addition to waste products.  This effect could be corrected through the use of slower rates 
and pulsatile flows.  Here we demonstrate a computerized microfluidic embryo culture 
device which can generate slow and pulsatile flow rates to provide fresh media 
continuously. This dynamic flow condition is designed to provide an environment that is 
physiologically more similar to the human reproductive tract where cyclic movement with 
frequencies of 0.01~0.057 (Hz) are observed [4].  

2. EXPERIMENTAL 

Figure 1. (a) Schematic design of PDMS embryo culture device. (b) Enlarged culture area. It 
consists of three layers; Upper channel (200µm height) for introducing embryo, middle channel 
for Braille system (30µm height) and 200µm deep well on bottom membrane to keep the 
introduced embryos in the culture chamber i.e. “Snake head” (300µm wide x 200µm depth) 

Outlet port 

Reservoir for 
culture 

Bottom 
membrane

Braille pins 

(a)
“Snake head” connected to inlet port

30um channel 
for Braille

Well on Bottom 
membrane

(b) 
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     We previously reported a method to precisely control fluid flow inside elastomeric 
capillary networks by using multiple computer-controlled, piezoelectric, movable pins [5]. 
These pins are positioned as a grid on a refreshable Braille display (Papenmeier, Germany).  
Each pin can act as a valve and be shifted upward to push against channels.  Three 
sequential valves of this type, moved in certain patterns, can be effectively used as a 
peristaltic pump. 

Each chip is composed of polydimethylsiloxane (PDMS).  To combine embryo culture 
capability with a Braille display-based actuation system, a two-step photolithography 
procedure was used.  One step created large channels that can accommodate large embryos 
(~75µm in diameter) and another step generated smaller and round-shape channels (~30µm 
height) for Braille actuation.  First, 30µm high bell-shaped channels for Braille actuation 
was formed by backside diffused-light photolithography [6] and 200µm high rectangular 
channels for introducing embryos was aligned and formed by normal lithography.  Next a 
thin bottom PDMS membrane (~ 300µm thickness) was used to seal the upper two-layer 
channel.  To keep embryos in the “Snake head-like” culture chamber the bottom membrane 
was fabricated with an 800µm diameter x 200µm depth well, as shown in Figure 1.

3. RESULTS AND DISCUSSION 

      To imitate the in vivo microenvironment in this study, we will use a microfluidic embryo 
culture system with computer controlled pumping and valving where fluid will be partially 
or totally refreshed at controlled intervals of 96 hours.  Periodic partial fluid exchange will 
be performed to re-supply nutrients and remove waste.  We will also mechanically stimulate 
embryos with oscillatory microfluidic pumping, where the fluid is constantly moving the 
embryo back and forth (similar to uterine peristalsis) but without diluting embryo secreted 
factors because the same fluid will be moved back and forth.   
     Using the device described above, we can easily change the flow frequency (under 0.05 
Hz) as well as volumetric flow rates (~ pL/min).  A back and forth sequence was 

Backward Backward

Forward Forward Backward

Start

Braille 
Sequences

Figure 2. 75 µm beads were introduced into the “Snake head” through the inlet port and 
manipulated by the pulsatile movement using right side located Braille pins. With these 
patterned pin-sequence, specifically bead moves up up down up  down repeatedly. 



CONTINUOUS SORTING OF MAGNETIC CELLS 
VIA ON-CHIP FREE-FLOW MAGNETOPHORESIS 

Nicole Pamme1 and Claire Wilhelm2

1National Institute for Materials Science (NIMS),  JAPAN 
2Laboratoire “Matière et Systèmes Complexes”, Univeristy Paris 7, FRANCE 

ABSTRACT
We report the continuous sorting of cells loaded with magnetic nanoparticles in a

microfluidic magnetic separation device.
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1. INTRODUCTION
Magnetically labeled cells are of great interest in medical research, for example, for the 

isolation of rare cells or as drug delivery vehicles [1,2]. Labeling can be achieved by
attaching magnetic particles to the cell surface [1] or by introducing magnetic nanoparticles 
into the cell [2] (figure 1). Magnetic sorting is required to separate labeled from non-
labeled cells. Usually, time-consuming batch-processes are employed for this task; only a
few reports exist regarding continuous flow cell separation [1]. We recently reported on-
chip free-flow magnetophoresis as a continuous flow method for the separation of magnetic
microparticles from each other as well as from non-magnetic material [3] (figure 2). Based 
on their magnetic susceptibility and size and based on the flow rate, magnetic particles are 
deflected from the direction of laminar flow. Here, we studied the magnetic deflection of
tumor cells and macrophages that were labeled internally with magnetic nanoparticles.

Figure 1: External and internal magnetic
labeling of cells.

Figure 2: In free-flow magnetophoresis, magnetic cells are deflected from the direction of
laminar flow depending on their magnetic susceptibility, their size and the flow rate. 

2. EXPERIMENTAL
A glass-microchip was fabricated and set up as shown in figure 3. The magnetic field

was generated by a circular NdFeB magnet (20 mm x 10 mm). Macrophages and HeLa 
cells were incubated with a 20 mM suspension of magnetic nanoparticles (9 nm diameter)
for 1 h and 6 h, respectively [2]. For visualization, cells were also incubated with
fluorescent albumin that co-internalizes with the magnetic particles (figure 4). As an
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successfully tested with 75µm polystyrene beads which are similar in size to mouse embryos 
as shown in Figure 2.     
     One cell stage embryos were collected from six to eight week-old B6C3F1 female mice 
(Charles River) mated with B6C3F1 males and cultured on the described PDMS microchip 
filled with Potassium Simplex Optimized Medium (KSOM, Phillipsburg, NJ) + 0.1% Serum 
Substitute Supplement (SSS, Irvine Scientific). We have preliminary results showing 
successful culture of one cell embryos up to blastocyst under static conditions, as shown in 
Figure 3.  This result will be used as a control for comparison with diverse flow rates and  
pulsatile flow patterns in future research aimed at increasing the efficiency of mammalian 
embryo culture. 

4. CONCLUSIONS 

 We have designed and fabricated a microfluidic device which incorporates the computer-
controlled Braille pumping system into an embryo culture microbioreactor.  The proposed 
microfluidic device with Braille system can precisely controls fluid flow inside elastomeric 
capillary networks and its versaltility allows for future incorporation of embryo culture and 
analysis. 
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Figure 3. (a) One-cell stage mouse embryos were introduced into culture chamber with bottom 
well (b) With 96-hour culture with KSOM, embryos developed to blastocysts (c) Enlarged image 
of blastocyst  and (d) Dyed image of blastocyst inside microchamber, “snake head” 
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1. INTRODUCTION
Magnetically labeled cells are of great interest in medical research, for example, for the 

isolation of rare cells or as drug delivery vehicles [1,2]. Labeling can be achieved by
attaching magnetic particles to the cell surface [1] or by introducing magnetic nanoparticles 
into the cell [2] (figure 1). Magnetic sorting is required to separate labeled from non-
labeled cells. Usually, time-consuming batch-processes are employed for this task; only a
few reports exist regarding continuous flow cell separation [1]. We recently reported on-
chip free-flow magnetophoresis as a continuous flow method for the separation of magnetic
microparticles from each other as well as from non-magnetic material [3] (figure 2). Based 
on their magnetic susceptibility and size and based on the flow rate, magnetic particles are 
deflected from the direction of laminar flow. Here, we studied the magnetic deflection of
tumor cells and macrophages that were labeled internally with magnetic nanoparticles.

Figure 1: External and internal magnetic
labeling of cells.

Figure 2: In free-flow magnetophoresis, magnetic cells are deflected from the direction of
laminar flow depending on their magnetic susceptibility, their size and the flow rate. 

2. EXPERIMENTAL
A glass-microchip was fabricated and set up as shown in figure 3. The magnetic field

was generated by a circular NdFeB magnet (20 mm x 10 mm). Macrophages and HeLa 
cells were incubated with a 20 mM suspension of magnetic nanoparticles (9 nm diameter)
for 1 h and 6 h, respectively [2]. For visualization, cells were also incubated with
fluorescent albumin that co-internalizes with the magnetic particles (figure 4). As an
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example, the uptake of magnetic nanoparticles by macrophages after 1 h and 6 h, 
respectively, is shown in figure 5. 

A mixture of magnetic fluorescent HeLa cells and non-magnetic non-fluorescent HeLa 
cells was introduced into the microchip (figure 6). It was found that all the fluorescent,
magnetic cells were deflected from the direction of laminar flow and left the separation
chamber via exit 2 or higher, whereas the non-magnetic cells left via exit 1 directly
opposite the sample inlet.

Figure 3: (left) Chip design featuring sample and buffer inlets, a separation chamber and 
outlet channels. (right) Photograph of the setup showing the microchip with reservoirs for
buffer and cell suspension, the connection to the pump and the cylindrical NdFeB magnet.

Figure 4: Photographs of macrophages 
showing  the fluorescent and magnetic label Figure 5: Uptake of the magnetic
inside the cells: (left) transmission microscopy, nanoparticles by marcrophages 
(right) fluorescence  microscopy.  after1 h and 6 h of incubation.

4. RESULTS AND DISCUSSION 
The deflection of cells incubated for 1 h and 6 h, respectively, was studied at different

flow velocities. It was found that cells with a higher magnetic loading were, on average, 
deflected to a larger extent than cells with a lower loading. An example of the deflection of 
macrophages at a flow rate of 0.8 mm s-1 is plotted in figure 7. Not surprisingly, there was a 
distribution in deflection angles since individual cells internalized different amounts of Fe
nanoparticles (see figure 5). The flow rate was found to have a great influence on the
deflection: optimum rates were in the range of 0.4 mm s-1 to 1.2 mm s-1. At rates faster than 
2 mm s-1, even highly magnetic cells were hardly deflected.
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Figure 6: Separation of fluorescent, magnetic and non-
fluorescent, non-magnetic HeLa cells at 0.8 mm s-1. The
fluorescent magnetic cells were deflected from the
direction of laminar flow and took exit 2 or 3. Due to a 
long exposure time (0.5 s), the moving cells are seen as
lines (digitally enhanced for better visualization).

Figure 7: Deflection of macrophages, incubated for 1 h 
and 6 h, in the microfluidic free-flow magnetophoresis
chip at a flow rate of 0.8 mm s-1.

5. CONCLUSIONS 
On-chip free-flow magnetophoresis offers great potential for continuous flow sorting of 

magnetic cells. We demonstrated the separation of magnetic and non-magnetic cells (figure
6) and also, the sorting of cells according to their magnetic content (figure 7). In 
comparison to conventional sorting methods, our method permits more precise handling of 
cells and can also be easily combined with other downstream applications.
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ABSTRACT 
A microchip-based bioassay system was developed.  The system consisted of a PDMS 

microchip for cell culture and glass microchip for enzyme immunoassay (ELISA) with 
chemiluminescence detection.  The system realized a detection of a tumor necrosis factor 
alpha (TNF) released from murine macrophage cells, which is a popular method to find 
immunostimulation drugs. 

Keywords: bioassay, cell culture, chemiluminescence detection, ELISA 

1. INTRODUCTION 
Monitoring a cellular response to a chemical stimulus is one of the most important 

studies in life sciences.  Especially, this is an essential technic for drug screening and 
toxicity tests.  The conventional bioassays, however, were rather time-consuming and 
troublesome, and require many precious cells and expensive reagents.  Therefore, a novel 
system resolving these problems is desired.  To overcome these drawbacks, system 
integration into microchips seems to be effective.  We reported microchip-based bioassay 
systems in which both cell culture and analyses were realized [1-3].  These systems were, 
however, developed to detect small molecules released from cells, and detection of a 
specific protein like cytokines has not been realized so far.  We propose a cell culture and 
ELISA hybrid microchip system to measure a specific protein released from cells.  In this 
study, determination of TNF released from murine macrophage cells was selected as a 
model case.  Assay principle is illustrated in Fig. 1.   

Capture antibody

Biotinylated
antibody

Substrate

Luminescence

TNF-αα

Chemical
stimulation

Macrophage Activated
macrophage

Activation
Secretion

ELISA

Peroxidase-
streptavidin
conjugate

Figure 1.  Principle of the bioassay.  Macrophage is activated with a stimulating agent 
(lipopolysaccharide) and released TNF is determined by ELISA. 

2. EXPERIMENTAL 
For cell culture, PDMS microchip with membrane filter to retain cells was designed and 

fabricated (Fig. 2).  Murine macrophages were cultured in a very small cell culture 
chamber (1 µL) of the PDMS chip.  ELISA microchip was made with glass and 
chemiluminescence detection system was constructed (Fig. 3).  The chip has a dam 
structure to retain a reaction solid, i.e. polystyrene beads, and reactions were performed on 
the bead surface.  Luminescence from the area was detected with a photomultiplier tube.   
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Figure 2.  Cell culture PDMS microchip.  (A) Illustration of the micro chamber, (B) 
photograpf of the chip, (C) microscope image of the cells cultured in the chip. 

Figure 3.  Microchip ELISA system with chemiluminescence detection.   
All reactions are performed on the surface of the beads. 

3. RESULTS AND DISCUSSION 
Cells were successfully cultured in the PDMS micro chamber at least for several days.  

By the chemiluminescence microELSA, 1 pg/mL of tumor necrosis factor alpha (TNF) 
could be determined within 90 min, instead of 5 pg/mL of LOD with 7 h in assay time in 
the conventional assay (Fig. 4).   

By a connection of these two chips, microchip-based bioassay system was developed 
(Fig. 5).  The system was successfully applied to measure a protein TNF released from 
5,000 murine macrophage cells, which is a popular method to find immunostimulation 
drugs.  Cells were put in the culture chip and preincubated.  Next, a typical cell 
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ABSTRACT 
 A new flow-through microfluidic chip is presented for the study of cell transfection by 
electroporation. A silicon-glass chip enables the immobilization of cells and real time 
monitoring of the electroporation process. Successful electroporation is shown by a 
propidium iodide (PI) assay and loading nanobeads. 

Keywords: Cell transfection, electroporation, flow-through, single cell manipulation. 

1. INTRODUCTION
 Transfection of DNA molecules into mammalian cells with electric pulsations, 
electroporation, is a powerful and widely used method that can be directly applied to gene 
therapy. Other polar substances, such as dyes, drugs, proteins, peptides, and amino acids, 
can also be introduced into cells by electroporation. We have developed a flow-through 
chip that can immobilize, electroporate and transfect individual cells. Different layouts for 
on-chip electroporation were reported [1-3]. These devices either address flow-through ope-
ration or single cell capture, but all lack the ability to microfluidically and electrically 
address an individual cell from a pre-defined cell batch. With these new chips we 
demonstrate transfection of fluorescent dye (PI) and polystyrene nanobeads (60nm) in 
HL60 cells by electropermeabilization. 

2. EXPERIMENTAL 
 Figure 1a depicts the microfluidic cell trap device. Figure 1b shows the two channels of 
asymmetric width (50µm/20µm) and a detail of the trapping feature. All channels are 15µm
deep, dry etched in silicon and covered by glass. To initiate the experiments, 100µl of cell 
sample is placed in inlet (1). Cells are transported through the channel by means of pressure 
driven flow. To trap single cells a negative pressure was applied to the suction reservoir (4) 
via a pump. Once the cells have been trapped, the pump is switched off and cells are 
localized at the traps (Fig 1c). Gold wires immersed in the reservoirs of the chip were used 
to make electrical connections to a high-voltage supply unit. 

3. RESULTS AND DISCUSSION 
 For the electric field mediated cell manipulation, PI-dye was added to the medium and a 
voltage of 50V was applied to reservoirs R1 and R2 for 5 seconds, while reservoirs R3 and 
R4 were kept at 0V. The result of this pulse is propidium iodide negative, PI (-), because the 
cells remain dark on fluorescent images. When this voltage scheme was applied again after 
10 minutes, the same non-fluorescent result was obtained: PI(-).Increasing the voltage to 
100V on R1 and R2, the PI assay was still negative, even after 45 minutes of operating with 
the same cell batch.  
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stimulator lipopolysaccharide (LPS) was injected to the chamber for 3 h.  After the cell 
reaction, reactions for ELISA were performed and the generated luminescence was detected 
(Fig. 6).   

1

10
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TNF-αα (pg/mL)

0

100

200

Control (+) LPS

Figure 4.  Calibration curve of TNF    Figure 6. Typical assay resulys 

Figure 5.  Cell-based microchip bioassay system with ELISA 

4. CONCLUSIONS 
This system was superior in assay time and cell number required for the assay.  

Moreover, The system can be applicable to other assays by changing the kind of cells and 
antibody.  We concluded that the system is very useful for various practical assays. 
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ABSTRACT 
 A new flow-through microfluidic chip is presented for the study of cell transfection by 
electroporation. A silicon-glass chip enables the immobilization of cells and real time 
monitoring of the electroporation process. Successful electroporation is shown by a 
propidium iodide (PI) assay and loading nanobeads. 
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1. INTRODUCTION
 Transfection of DNA molecules into mammalian cells with electric pulsations, 
electroporation, is a powerful and widely used method that can be directly applied to gene 
therapy. Other polar substances, such as dyes, drugs, proteins, peptides, and amino acids, 
can also be introduced into cells by electroporation. We have developed a flow-through 
chip that can immobilize, electroporate and transfect individual cells. Different layouts for 
on-chip electroporation were reported [1-3]. These devices either address flow-through ope-
ration or single cell capture, but all lack the ability to microfluidically and electrically 
address an individual cell from a pre-defined cell batch. With these new chips we 
demonstrate transfection of fluorescent dye (PI) and polystyrene nanobeads (60nm) in 
HL60 cells by electropermeabilization. 

2. EXPERIMENTAL 
 Figure 1a depicts the microfluidic cell trap device. Figure 1b shows the two channels of 
asymmetric width (50µm/20µm) and a detail of the trapping feature. All channels are 15µm
deep, dry etched in silicon and covered by glass. To initiate the experiments, 100µl of cell 
sample is placed in inlet (1). Cells are transported through the channel by means of pressure 
driven flow. To trap single cells a negative pressure was applied to the suction reservoir (4) 
via a pump. Once the cells have been trapped, the pump is switched off and cells are 
localized at the traps (Fig 1c). Gold wires immersed in the reservoirs of the chip were used 
to make electrical connections to a high-voltage supply unit. 

3. RESULTS AND DISCUSSION 
 For the electric field mediated cell manipulation, PI-dye was added to the medium and a 
voltage of 50V was applied to reservoirs R1 and R2 for 5 seconds, while reservoirs R3 and 
R4 were kept at 0V. The result of this pulse is propidium iodide negative, PI (-), because the 
cells remain dark on fluorescent images. When this voltage scheme was applied again after 
10 minutes, the same non-fluorescent result was obtained: PI(-).Increasing the voltage to 
100V on R1 and R2, the PI assay was still negative, even after 45 minutes of operating with 
the same cell batch.  

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 1395



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1396

Figure 1. a) Schematic drawing of the microfluidic chip; b) SEM picture: two parallel microfluidic 
channels are connected by microholes of 4µm width, which act as trapping sites for real-time 

monitoring of individual cells; c) a close-up of a trapping feature showing two cells being trapped. 

After one hour, the live stain AO was added to the chip to check the cell viability: the cells 
turned green, as expected for viable cells (Fig. 2a). After obtaining this information, a pulse 
of 100V was applied for 10 seconds to R1 and R2. The cells changed color from green to 
yellow/red, indicating PI uptake (PI (+), Fig. 2b), thus cell electropermeabilization (EP). 
The reliability of this procedure, versatile transfection by electropermeabilization, is 
confirmed by experiments using fluorescent nanobeads instead of PI-dye (Fig 3). 

Green intensity  93a.u.
Red intensity     70a.u. 

Red intensity     94a.u.
Green intensity  28a.u. 

Figure 2. Fluorescence image of cells sitting at the trap after AO was added to the chip. The green 
fluorescence of the cells in image a) indicates that cells are still alive. After the voltage scheme was 

applied cells show PI uptake, as can be seen in b): yellow/red colored cells. 

Figure 3. Fluorescence image of cells located at the traps and being electroporated and loaded with 
green fluorescent nanobeads (60nm).Right top, light image of the cells. 

Since this new EP device is aimed for performing transfection experiments reversibility of 
the electropermeabilization is desired. A control experiment was carried out with AO 
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stained cells treated according to the successful cell permeabilization procedure (VR1, R2 = 
100V and VR3, R4 = 0V for 10 sec). One hour after electropermeabilization, PI was added 
to the chip. The cells showed uptake of PI (Fig. 4). Together with the result of the AO 
viability test, this means that the cells are still addressable for transfection experiments. 

Green intensity 110a.u
Red intensity     37a.u. 

Red intensity    116a.u
Green intensity  48a.u. 

Figure 4. Fluorescence image of AO stained cells; a) before the voltage was applied (green cells), b) 
after an hour, PI is added and cells showed PI uptake (PI +; red cells). 

Fine tuning of the cell membrane permeabilization process can be achieved by introducing 
electrically addressable cell trap sites as depicted in the design of our next generation chip 
(Fig. 5).

Figure 5. Next generation chip with integrated electrodes 

4. CONCLUSIONS 
 We have shown successful cell membrane electropermeabilization and uploading of 
nanobeads into the cells in a new flow-through chip. This makes it a powerful tool for gene 
therapy and drug screening on a single cellular level. Additional experiments need to 
confirm the full viability of treated cells using on-chip culture strategies. 
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ABSTRACT
 Two complimentary techniques, optical trapping and AC dielectrophoresis, were utilized 
to precisely position neural cells inside microfluidic systems.  In both cases, polyelectrolyte 
multilayers (PEMs) facilitated cellular attachment within the microfluidic channel.  Cell 
arrays were generated that should be useful for cell-based assays.   

Keywords: Cell manipulation, biotechnology, cell array, surface treatment 

1. INTRODUCTION
 Much attention has been focused on the use of microfluidics to improve cell culture and 
manipulation by creating biomimetic microenvironments [1].   Cell-based assays in 
microfluidic systems will also benefit from decreased reagent consumption, smaller cell 
populations, higher parallelism and automation.  However, to take full advantage of 
microfluidic systems as culture sizes decrease toward single cell assays, it becomes 
important to accurately control cell placement and attachment.  We present here the use of 
surface PEM coatings for rendering microfluidic device materials (e.g. PDMS) amenable to 
cellular attachment.  We demonstrate two techniques for controlling cell position, optical 
and dielectrophoretic trapping, used to generate ordered cell arrays on PEMs 
micropatterned within microfluidic systems.   

2. EXPERIMENTAL [2] 
 Embryonal carcinoma cells (P19, ATCC, Manasas, VA) and genetically immortalized rat 
retinal cells (R28) were maintained as described previously [3,4].  The viable cells were 
suspended and added to the microfluidic device at the beginning of each experiment.   
 PEMs were generated by alternately depositing a polycation (poly(allylamine 
hydrochloride), PAH) and a polyanion (poly(styrenesulfonic acid), PSS) onto flat, charged 
surfaces [5].  Following PEM deposition, patterned PDMS was placed over the surface to 
define the microfluidic system.   
 Optical trapping was accomplished using a commercially available system (BioRyx 200, 
Arryx, Chicago, IL) employing 532 nm laser light.  Cells were imaged in brightfield with 
an inverted microscope (TE2000U, Nikon, Japan).   
 For AC dielectrophoresis, gold microelectrodes were evaporated onto glass using a 
chromium adhesion layer and photoresist to pattern the surface.  Subsequent deposition of 
silicon nitride insulated the electrodes.  Cells were transferred from culture media to an 
isotonic sucrose solution prior to dielectrophoretic trapping and were imaged using phase-
contrast microscopy (Axiovert 25, Zeiss, Germany).   
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3. RESULTS AND DISCUSSION 
For optical trapping, focused laser light diffracting through the cell membrane trapped

the cells at its focal point [6].   The focal point of the laser was moved to manipulate cells
through the microfluidic system (Figure 1A).  Cells suspended from bulk cultures were
introduced to one well of the microfluidic device filled with culture media where they were 
optically trapped and suspended above the device floor.
They were then moved several centimetres and 
deposited in isolated culture areas treated with PEMs. 
The laser power required in this system to manipulate
individual cells was approximately 0.8 W throughput,
allowing manipulation speeds of >100 µm/s.  Once cells
were pulled into contact with the PEM-treated surface,
adhesion was immediate and they could not be removed
using the optical trap.  With untreated glass and PDMS
surfaces, cell adhesion took significantly longer.  Serial 
delivery of cells to a common area allowed interesting
cell array geometries to be generated (Figure 1B).
However, the cells appeared to be damaged by the
optical trapping manipulation.  During observation over 
several days, the positioned cells failed to spread across
the substrate or exhibit cell division.  When the cells
were transported using the optical trap, morphological
changes in the cells were sometimes observed,
suggesting photo-induced cell damage.  Some research 
has demonstrated such damage to trapped biological
specimens [7] while much research has suggested
otherwise [8].

A

B

AA

BB

Figure 1.  An optical trap moves
suspended neural cells individually
through microfluidic channels (A)
and arranges them into ordered
arrays (B).  Scale bars are 20 µm.

FlowFlowFlow

Figure 2. AC dielectrophoresis was 
used to immobilize suspended
neural cells as they flowed down 
the microfluidic channel. 
Although all electrodes (black
lines) were energized, cells were 
effectively trapped with just the 
first few to generate a linear array.
With PEMs deposited over the 
electrodes, cells remained attached
when the electrodes were
deactivated.  Scale bar is 100 µm.

In AC dielectrophoresis, electric fields polarize cells,
inducing electrostatic forces which trap them against the
electrode edges [9].  Cells suspended from bulk cultures
were introduced into the microfluidic device and moved
past integrated electrodes with solution flow. A sine
wave potential field of 4 V was applied between
alternating electrodes in the interdigitated array to trap
cells.  When energized, the majority of cells passing the
insulated electrodes were trapped.  Indeed, trapped cells
were essentially immobilized by the first pair of
electrodes.  Since the electrode spacing (10 µm) was 
approximately the diameter of a single cell, this 
immediate immobilization lead to cells arrayed across 
the microfluidic channel, perpendicular to solution flow
(Figure 2).  When the untreated electrodes were
deactivated, trapped cells were subsequently detached 
by weak solution flow ( 100 µm/s linear velocity).
PEMs were utilized to improve the adherence of the
trapped cells.  No adverse effects on dielectrophoretic
trapping were observed following the PEM surface 
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Abstract 
A novel method for high-efficiency low-voltage (typically 1.5 V) electroporation of 

arrayed cells is proposed and experimentally demonstrated. The method makes use of 
highly non-uniform field created by a field constriction due to micro-orifices (typically 2 
µmφ) on an insulator plate. The orifice plate is placed between a pair of electrodes, cells are 
immobilized on the orifices by suction, and a pulsed voltage is applied. With this geometry, 
most voltage drop occurs in the vicinity of the orifice, and imposed directly to the cell 
membrane, regardless of the cell size, shape, or orientation. Cell type independent 
reproducible transfection is realized with the method, which in this paper is experimentally 
demonstrated by monocyte and myocyte cells. 

Keywords: electroporation, cell, orifice, field constriction, transfection 

1. INTRODUCTION 
There are a number of methods to bring foreign substances into cells, including 

chemical, viral, or that using liposomes. Among them is electroporation, where a pulsed 
electric field is used to open up transient pores to the cell membrane to let substances pass 
by diffusion. In contrast to other methods, electroporation is purely physical, and having 
virtually no dependence on the type of cells or the foreign substance.  

Electroporation is conventionally done by exposing cells to a pulsed uniform electric 
field (fig.1 a) [1]. The membrane voltage Vm for the applied field E is given by  

Vm(θ) = 1.5 a E cos θ (1)
where a is the cell radius and θ is the latitude defined in the figure. If Vm is in a narrow 
voltage range which is slightly higher than the membrane breakdown voltage Vb, so called 
"reversible" breakdown occurs, and the membrane becomes temporarily permeable to 
foreign molecules. Vb is about 1V for most cell membranes, however, due to the cell size 
dependence as shown in the equation, large cells receive too much membrane voltage and 
are destroyed, while the voltage is too small for small cells to induce effective permeation. 
This is the reason why the electroporation often is a low-yield process. 

2. PRINCIPLE 
The method presented in this paper makes use of field constriction due to micro-orifices 

on an insulator plate (fig.1 b). The orifice size, typically 2-3 µmφ, is chosen adequately 
smaller than the cells, and the cells are placed onto each orifice by suction. Electrodes are 
placed on both sides of the insulator plate, to which pulse voltage is applied. When the 
medium conductivity σm is high enough such that the time constant of the system τ is 
shorter than the width of the applied pulse T, i.e.  
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treatment.  However, after the electrodes were deactivated, all trapped cells remained 
immobilized.  Once cells were arrayed across the microchannel, cell culture media was 
introduced, replacing the sucrose solution and the cells remained adherent.  After 24 hours 
of incubation, approximately 25% of cells had spread across the PEM treated surface, 
indicating that the cells were viable.   
 The rapid adherence of cells to the PEM treated surfaces contrasts with the hours 
required for cell attachment to PEM treated surfaces in the absence of external forces.  This 
rapid attachment is most likely due to electrostatic attraction between the net negative 
charge on the cell membrane and the polycation terminated PEM surface.  In ordinary 
cultures where the suspended cell is spherical, the contact area with the surface is small and 
long range attractive forces are screened by salts in the media.  With the forces used here to 
trap the cells, the cell is pulled against the substrate.  Since the cells are quite deformable, 
this likely yields a greater contact surface area with stronger attractive forces.

4. CONCLUSIONS 
 Optical trapping and dielectrophoresis utilize forces rooted in the optical and electronic 
properties of cells, respectively.  We demonstrate that both are easily integrated into 
microfluidic systems and provide sufficient trapping power to generate simple cellular 
arrays inside microfluidic devices.  PEM surface treatment facilitates rapid cell attachment 
(seconds) allowing arrays to persist after the trapping forces are removed.  Optical trapping 
is somewhat more versatile since all hardware is external to the microfluidic device, but the 
high light flux may be detrimental to biological specimens.  Dielectrophoresis requires 
integrated electronics, however, cells are positioned directly over the electrodes – a result 
which may be useful for many applications.   
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Abstract
A novel method for high-efficiency low-voltage (typically 1.5 V) electroporation of

arrayed cells is proposed and experimentally demonstrated. The method makes use of
highly non-uniform field created by a field constriction due to micro-orifices (typically 2
µmφ) on an insulator plate. The orifice plate is placed between a pair of electrodes, cells are
immobilized on the orifices by suction, and a pulsed voltage is applied. With this geometry,
most voltage drop occurs in the vicinity of the orifice, and imposed directly to the cell
membrane, regardless of the cell size, shape, or orientation. Cell type independent
reproducible transfection is realized with the method, which in this paper is experimentally
demonstrated by monocyte and myocyte cells.

Keywords: electroporation, cell, orifice, field constriction, transfection

1. INTRODUCTION
There are a number of methods to bring foreign substances into cells, including

chemical, viral, or that using liposomes. Among them is electroporation, where a pulsed
electric field is used to open up transient pores to the cell membrane to let substances pass
by diffusion. In contrast to other methods, electroporation is purely physical, and having
virtually no dependence on the type of cells or the foreign substance.

Electroporation is conventionally done by exposing cells to a pulsed uniform electric
field (fig.1 a) [1]. The membrane voltage Vm for the applied field E is given by

Vm(θ) = 1.5 a E cos θ (1)
where a is the cell radius and θ is the latitude defined in the figure. If Vm is in a narrow
voltage range which is slightly higher than the membrane breakdown voltage Vb, so called
"reversible" breakdown occurs, and the membrane becomes temporarily permeable to
foreign molecules. Vb is about 1V for most cell membranes, however, due to the cell size
dependence as shown in the equation, large cells receive too much membrane voltage and
are destroyed, while the voltage is too small for small cells to induce effective permeation.
This is the reason why the electroporation often is a low-yield process.

2. PRINCIPLE
The method presented in this paper makes use of field constriction due to micro-orifices

on an insulator plate (fig.1 b). The orifice size, typically 2-3 µmφ, is chosen adequately
smaller than the cells, and the cells are placed onto each orifice by suction. Electrodes are
placed on both sides of the insulator plate, to which pulse voltage is applied. When the
medium conductivity σm is high enough such that the time constant of the system τ is
shorter than the width of the applied pulse T, i.e.
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τ = εm/ σm << T (2)
where εm is the permittivity of the medium

the field pattern is determined by electrical conduction, and the field lines do not penetrate
through the insulator plate but concentrate into the orifice. This means that most voltage
drop occurs in the vicinity of the orifice, and imposed locally to the membrane there,
regardless of the cell size, cell shape, or orientation.

The field constriction also makes the system insensitive to the position of the electrodes,
so that electrodes need not be patterned nor precise alignment is required.

3. EXPERIMENTAL
The experimental demonstration is done using a) approximately spherical cell (human

monocyte cancer cell, U-937) and b) murine myocite. The insulator plate used is 7.5µm
thickness Kapton® film, to which micro-orifices with 2-3µm in diameter are made using
focused UV laser. Fig.2 a) is prior to pulse application, where the spherical cells are placed
at each orifices in 2x3 array. A fluorescent intercalator dye YO-PRO-1, which is by itself
impermeable through cell membranes, is fed, and pulse voltage is applied. If
electroporation occurs, the dye will bind to DNA in the cell and emit fluorescence.

Fig.2 b) is after 20 times application of 2V, 5ms pulses. The photo shows the
florescence from each nucleus, proving successful electroporation of all cells. Fig.3 a) is an
optical image of a murine myocyte, having a plate-like flat shape of about 8µmt x 20µmw x
100µmL, placed above the orifice array. Fig.3 b) is the fluorescence image of the cell, taken
after the application of 60 times of 1.5V, 10msec pulses. In this case also, the fluorescent
dye is successfully brought into the cells. It should be noted that conventional
electroporation gives poor results with such a flat cell.

In this method, the impressed membrane voltage (≈applied voltage due to field
constriction) is precisely controllable, so that a reversible breakdown can be induced
reproducibly, without destroying the cells. Hence pulses can be repeated until all cells are
permeated and desired amount of foreign substance is brought into cells. In fact, the
experiment of fig.2 and 3 uses several ten pulses, and the electroporation yield is found to
be virtually 100%.

a) Conventional electroporation. b) Electroporation using field constriction.
Vm depends on cell size. Vm is virtually constant regardless of cell size.

Fig.1 Electroporation using field constriction – principle.
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a) U-937 cells before pulse application. b) After 2V, 5ms x 20 pulses.
Fig.2 Electroporation of U-937 cells using field constriction.

a) A myocyte cell before pulse application. b) After 1.5 V, 10ms x 60 pulses.
Fig.3 Electroporation of myocyte using field constriction.

4. CONCLUSIONS
A novel electroporation method using field constriction is presented and experimentally

demonstrated. The method enables high-yield reproducible electroporation, regardless of
cell types or sizes. It requires no complex microfabrication, no precise alignments, but only
a thin insulator film with micro-orifices that can be made disposable. Its apparent
application is for gene transfection, but because the cells are immobilized under a
microscope and the timing of the permeation is determined by the electrical pulses, it can be
a powerful method for cellular dynamics studies, to measure the temporal response of a cell
when a chemical, such as metabolic intermediary substances or messenger molecules, is fed
into a cell.
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INSULATOR-BASED RIDGES FOR THE
MANIPULATION OF PARTICLES AND CELLS IN

MICROCHANNELS
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ABSTRACT

We show the continuous concentration and separation of Bacillus subtilis from a two
component sample mixture and demonstrate the ability to manipulate and trap
particles in a specific region of a microfluidic device. The microdevices presented here 
have insulator-based ridges created in micron-sized channels which were created
using a two level isotropic etch of a glass substrate. These ridges create a non-uniform
field when a direct current field is applied along the channel. The resulting
dielectrophoretic force from the ridge is used to manipulate particles. This device 
facilitates the rational design of particle and cell manipulation for applications in
sample preparation, analysis and detection.

KEYWORDS

Cells, concentration, dielectrophoresis, separation

INTRODUCTION

Sample preparation is an important feature of microfluidic-based sensor systems. During
sample preparation, trapping of particles facilitates automation of labor intensive and time
consuming procedures such as filtration, washing and labeling. During sample analysis, the
ability to direct particles selectively down a specific channel to an appropriate assay is
useful. Dielectrophoresis (DEP) can be used to perform these functions. DEP is the
movement of polarizable and conductive particles toward or away from regions of high
electric-field intensity in non-uniform electric fields.[1] When particles approach a field
gradient in the channel, they experience a selective force owing to DEP that is proportional
to the particle volume and the difference in complex conductivity of the particle and the
fluid.[2] This force can be used to trap, deflect and manipulate cells and particles.

We report on an important extension of the insulator-based dielectrophoresis (iDEP)
technique in which generation of uniform field gradients spanning an entire channel width
is achieved through use of microfluidic channels having two distinct channel depths. This
work takes advantage of the flexibility afforded by a dual-depth glass etching technique to
construct insulating ridges along which particles are deflected and/or trapped. Polystyrene
carboxylate-modified particles are trapped and concentrated experimentally. Finally, a two-
component mixture of particles and vegetative Bacillus subtilis is fractionated,
demonstrating the ability of the iDEP system to concentrate bacteria quickly and
selectively.
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Figure 1. A: Particle deflection into concentrated stream, 1 m beads in deionized water,
200V/mm. Flow is from left to right. B: Schematic of forces exerted on the particle;
electrokinetic force (FEK), dielectrophoretic force (FDEP) and net force (FNET). C: 3D
representation of the ridges in the channel.

Figure 2. A: 3D representation of ridge shown in 2B. B: Concentration of particles at an
interface, 200-nm particles at E = 500 V/mm. Flow is from left to right. C: 3D
representation of ridges shown in Fig. 2D D: Bacillus subtilis (6 x 10 6 cells/ml) confined by
DEP to flow down only the center channel at E = 10 V/mm . Flow is from left to right
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EXPERIMENTAL

The devices shown were created using a two-level etch,[3] the deep regions of the channel
have a depth of 50 µm, with shallow (5 µm-deep) regions defined by ridges that are 45 µm
high. Channels are 10.2 mm long with electrodes located in access holes located in the
cover at each end of the channel. Samples of Bacillus subtilis (strain ATCC # 6633,
ATCC, Manassas, VA, USA) labeled with Syto®11 (green) or Syto®17 (red) (Molecular
Probes, Inc., Eugene, OR), 200-nm polystyrene carboxylate-modified particles
(Fluospheres, Molecular Probes Inc., Eugene, OR,) or a mixture of both were introduced at
the inlet reservoir of the chip shown in Fig. 1 and Fig. 2. The voltage applied across the
entire device was varied and the behavior of the particles was monitored.

RESULTS

Devices with a variety of ridge number, spacing and angles (with respect to fluid flow)
were examined. Fig 1A shows a deflector which is based on sequences of individual
ridges. The use of many redundant ridges enables the effect of a single ridge to be
amplified, and can compensate for upstream ridges that become fouled. Polystyrene latex
beads with a diameter of 1 µm were passed through the channel using an applied potential
of 200 V/mm. Particles were deflected continuously toward the channel wall shown in the
upper part of the images. The forces exerted on the particle are explained in Figure 1B. As
a result of the channel being used repeatedly, beads were stuck in many locations along the
ridge sequence. At these locations, particles escape the patterned field gradients, reaching
downstream ridges. Even with the large degree of channel fouling shown, multiple parallel
ridges deflect the particles in concert, such that particles travel coherently along the channel
wall, as illustrated in Fig. 1A, ultimately spiraling upward through the exit channel-access
port. If the applied voltage is above the DEP threshold particles can be trapped by the
ridges, Fig. 2B. Particle deflection was found to be a strong function of particle diameter
and the angle of the ridge with respect to fluid flow. The device shown in Fig. 2C and 2D
allowed the concentration of separation of bacteria from a two component mixture. When
the applied voltage is at or above 30V/mm the flow of Bacillus subtilis was restricted to the
central channel as a result of negative DEP away from the field concentration produced by
the insulating ridges. Under the same applied electric fields DEP away from the insulating
ridges was negligible for the 200 nm particles, which flowed uninhibited down the three
exit channels.
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ABSTRACT

We have directly integrated a continuous-flow, electrokinetic bacterial cell
concentrator with room temperature, sequence-specific genetic detection. The microsystem
traps cells from a continuous-flow sample stream via affinity dielectrophoresis, providing a
160-fold increase in cell concentration. PDMS microvalves then define a 100 nL volume
around the trapped cells into which a cell lysis buffer and optical molecular beacon are
introduced. Direct optical detection of Escherichia coli MC1061 cells is then accomplished
via the hybridization of an rRNA-directed optical molecular beacon. This integrated
microsystem is capable of sequence-specific genetic detection of 18 cells within 30
minutes.

Keywords: dielectrophoresis, molecular beacon, bacteria, microvalves

1. INTRODUCTION

The rapid, high-sensitivity detection and genetic analysis of bacterial cells remain an
important goal of biotechnology. The many diagnostic applications of systems capable of

performing such detection have led to the
development of a wide variety of
microsystems for the differentiation and
detection of bacterial pathogens.
Nevertheless, our ability to detect pathogens
at extremely low concentrations remains
limited, which is a critical handicap in the
early detection of pathogens. Towards this
end, we demonstrate an electrokinetic
technology for rapidly increasing the
concentration of bacteria integrated with the
genetic analysis.

2. EXPERIMENTAL AND RESULTS

The design combines microelectrodes
for dielectrophoretic trapping of bacteria
with microfabricated valves for constricting
the volume to raise the local concentration
of the trapped cells. The mask design for
the microsystem is presented in Figure 1.

Figure 1. Mask design for integrated
concentration and genetic detection
microsystem.
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Two independent inlet channels connect through a series of PDMS microvalves to a
common central cell capture channel. The cell capture channel (167 µm wide, 100 nL in
volume) contains a set of interdigitated electrodes (20 µm width, 20 µm spacing), which are
powered with AC frequencies to establish a dielectrophoretic force on bacteria in the
sample stream. Filtered sample passes through a PDMS microvalve at the end of the
capture channel to waste. The dead volumes of these microvalves are 50 nL each.

Affinity Dielectrophoresis

DEP is a force on charge neutral particles in a non-uniform electric field arising from
differences in dielectric properties between the particles and the suspending fluid. The time-
averaged force on a homogeneous sphere of radius rp can be approximated as [1]:

23 )Re(2 rmspmDEP EKrF ∇= πε
r

(1)

Here Re(K) is the real part of K, the Clausius-Mosotti factor, which describes the relative
polarization of the particle to that of the surrounding medium and is defined as:

**
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2 mp

mpK
εε

εε
+

−
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where εp
* is the complex permittivity of the particle and εm

* is the complex permittivity of
the medium. In our device, affinity DEP, where Re(K) is positive, was utilized to capture
the E. coli onto the microfabricated
electrodes.

Molecular beacon design and optical
detection

An optimized optical molecular
beacon was designed to detect the
presence of 16S rRNA from E. coli,
which allowed sequence-specific
detection within 30 minutes at room
temperature without the need to heat the
device. The chaotropic salt guanidinium
thiocyanate (GuSCN) was chosen as the
reagent for cell lysis and endonucelase
denaturation. In addition, it served an
important secondary function to increase
the hybridization speed at room
temperature by lowering the melting
temperature of the molecular beacon [2].
The beacon was designed to operate in
high concentrations of chaotropic salt by increasing the melting temperature of the stem
region to increase stability in the folded state. The choice of fluorophore was based on the
absorption maximum at wavelengths longer than 550 nm, since certain cell components as
well as the polyimide used in fabrication fluoresce when excited by blue wavelengths [3].
Cells were introduced into the device through the cell introduction channel and trapped by
activating the electrodes at 250 Hz and 8 Vpp. After 10 minutes, the flow was stopped and

Figure 2. Molecular beacon fluorescence
response as a function of buffer and presence
of target.
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the PDMS microvalve for the cell
introduction channel was closed. The cell
lysis buffer with 10 nM molecular beacon
was introduced through the cell lysis buffer
channel. Next, all valves were closed and
the fluorescence was measured using a laser
scanning confocal microscope. Figure 3
presents the increase of fluorescence of the
molecular beacon inside the micro-chamber
as a function of time (~50 trapped cells).
The fluorescence increases to its maximum
value over 20 minutes and is stable
thereafter. This response is slower than the
immediate fluorescence increase obtained
using an excess of purified DNA oligo
target (not shown) and the difference
between these two results is attributed to the
inefficiencies in cell lysis.

Figure 4 presents a serial dilution of E. coli concentrations analyzed using the
integrated microsystem. The data demonstrate a linear relationship and the extrapolated
limit of detection is approximately 18 bacterial cells. This is within the range of clinical
utility for detection of pathogenic disease. Further increases in sensitivity may be achieved
by decreasing the chamber volume and by
exciting the molecular beacon with an
optimized wavelength. With these
improvements, we expect the detection limit
to be 1-3 cells. The maximum enrichment
ratio of the cells in this experiment was 160
(16 µL of cells trapped in 100 nL), but in
principle, the upper bound of the enrichment
factor for an affinity DEP device of this type
can be significantly higher and is limited
only by the time needed for flowing larger
volumes through the device and the surface
coverage area of the microelectrodes.
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Figure 3. Time course measurement of
genetic detection from trapped E. coli cells
within the microsystem.
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ABSTRACT
We present a microbioreactor “cassette” with integrated microfluidic and optical

interconnections, which can be scaled out to a multiplexed, high-throughput continuous
cell culture platform for bioprocess discovery and development. The system is realized by
a specifically designed multilayer bonding procedure. The unit automatically aligns with
external fluidic and optical components, which addresses the need for rapid set-up and
ease of operation of bioreactors for high-throughput bioprocessing.

Keywords: Microbioreactor, fluidic connection, optical connection, microlens

1. INTRODUCTION
We have previously demonstrated reproducible batch and fed-batch fermentations of

Escherichia coli in µ -scale microbioreactors with real-time and in-situ monitoring of
optical density (OD), pH, and dissolved oxygen (DO)[1,2]. Continuous culture of bacterial
cells, an important biological research tool, was realized in a microbioreactor with
integrated pressure-driven flow (~µℓ/min), and modified surfaces to prevent cell adhesion.
Thermoelectric elements provided temperature profiles to minimize chemotaxis and to
cool the exit stream for sampling[3]. Furthermore, parallel microbial fermentations were
undertaken in a multiplexed system demonstrating the utility of microbioreactors in high-
throughput experimentation[4].

2. MICROBIOREACTOR DESIGN AND FABRICATION
Here we present a microbioreactor system with microfluidic and optical connectors and

integrated microlenses (Figure 1). The microbioreactor consists of five thermally-bonded 
poly(methylmethacrylate) (PMMA) layers. Precise thermal bonding of PMMA with
different glass transition (TG) temperatures is done in two steps: three bottom layers are
bonded at a temperature of 140oC and then bonded with top two layers at 120oC. In the
center of the system, a round reactor chamber is fabricated with a built-in magnetic spin
bar mixer for mixing of fermentation medium. On the top side of the system four
reversible “plug-n-pump”[5] microfluidic interconnections attach external tubing to three
microchannels that lead to the reactor chamber, and serve for inoculation, reagent-feeding,
sampling (from a sample reservoir), and waste outlet (Figure 2). Aseptic self-sealing of
these interconnects is realized with custom-made O-rings (silastic elastomer, Dow
Corning) placed in the upper PMMA layers.
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Optical plug (b)Optical fiber

A thin layer of spin-coated poly(dimethylsiloxane) (PDMS) covers the reactor chamber
and serves as an aeration membrane. This thin PDMS layer is held by a thicker PDMS
layer to facilitate device assembly, and covered by a grid structure to prevent bulging. A
PMMA cork with a slightly larger diameter than the PMMA housing frame presses down
on the PDMS and the silastic O-ring for sealing by friction. It also aligns an optical fiber
for transmission measurement. Two recesses at the bottom of the bioreactor chamber
accommodate pH and DO fluorescence lifetime sensors. Recesses beneath these sensors in
the bottom PMMA layer accommodate and passively self-align optical connectors. In 
these connectors, optical fibers are held and align to spherical PDMS microlenses (Figure
2c), thus connecting the microbioreactor system to external instruments.
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Figure 1. Cross-section view of the integrated microbioreactor chip. A-E, thermal bonded PMMA
layers; F- PMMA cork; G- PDMS gasket and aeration membrane; H- silastic O-ring; I- optical fiber
fixed by F; J- grit for holding PDMS membrane; K- magnetic mixer; L- PDMS optical plugs; M-
optical fibers and micro-lens; N- fluidic interconnections; O- pH and DO fluorescent sensors.
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Figure 2. (a) Overview of individual parts - letters refer to Figure 1. (b) Bottom view. (c) Top view

photograph of assembled and bonded microbioreactor “cassette”.
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3. RESULTS AND DISCUSSION
The microbioreactor is tested with E. coli batch culture experiment. Figure 3 shows an

example of E. coli (Strain FB21591; LB medium[1]) cell culture in the microbioreactor.
Cell growth in the microbioreactor is characterized by increases in OD, indicating biomass
accumulation, and decreases in pH. DO level decreases significantly around 2 hours in
the experiment and then recovers after nutrients are depleted. Growth kinetics in the
integrated system is similar to the data previously reported in single microbioreactors[1] 
before integration. Aseptical sealing by integrated fluidic connections are tested in
experiements. The integration of fluidic and optical connection makes operations of the
microbioreactor, such as inoculation, sampling, and alignment, significantly easilier and
error-proof, thus demonstrate the potential applications as a microbioreactor “cassette” in
multiplexed, high-throughput system.
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Figure 3. Optical on-line measurements in the microbioreactor during fermentation.
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MICROFLUIDIC CELL CUTLURE ARRAY FOR
QUANTITATIVE BIOLOGY
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ABSTRACT
A nanoliter scale microbioreactor array was designed for multiplexed quantitative cell
biology. An addressable 8x8 array of 3 nanoliter chambers was demonstrated for observing
the serum response of HeLa human cancer cells in 64 parallel cultures over 5 days. The
microbioreactor array provided a continuous flow culture environment with a Peclet
number (0.02) and shear stress (0.01 Pa) that approximated in vivo tissue conditions without
limiting mass transport (10 s nutrient turnover). This microfluidic design overcomes the
major problems encountered in multiplexing nanoliter culture environments by enabling
uniform cell loading and eliminating shear and pressure stresses on cultured cells.

Keywords: cell biology, culture array, microfluidic, systems biology

1. Introduction
Systems biology is a broad concept that aims to integrate genetic information, protein

interactions, and subcellular localization in order to derive functional behaviors of living
systems. The basic approach is to create predictive computational models based on
relationships between biological components using experimentally obtained kinetic
parameters. The dream of systems biology is to revolutionize healthcare by understanding
physiology to the extent that predictive, preventive, and personalized medicine becomes a
reality. The major bottleneck in obtaining biologically relevant models is the current lack of
reliable and standardized experimental data sets.

Microfluidics technology allows the delivery of nanoliter volumes to individual units of
an array, making it ideally suited for microenvironment control in a high density cell array.
In recent years, the development of the soft lithography molding technology has greatly
improved the flexibility of designing microscale devices for cell biology research. This
method has been used to demonstrate mammalian cell patterning in an enclosed array [1, 2]
and also to create a one dimensional cell array for observing dynamic gene expression [3].
In order to scale to higher density two-dimensional arrays, it is necessary to integrate
microfluidic cell culture with fluidic addressability. The ability to culture adherent cells in
microfabricated devices is the topic of much current work in bioengineering [10].

2. Device Design
In order to scale to larger arrays, it is necessary to selectively control fluid transport

through the system while maintaining a favorable cell culture environment. Our previous
work introduced the concept of a microfluidic cell culture array [4, 5], but was limited by
the inability to reliably perform cell based experiments in a multiplexed manner. In this
paper, we addressed these issues by implementing a novel design to mechanically decouple
cellular compartments from fluid flow. This was accomplished using two level soft
lithography, which consisted of patterning different channel heights on a single mold such
that fluidic resistances ranged over 5 orders of magnitude. By localizing cell growth to
predefined areas, fluid transport through the array was isolated from cellular activity
(Figure 1). The microbioreactor array consisted of a network of microfluidic channels and

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

0-9743611-1-9/µTAS2005/$20©2005TRF 1413



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1414

compartments. Due to the low Reynolds number
of microfluidic operation (Re < 0.01), the pressure
driven flow through the array closely followed the
laminar Hagen-Poiseuille relations. The fluidic
resistance is defined by channel geometry, and
varies with the inverse 4th power of channel
radius. Since the microfluidic chambers consisted
of channel heights of 2 µm and 50 µm (channel
height ratio of 25) this allowed designing fluidic
resistance over 5 orders of magnitude. Due to the
high fluidic resistance from the “C” shaped ring,
the average velocity in the cell culture area was
predicted to be ~250-fold less than flow through
the outer channel. This resistance ratio was found
to be independent of flow rate. By controlling the
fluidic resistance ratio, mass transport parameters
(e.g. medium turnover, Peclet number) can be
optimized without detrimental cellular effects
caused by shear stress.

Figure 1. SEM and cross section
of single culture unit.

3. Results
The 2 cm x 2 cm cell

microbioreactor array was
designed to perform multiplexed
live cell analysis (Figure 2). The
8x8 array allowed flow
discrimination in two dimensions.
In one direction (columns), the
channels were individually
addressable, enabling loading of 
various cell populations or
introduction of different assay
reagents at multiple time points.
Flow was restricted to the
individual columns by high
resistance 2 µm height channels
between each column. In the
perpendicular direction, the channels were connected to the outlets of a concentration
gradient generator, providing a different culture condition to the 8 rows using only 2
reagent inlets.

Figure 2. 8x8 Microfluidic cell culture array for
multiplexed experimentation

Table 1. Uniformity of the 64 unit array.

Parameter Avg ± STD Min
Value Max Value

Concentration* 0.996 ± 0.064 0.815 1.168
Flow Stability* 1.010 ± 0.048 0.872 1.114
Cell Loading (cells) 28.8 ± 5.5 19 42
Growth Rate (hr-1) 0.010 ± 0.003 0.004 0.022
Cell Viability 0.985 ± 0.021 0.925 1.000

*value of 1 indicates no deviation from expected value
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Uniformity of various cell culture parameters were measured for the individual wells in
the 64 unit array, indicating that there was no statistical significance of array position
(Table I). Cell loading uniformity was determined by individual loading of 8 columns of an
array at 5 µl/min for 5 min (106 cells/ml) resulted in an average of 28.8 ± 5.5 cells per
chamber. The cell numbers were found to be statistically equivalent to the Poisson
distribution (P > 0.99), suggesting that each well displayed an equal probability of loading a
cell at any given time. Furthermore, there were no statistical differences between the
number of cells loaded in the different rows and columns of the array.

HeLa cells were cultured in the microfluidic array with fetal bovine serum (FBS)
concentrations varying from 0% to 10% to observe growth rate and cell attachment
response (Figure 3). Cell growth rate increased linearly between 0% and 7% FBS where it 
reached a plateau. This trend was similar in a microtiter plate with the same medium.

4. Conclusions
The capabilities discussed in this work

lay the foundation for realizing an
automated high throughput nanoliter scale
quantitative cell analysis platform. The
“C” shaped design of the array units
solved many of the interfacing problems
associated with addressing arrayed
nanoliter cell culture environments. We
have demonstrated array uniformity and
application of this design for parallel
analysis of HeLa cell serum response in a
64 unit array. Scale up and automation of the
device to perform 96 and 384 well assays is
currently in progress. Application of this platform for multiparametric dynamic cell
response quantification can potentially close the gap in cell level integration for systems
biology.

0 2 4 6 8 10

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

G
ro

w
th

R
at

e,
(h

r-
1 )

% Serum

Microtiter Plate
Microfluidic Array

Figure 3. HeLa cell serum response in
microfluidic array.

5. References
[1] D. T. Chiu, N. L. Jeon, S. Huang, R. S. Kane, C. J. Wargo, I. S. Choi, D. E. Ingber, and

G. M. Whitesides, "Patterned deposition of cells and proteins onto surfaces by using
three-dimensional microfluidic systems," Proc Natl Acad Sci U S A, vol. 97, pp. 2408-
13, 2000.

[2] S. Takayama, J. C. McDonald, E. Ostuni, M. N. Liang, P. J. Kenis, R. F. Ismagilov,
and G. M. Whitesides, "Patterning cells and their environments using multiple laminar
fluid flows in capillary networks," Proc Natl Acad Sci U S A, vol. 96, pp. 5545-8, 1999.

[3] D. M. Thompson, K. R. King, K. J. Wieder, M. Toner, M. L. Yarmush, and A.
Jayaraman, "Dynamic gene expression profiling using a microfabricated living cell
array," Anal Chem, vol. 76, pp. 4098-103, 2004.

[4] P. J. Hung, Lee, P. J., Sabounchi, P.,Lin, R., Lee, L. P., "A continuous perfusion
microfluidic cell culture array for high throughput cell-based assays," Biotechnol
Bioeng, 2004.

[5] P. J. Hung, Lee, P. J., Sabounchi, P., Aghdam, N., Lin, R., Lee, L. P., "A novel high
aspect ratio microfluidic design to provide a stable and uniform microenvironment for
cell growth in a high throughput mammalian cell culture array," Lab Chip, 2005.



MICROFLUIDIC DEVICE FOR STUDIES OF PRIMARY
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ABSTRACT
This paper presents a novel method for studying cilia forming cells in asymmetric

microfluidic environments. It has previously been shown that bending the primary cilium
by a fluid flow will give rise to a calcium signal, but the sensitivity for flow direction has
so far not been studied. The microfluidic device presented here was designed for control of
the local direction of fluid flow on the cellular level, and thus, enables studies of cellular
response to a direction controlled cilium movement. Cells seeded on cover slips form cilia
with the average length 2.9 µm after three days in culture and 4.3 µm after four days.
Distinct calcium peaks were found after the initiation of flow in the channel. By using a
microstructured flow system we have been able to study the sensitivity of confluent COS 7
cells expressing primary cilium to changes in fluid flow.
Keywords: asymmetric flow, primary cilium, direction sensitivity, microfluidics

1. INTRODUCTION
The understanding of many biological

processes can greatly benefit from the ability to
analyze single cells in controlled environments.
Cilia forming cells are interesting to study as
the coupling between movements of cilia and
cellular response is not fully understood. The
primary cilium is a hair like extension from the
cell formed by nine tubulin doublets. Recent
studies have suggested that cilia are present in
virtually all cell types, and that the asymmetry
of the shape and position of the internal organs
in vertebrates is established by extracellular
fluid flow driven by rotating cilia. Bending of
cilia will give rise to a calcium signal that is
likely due to release of calcium from intracellular stores. Whether the endoplasmic
reticulum extends into the cilia and if calcium release occurs in cilia or in cell body is not 
known. Little is also known about the importance of flow direction. Until now it has not
been possible to study intracellular responses of controlled ciliar movement on a cellular
level.

2. METHOD
Previous studies of cellular responses to external stimuli of cilia are limited to one-

dimensional cilia movements. This has been done mechanically with micropipette clamping 
of cilia or using constant flow over the cell [1, 2, 3]. Here we present a novel method to

Figure 1. Conceptual microfluidic device
sketch

Immobilized cell

B-B:

Flow sensitive cell cilium

P3

P1 P5

P7

BB

A

A

P2 P4

P6P8

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1416 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1417

study cilia forming cells and the responses of cilia movements during asymmetric flow
conditions (figure 1). By controlling the flow direction on a cellular level we now have the
possibility to study the cellular response to controlled ciliar movement and the directional
sensitivity of cilia. Miniaturization through micromachining enables high definition
channels for precise flow directionality, laminar flow profiles and minimization of flow
disturbances.

3. EXPERIMENTAL 
Figure 2 shows a microfluidic chip manufactured in PMMA with two orthogonal

channels (width=500 µm, depth=400 µm) for different flow directions. COS 7 cells were
cultured on cover slips until a confluent layer had been formed and cilia were formed.
Figure 3 shows a micrograph of cilia formed 3 days after seeding. Cilia are visualized by
immuno staining using a fluorescently tagged antibody against acetylated tubulin. Living 
cells were loaded with the calcium sensitive fluorescent dye fluo-4 and the cover slip with
cells was clamped to the PMMA channel structure. A syringe pump was connected (flow
rate 1 µl/min) and the chip was placed in a confocal microscope (Zeiss, LSM 510 META)
for fluorescent imaging of the cells.

4. RESULTS AND DISCUSSION
Cilia lengths of COS 7 cells are shown in figure 4. We have found that the average cell

cilium length is 2.9 µm 3 days after seeding, 4.3 µm 4 days and 5.2 µm 5 days after
seeding. Primary cilia of renal tubular cells are generally 2-3 µm long [1]. Here, cells
cultured for 3 to 4 days were used for the experiments, as they would have cilia with
similar length as in vivo. Also, the number of cells expressing cilia seem to increase with
culture time. We have identified cilia in about 16 percent of the cells 3 days after seeding
and about 26 percent after 5 days. We found two distinct calcium peaks following the
initiation of fluid flow in the channel, as seen in figure 5. The secondary calcium peak is
likely due to activation of store operated calcium channels initiated by the massive release
of Ca2+ from ER seen in the primary peak. The majority of the cells responded at the flow
start and many cells showed the same characteristic calcium response. The cilia bending-
induced calcium response is reported to spread to neighbouring cells by diffusion of IP3 via

Figure 2. Prototype PMMA-glass device. Figure 3. Confocal microscopy picture of COS 7-
cell expressing primary cilium.

Cover slip

2 channels

PMMA

Fluid connections
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gap junctions [1]. COS 7 cells are known to form gap junctions when cultured to
confluence [4], which gives one explanation to why a response was seen in the majority of
cells even if only a fraction of the cells were found to have a primary cilium..
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Figure 4. Length of COS 7 primary cilia
and fraction of cells expressing cilia, 3, 4
and 5 days after seeding.

Figure 5. Calcium response from five cells in
response to flow. ( Ca2+ in arbitrary units)

5. CONCLUSIONS
In conclusion: by using a microstructured flow system we have been able to study the

sensitivity of confluent COS 7 cells expressing primary cilium to changes in fluid flow.
Cells respond with a characteristic double peak in intracellular calcium. The designed
system now opens up for future studies of directional sensitivity and for a detailed analysis
of the intracellular mechanisms involved in cellular flow sensitivity.
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This work describes the development of a compact platform for microflu-
idic fluorescence activated cell sorting (FACS). Two primary advance-
ments embodied in this platform include a) diode bar optical trapping and 
b) integrated, monolithic waveguides. The simplicity and convenience of 
this system enables robust, versatile microfluidic FACS for use in single or 
multiple phase microfluidic systems.

Keywords:  cell sorting, optical trap, droplet, waveguide

Current techniques for counting and sorting micron-sized objects require
expensive, labor-intensive laboratory instrumentation. As biochemical
analyses and single-cell microbiology techniques increase in sophistication,
the benefits associated with traditional cell sorters will be complimented by
devices tailored for small samples. Already, microfluidic platforms have
begun to proliferate as small-sample alternatives for high-throughput
screening [1] and optical trapping has emerged as a convenient method for
on-chip cell manipulation [2]. We have previously demonstrated [3] sim-
ple optical trapping and microfluidic cell sorting with a 100!m by 1!m
diode laser bar trap, centered at 980nm, that significantly reduces the cost

and associated with optical trap-based FACS (Figure 1). A hydrodynamic
focusing network is used to align the sample particles into a thin streamline
that is captured by the laser and redirected. The particles’ axial motion is
combined with lateral motion as they encounter the end of the trap. Be-
cause the trap line is oriented at an angle with respect to the direction of
flow (Figure 2), particles are translated along the trap as if in an “optical

Figure 1. a) Schematic of the diode bar trap, b) Trapping a line of  erythrocytes
in a quiescent medium, c) redirecting erythrocytes in a microchannel underflow
with the diode bar trap.
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conveyor belt. To release particles before they reach the end of the trap,
the beam is shuttered, releasing the particles into any given streamline
along the trap’s length.

Previously, it has been shown that waveguides can be fabricated in blocks

of fused silica by linearly translating ultrafast laser pulses to permanently

induce local changes in the index of refraction [4]. Here, we employ this

technique to create

waveguides that are

easily coupled into

microfluidic sys-

tems. In this dem-

onstrat ion, a

waveguide 6µm in

diameter is split

from a single input

into 4 outputs of

nearly equal inten-

sity, spaced 30µm

apart (Figure 3).

By aligning the

optical trap in a

m i c r o c h a n n e l

a b o v e t h e

waveguides, particles are directed over each outlet as they translate along

the trap. These waveguides are then used to induce fluorescence in the

colloids passing above each individual waveguide output. Because the ex-

citation light is localized at these positions, only colloids directly above the

outputs will fluoresce at the emission wavelength. A band pass or rejection

band filter then enables the excitation wavelength to be blocked and the

Figure 2. A schematic channel structure (a) that is used to sort erythrocytes
with a static diode bar trap (b & c).

Figure 3. A schematic of a waveguide configuration 
(top) that is used to trap, image and track fluorescently
tagged particles (bottom).
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emission detected.

In this way, distinct

flashes of a specific

frequency are pro-

duced each time a

fluorescent particle

passes over the

waveguide output

and the position

tracked for particle

sorting into the

proper outlet chan-

nel (Figure 4).
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ON-CHIP MICROPARTICLE HANDLING USING
MAGNETICALLY DRIVEN MICRODEVICE
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Department of Micro-Nano Systems Engineering, Nagoya University, JAPAN

ABSTRACT
 We developed a novel magnetically driven microdevice for sorting and filtering of
microparticles, which are difficult to manipulate by the electrostatic force. Principle of the
microdevice is based on driving the cylindrical shuttle made of iron in the microchannel by
the electromagnetic force of the electromagnets. The particle sorter to separate the target
microparticles was made by switching the microchannel flow with the shuttle. The particle
filter to keep the target microparticles was made by interrupting the microchannel flow with
the shuttle. There is a clearance between the microchannel and the shuttle. The liquid can
pass through it, but the target particles cannot, therefore, cleaning and treatment of the
particles are possible. We integrated these functions on a chip with layered structure. The
chip is made of the electromagnet layer and microchannel layer. The microchannel layer is
detachable and disposable. We achieved low energy consumption in sorting and filtering
the particles.

Keywords: Magnetic force, microparticle handling, lab-on-a-chip, disposable

1. INTRODUCTION
Manipulation of bio-particle such as oocyte and cell becomes very important for the

livestock industry, and allows individual cell based diagnosis or pharmaceutical test [1].
Since bio-particle can be damaged easily during manipulation and treatment even by the
skilful operator, automated handling system is required. Much research works have been
done on on-chip microparticle handling such as the flow cytometry (FCM) which utilizes
electrokinetic force, electrophoretic force, and dielectrophoretic force, however, they are
insufficient to manipulate large sized cell (over tens of m) [2]. To solve this problem, we
propose a novel magnetically driven microdevice to achieve cell handling with low energy
consumption and disposable structure [3]. We succeeded in the particle sorting and filtering
by driving the shuttle in the microchannel with the electromagnets. We made the
microdevice disposable by making the microchannel layer detachable.

2. MAGNETICALLY DRIVEN DEVICE
Figure 1 shows the schematic of microdevices. Electromagnets are set outside the

microchannel layer to make it disposable. The shuttle is 200 m and 10 mm long. The
shuttle moves by the force of electromagnets. Figure 2 and 3 show the schematic of the
particle sorter and the particle filter respectively. The microchannel is 300 µm wide and
250 µm deep, so the microchannel flow can be switched by moving the shuttle 100 m. In
our proposed devices, manipulatable particle size is calculated from geometric analysis. In
these devices, manipulatable particle size is over 41 m. Figure 4 shows the schematic of
the integrated microchip. Figure 5 shows relationship of input voltage and the shuttle speed.
It was possible to switch the microchannel flow at 30 Hz by the input of 35 V.
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3. EXPERIMENTAL 
 Figure 6 shows the experiment result of the particle sorting. Figure 7 shows energy
consumption of switching the microchannel flow. Minimum energy consumption was 17.9
mJ (Switching frequency: 16.4 Hz) at 25 V. Figure 8 shows relationship of particle size and
success rate of sorting. The sorter can sort 50 m particles and cannot sort 10 m
particles in experiment as predicted from the analysis. Figure 9 shows the experiment result
of the particle filter. Figure 10 shows relationship of input voltage and filterable flow speed.
Particle filtering was possible under 6414 m/s flow speed without input. Low energy
consumption was achieved, since holding friction of the shuttle is large.We can extract the
particles by switching the microchannel.

5. CONCLUSIONS
We proposed the magnetically driven microdevices for microparticle manipulation, and

several basic functions for microparticle manipulation were demonstrated using polystyrene
microbead. The methods enable us to make microchip low cost and disposable, and the
controllable driving of device without complicated control equipment. These microdevices
will make great contribution for cell biology and gene operation in the future.
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OPTIMIZATION OF AN ELECTROPORATION SYSTEM
FOR GENE TRANSFECTION BY TAGUCHI METHOD

Yu-Cheng Lin1, Ching-Yuan Hung1, Keng-Shiang Huang1, Chun-Sheng Fang1
and Chih-Hui Yang2

1Department of Engineering Science, National Cheng Kung University, 1 University Road,
Tainan, Taiwan
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ABSTRACT
This study demonstrates an optimized electroporation (EP) system for gene transfection

by the Taguchi method. The parameters of the EP system, having an influence on the
transfection rate, were optimized, resulting in optimized values of 50 µm electrode gap, 80
µg/mL pEGFP-N1 concentration, 6 V pulse voltage, and 2-pulse per time with above 95%
confidence. The results show that the gene transfection efficiency is highly enhanced due to
the dramatically increased pEGFP-N1 concentration by the electrostatic force. With
optimized factors, the pEGFP-N1 plasmid was successfully transfected into the basal cell
carcinoma cell line (BCC) with 35.89 % average transfection rate.

Keywords: Electroporation, gene transfection, Taguchi method, electrophoresis

1. INTRODUCTION
The conventional EP process was loaded with a high concentration of suspended cells

and a large quantity of genes. A large portion of cells would be damaged or lysed by the
high electric field [1,2] and the elevated temperature. A design of the EP microchip with
low voltage and smart function of enhancing and targeting gene delivery in vitro was
reported in our laboratory [3]. Herein we redesigned the microchip with improved targeting
properties, and furthermore the transfection rate was enhanced by optimizing the EP chip
parameters.

2. THEORY
The principle (Fig. 1a) is that negative-charged DNAs are attracted to the cell surfaces

by the electrophoresis (ES) force and then transfected into cells by EP. Our EP device
design is shown in Fig. 1b and 2c The outer electrodes could provide the DNA-attracting
electric field for ES, and the inner electrodes provide high electric field for EP. We
anticipated the high electric field strength should attract most of DNA plasmids to the
powered electrodes, further increase the DNA concentration at the anode, and facilitate the
gene delivery.

3. EXPERIMENTAL 
 The numerical simulation (Fig. 2) was performed to verify the uniformity and strength of
the electric field distributions. For obtaining the best performance of our EP system, the
Taguchi method, in a three-level, L9 orthogonal array, was introduced to evaluate related
optimal values. Four important factors (Table 1) were selected by experimental experiences
and quality characteristic was the transfection rate.
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Fig. 1 (a) Illustrations of the experimental setups and principle of electrophoresis process. The
schmatic drawings of an EP microchip with (b) expanded view, and (c) close-up view and the

dimensions of the interdigited electrodes (square-dotted frame).

Fig. 2 Simulated electric field distributions of the EP chip under specific electrode targeting process.
(a) Close-up view of electric field distribution near powered electrodes under DNA attraction and

targeting process (b) a cross-sectional view of Fig. 2a.

Table 1 Studied factors that were from experiments

Factors contents Level 1 Level 2 Level 3

A Electrode gap 50 m 100 m 200 m

B pEGFP-N1
concentration 80 g/mL 40 g/mL 20 g/mL

C Pulse voltage 3 V 6 V 12 V

D Pulse number 8-Pulse 4-Pulse 2-Pulse

4. RESULTS AND DISCUSSION
After designed experiments, the best levels of the factors could be determined through

calculating and tabulating (Fig. 3). Finally, the conformation experiments and pooling of
errors (Table 2) were finished to verify the applicability and feasibility of the optimal
parameters. The BCC cell was selected as a model to test the applicability. Figure 4 shows
that the cell was successfully transfected into BCC cells, and the optimized factors could
aid improving the EP system and elevating the transfection rate from 16.62 % to 35.89 %.

Fig. 3 Effects of reaction factors on Signal-Noise-Ratio (SNR) functions.

(a) (b)

(a) (b) (c)
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Table 2 Pooling of errors for making sure that the results are reliable and significant.

Fig 4 Fluorescence microscope images of the EP chip, (a) without optimization, and (b) with
optimization of the EP parameters by the Taguchi method.

5. CONCLUSIONS
The experiments of in vitro gene transfection on the microchip have successfully verified

the numerical study. By introducing the Taguchi method for optimization, this EP system
improved in vitro gene delivery and obtained the advantages of less cell or plasmid
assumption, lower EP voltages, and simpler cell culturing. The results show that the
optimized factors could aid improving the EP system and elevating the transfection rate
from 16.62 % to 35.89 %.

REFERENCES
[1] E. Neumann, M. Schaefer-Ridder, Y. Wang and P.H. Hofschneider, Gene transfer

into mouse lyoma cells by electroporation in high electric fields, The EMBO Journal,
1, 841 (1982).

[2] T. Nishi, K. Yoshizato, S. Yamashiro, H. Takeshima, K. Sato, K. Hamada, I. Kitamura,
T. Yoshimura, H. Saya, J. Kuratsu and Y. Ushio, High-efficiency in vivo gene transfer
using intraarterial plasmid DNA injection following in vivo electroporation, Cancer
Research, 56, 1050 (1996).

[3] C.P. Jen, W.M. Wu, M. Li, and Y.C. Lin, Site-Specific enhancement of gene
transfection utilizing an attracting electric field for DNA plasmids on the
electroporation microchip, Journal of Microelectromechanical Systems, 13, 729
(2004).

Yu-Cheng Lin, Phone: +886-6-276-2395, Fax:+886-6-276-2329
E-MAIL: yuclin@mail.ncku.edu.tw



TEMPERATURE EVALUATION OF SOFT AND HARD
PZT TRANSDUCERS FOR ULTRASONIC TRAPPING IN

A MICROFLUIDIC PLATFORM
Linda Johansson1, Mikael Nilsson2, Tobias Lilliehorn1, Monica Almqvist2,

Johan Nilsson2,Thomas Laurell2, Stefan Johansson1

1 Department of Engineering Sciences, Uppsala University, SWEDENand
2Department of Electrical Measurements, Lund University, SWEDEN

ABSTRACT
This paper reports a comparison of soft and hard piezoceramic transducer materials used

for ultrasonic particle trapping in a microfluidal bioanalytical platform. The investigation is
made with the objective to obtain high acoustic forces with a minimum of temperature
increase. Temperature is a critical parameter for bioassays and most often need to be kept
below a certain level to allow handling of e.g. temperature sensitive proteins. The main
conclusion in this paper is that it is possible to get efficient trapping with a temperature
increase of only a few degrees using a hard Type III transducer material.

Keywords: Acoustic trapping, bioanalysis, piezoceramic transducer, temperature

1. INTRODUCTION
Several groups have reported the use of acoustic forces in fluidic systems for separation

or trapping of particles and cells, e.g. [1]. In our group, a technology has been developed
that enables trapping at locally defined positions in a microfluidic device [2]. The trapping
positions are individually controlled and enable particles or cells passing by in a fluid to be
trapped in a non-contact manner. The platform is very versatile and has shown great
potential to be used in cell-based bioassays [3]. A schematic view of the platform is shown
in Fig. 1. Miniaturised piezoelectrical ultrasonic transducers are mounted in the bottom
channel walls and particles are trapped at positions defined by a node in the standing wave
field above each actuator. An undesired temperature rise due to mechanical and dielectric
loss in the piezoceramic lead zirconate titanate (PZT) ultrasound transducers will occur in
the fluid. At resonance and at the conditions suitable for efficient trapping, the standard
measurements of dielectric loss (tanδ) and mechanical loss (Q-1) are not obviously sufficient
for predictions of which material is the most favourable with respect to both temperature
and trapping force for our miniature transducers. To be able to select the optimal transducer
material, the acoustic output and the fluid temperature has to be measured. The
measurements will also give a quantitative value of temperature rise in the bioanalytical
platform.

2. EXPERIMENTAL
The measurements are performed in several steps. First, the transducers are characterised

and the resonance and anti-resonance frequency are determined, Fig. 2. The acoustic
pressure is measured at a certain voltage with a miniature hydrophone in a water bath at a
distance of 35 wavelengths from the transducer surface. The piezoelectric materials (EDO
EC-69 and EC-76) have different transducer properties and the drive voltage necessary to
obtain the same acoustic pressure is calculated assuming that the pressure is linearly related
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to the voltage. The temperature in the fluid channel is thereafter measured for the selected
drive voltages, by measuring the temperature sensitive fluorescent response in Rhodamine B
in a in a fluorescence microscope [4]. Fluid flow is 0.5 µl/min. The preceding calibration
step is performed in a thermally controlled environment.

Figure 1. View of platform. The multilayered
actuators measure 550 µm in length and 200
µm in height and are mounted in the bottom
channel wall. Marked in the figure are bottom
plate including electrical circuitry (a), channel
structure (b), top plate (c) and actuators (d).

Figure 2. Frequency spectrum with drive
resonances marked for soft (EC-76) and hard
(EC-76) PZT. The anti-resonance of 12.2
MHz is matched to give resonance in the
channel.

3. RESULTS AND DISCUSSION
The linear fit of acoustic output pressure as a function of voltage appears to be a good

approximation . Since good trapping can be achieved at 6.5 V for EC-76 at anti-resonance,
the pressure-voltage curves were used to calculate corresponding drive voltages for the
other resonance conditions giving the same output acoustic pressure. The drive voltages at
anti-resonance and resonance were for EC-76 6.5 V and 5.0 V respectively, and for EC-69
14 V and 13.5 V respectively.

The results of the temperature measurements show that the temperature increase for both
materials at the selected drive voltages are less than 5.8 °C, Fig. 3. The hard material (EC-
69) gives a lower temperature increase (2.2 °C and 2.1 °C) compared to the higher
temperature increase of (5.8 °C and 5.2 °C) for the soft material (EC-76). The anti-
resonance frequency appears to be slightly more favourable for both materals, which is in
agreement with other measurements [5].
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Figure 3. Temperature measurements performed at the selected output acoustic pressure.

4. CONCLUSIONS
The overall comparison of temperature increase for EC-76 and EC-69 for parallel and

series resonance show that the piezoelectrically harder material is more favorable from a
temperature point of view, and that it enables -trapping in our microfluidic platform with
only a few degrees of temperature increase.
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ABSTRACT
This paper reports a microreactor-based cofactor regeneration method that exploits the
microfluidic phenomenon of laminar flow: a reactant stream and a buffer stream are
introduced in a microchannel and continue to flow side by side without turbulent mixing
between two electrodes that cover opposing channel walls. Adjustment of the flow rate
ratio of the two streams in laminar flow enables focusing of the reactant stream closely to
the cathode, thereby reversing a normally unfavorable reaction equilibrium essential for
cofactor regeneration.

KEYWORDS: biocatalysis, cofactor regeneration, laminar flow, microfluidics

INTRODUCTION
The use of more environmentally friendly and stereoselective enzymatic transformations for
the industrial synthesis of fine chemicals such as pharmaceutical intermediates, food
additives, and cosmetics continues to gain interest.1 As a result, oxidoreductases that
catalyze the asymmetric reduction of carbonyl groups to alcohols and amines or promote
the oxygenation of C-H bonds in the presence of nicotinamide cofactors such as NAD(P)H,
have become a primary interest. However, stoichiometric use of these cofactors is cost
prohibitive, leaving in situ regeneration of the cofactor as one of the few remaining
alternatives. Hence, various in situ chemical, photochemical, enzymatic, biologic and
electrochemical regeneration methods have been developed with mixed success. 2,3

From an electrochemical point of view, Comtat et al. have shown that NADH can be
regenerated from NAD+ using a mediator (e.g. flavin adenine dinucleotide, FAD4) that
shuttles electrons from a cathode to an enzyme (e.g. formate dehydrogenase, FDH) that
regenerates NADH from NAD+ (Rxn. 1 and 2, Figure 1). Unfortunately, the reverse
reaction, the oxidation of the desired NADH species by the FAD mediator is spontaneous at
pH 7 ( G'° = -20 kJ/mol).5 Due to this reverse reaction the concentration of
electrochemically generated FADH2 is never sufficiently high in the bulk solution in
classical batch reactors to shift the equilibrium in the direction of NADH regeneration. At a
smaller scale Bergel et al. were able to regenerate NADH in a thin layer electrochemical
cell.6

NAD+

NADHFADH2

FAD
e-

Product

Substrate
(1) (2) (3)

FDH Enzyme 2
NAD+

NADHFADH2

FAD
e-

Product

Substrate
(1) (2) (3)

FDH Enzyme 2

Figure 1: Indirect electrochemical regeneration of NADH using FAD/FADH2 as the
mediator
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EXPERIMENTAL
The microreactor reported here exploits the occurrence of laminar flow in microscale
channels where multistream laminar flow enables focusing of a reagent-containing stream
closely to the electrode by adjustment of the flow rate ratio Q2/Q1 of the reagent and the
buffer stream flowing in parallel without turbulent mixing (Figure 2). Sufficiently high
concentrations of FADH2 produced at the electrode can drive the subsequent reaction (2)
towards NADH regeneration. Bergel et al. showed that the [FAD·NADH]/[FADH2·NAD+]
ratio has to be lower than 3 10-4 at pH 7.0 in order to shift reaction equilibrium (2) towards
NADH formation.6
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Figure 2: (a) A schematic of the electrochemical microreactor for cofactor regeneration and
subsequent biocatalytic substrate conversion. In gray: reaction depletion zones (not to
scale). (b) Adjustment of the width or focusing of the substrate stream by change of the
ratio of volumetric flow rates, Q2/Q1. Insets: optical micrographs of two differently dyed
aqueous streams in laminar flow at Q2/Q1 = 1 and 12.

In a typical configuration, two liquid streams are guided into a Y-shaped 3-cm long and
250- m wide square microchannel at a flow rate ratio Q2/Q1 of 12 (Figure 1b) thereby
focusing the stream containing all necessary reactants (1-10 mM of FAD, NAD+, FDH
enzyme at 2 g/L, all in a phosphate buffer) closely to the cathode (Figure 1a). The
microreactor consists of a membrane carrying a Y-shaped channel geometry obtained via
replica molding in polydimethylsiloxane (PDMS)7 or by micromachining in polycarbonate
sheets, sandwiched between gasket layers (PDMS), and polycarbonate capping layers to
produce a sealed and robust system. The Au electrodes that line opposing sides on the 
inside of the main microfluidic channel are deposited via sputtering

RESULTS AND DISCUSSION
The cofactor regeneration experiments (Rxn. 1 and 2, Figure 1) were carried out at a total
flow rate of <~0.01 cm3/min and a flow rate ratio Q2/Q1 of ~12. Using cyclic voltammetry
we first showed that indeed high concentrations of FADH2 are generated at the electrode
and an operation point of -0.55 V vs. Pt was determined. To determine the NADH
regeneration efficiency we analyzed the product stream using UV-vis spectroscopy. We
determined a maximum conversion efficiency of 31% NADH, which is significantly better
than any cofactor conversion efficiency reported previously. For example, the previously
reported rate of NADH regeneration of 12 µM/min in a stagnant thin film cell corresponds
to less than ~5% conversion efficiency.6
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After establishing the promise of multistream laminar flow-based electrochemical
microreactors as excellent tools for efficient cofactor regeneration, we also attempted the in 
situ conversion of an achiral substrate (pyruvate) into a chiral product (L-lactate), using
lactate dehydrogenase (LDH at 5 U/mL) as enzyme 2 in reaction (3) (Figure 1). This
reaction was followed by HPLC analysis of the product stream (Figure 3). In this
preliminary test, a stoichiometric yield of 41% in L-Lactate was obtained using the same
microreactor under the same conditions. 
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Figure 3: The synthesis of L-lactate from pyruvate in a microreactor for NADH
regeneration. HPLC chromatograms of the starting material (neat pyruvate) and the
product stream after electrolysis.

The ‘turnover number’ (TN, the number of moles of products formed per mole of cofactor
per unit of time) for this biocatalytic experiment is 21 mmol L-lactate/mol NAD+/s (= 75.6
h-1), which is higher than the TN of 2.7 h-1 for a 14 day experiment reported in literature.8

CONCLUSIONS
In this work, a novel microfluidic electrochemical microreactor that enables efficient
regeneration of the cofactor NADH has been developed. The ability in multistream laminar
to focus a stream of reactants closely to the electrode enables to reverse normally 
unfavorable reaction equilibrium essential for enzyme/cofactor regeneration. Moreover, we
were able to perform in situ a subsequent actual biocatalytic process: the conversion of the
achiral substrate pyruvate into the chiral product L-lactate.
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ABSTRACT
A two-step cascade reaction has been successfully carried out, of which the first step was

carried out in a two-phase system. The two phases could be separated efficiently using
selective hydrophobic coating.

1. INTRODUCTION
In recent years the interest in conducting organic chemistry in microreactors has

increased dramatically. Several inherent advantages of synthesis in microfluidic
environments have drawn the attention of organic chemists. This report gives an example
of how the exact fluidic control in microreactors can be used to perform a two-step
synthesis automatically. For a proof of principle the Wittig reaction has been chosen [1], in
which first a reactive intermediate (an ylide) has to be prepared, which can subsequently
undergo reaction with a carbonyl compound (shown in Scheme 1). This two-step process
has been successfully translated into a microreactor setup (shown in Figure 1).

Figure 1: Two-step reaction setup
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Scheme 1: The deprotonation of a phosphonium salt and subsequent Wittig reaction

2. EXPERIMENTAL 
 Wittig reactions were performed both in microreactors and on macroscale, under identical
reaction conditions with respect to concentrations and temperature (room temperature).
Anisole was used as an internal standard.
Bulk scale reactions: A solution of the ylide was prepared by treating a 0.2 M solution of
tert-butylacetotriphenylphosphonium bromide in dichloromethane (DCM) with a sodium
hydroxide solution (0.2 M) and subsequently drying over sodium sulfate. At t=0, a
benzaldehyde solution in DCM (0.1M) was added in a volume ratio of 1:1 and the solution
was stirred vigorously immediately. Samples were taken at intervals from 1 to 5 minutes
and directly analyzed by HPLC.
Micro scale reactions: Pyrex glass microchips (30 x 70 mm) with wet-etched
microchannels were purchased from IMT, Kawasaki, Japan. The phosphonium salt (0.1M
in DCM) was pumped into the first chip together with an aqueous NaOH solution (0.1M).
The used flow speeds were 2, 1, 0.5 µL/min and 3, 1.5, 0.75 µL/min for the organic and the
aqueous phase, respectively. The organic layer could be separated at the end of the channel
very efficiently using selective surface modification [2] and backpressure-correction using
capillaries with reduced inner diameter, and fed into the second reaction chip. A
benzaldehyde solution (0.2 M in DCM) was pumped into the other inlet of the second chip
with the same flow speed as for the ylide solution. Samples were collected in eluent
solutions and analyzed by HPLC.

3. RESULTS AND DISCUSSION
In figure 2, the formation of the E-product is drawn as a function of time. After 5

minutes, the bulk reaction reached a conversion of approximately 15%. The reaction rates
were the same for the microscale and bulkscale reactions. This is plausible, because the
environments in which both reactions take place are similar. However, the E/Z ratio in the
products is significantly different for the micro scale reaction. This can be explained by the
increased polarity of the solvent because the deprotonated intermediate is not dried in the
case of the microreaction, enhancing the formation of the kinetic Z-product. The first step
in the cascade proceeds with extreme efficiency, taking into account the short reaction time
(2.5 - 10s).
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4. CONCLUSION
A two-step cascade reaction has been carried out successfully. Although the Wittig

reaction speed is not enhanced compared to bulk scale reactions, this system shows that
pretreatment reactions in two separated phases can be performed efficiently, reducing the
amount of handling significantly. In the future, this system will be used to generate labile 
intermediates, exploiting the very fast and controlled liquid handling of microreactor
systems.

Figure 2: The formation of both products (left scale, solid line) and the percentage of Z-
product as a function of time (right scale, dotted line). The left scale represents the
integrated UV intensity analyzed by HPLC relative to the reference compound.
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Abstract
Incorporation of supported reagents and catalysts into continuous flow reactors enables

the rapid synthesis of small organic compounds in excellent yields without the need for
additional product purification.
Keywords: EOF, supported-reagents, continuous synthesis, micro reactor

1. Introduction
As a result of increasing environmental pressure, the chemical industry as a whole are

exploring many routes in order to improve both the cleanliness and efficiency of many
synthetic processes. One such approach is the application of micro reaction technology,
which enables reactions to be performed more rapidly, efficiently and selectively than
traditional batch-scale reactions. Although many groups have demonstrated the advantages
associated with performing organic reactions in micro fabricated devices, few have
addressed the problems associated with the purification of reaction products prepared using
continuously flowing systems. In order to tackle this problem, we recently demonstrated
the incorporation of silica-supported bases into a miniaturized flow reactor (Figure 1a)
whereby eight condensation products were synthesized in excellent yield and purity [1]. In
addition to the continuous synthesis of analytically pure compounds, this approach is
advantageous as the supported reagent undergoes minimal degradation resulting in
increased reagent lifetime and run-to-run reproducibility.

With these factors in mind, we have extended the investigation to incorporate other
support materials and reagents; these include polymer-supported acid catalysts (Amberlyst
15, p-toluenesulfonic acid and ytterbium(III)polystyryl sulfonate) and a silica-supported
oxidizing agent (Jones reagent). In addition, we report the simultaneous use of a polymer-
supported acid and a silica-supported base in a continuous flow reactor, demonstrating the
two-step synthesis of an α,β-unsaturated compound.

Figure 1. Schematic of the reaction set-up used for the evaluation of solid-supported reagents by
(a). EOF and (b). pressure-driven flow.
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2. Experimental
To conduct a reaction, the starting materials were passed over a supported reagent or

catalyst, using either electroosmotic flow (EOF) or pressure-driven flow, and the reaction
products collected at the outlet after 10 min (Figures 1a and 1b). The reaction mixture was
subsequently analyzed by GC-MS whereby the conversion of starting material to product
was determined. Once successfully optimized the reactors were operated continuously and
the reaction products collected, concentrated in vacuo and analysed by NMR spectroscopy.

2.1 Acid-catalyzed acetalisation of aldehydes
Amberlyst 15 is a macroreticular sulfonic acid based cation exchange resin that has been

widely employed for the acid-catalyzed synthesis of acetals, ketals, tetrahydropyranyl
ethers and enol ethers [2]. Employing the synthesis of dimethoxymethyl benzene 1 as a
model reaction, we investigated the incorporation of Amberlyst 15 into a miniaturized
continuous flow reactor (Figure 2). Using EOF, a solution of benzaldehyde 2 and
trimethylorthoformate 3 in anhydrous MeCN (1.0 and 2.5 M) was passed over Amberlyst-
15 (2.5 mg, 1.05 x 10-2 mmol) at a flow rate of 1.75 µl min-1 (333 V cm-1). After 10 min,
the reaction products were collected from reservoir B and analyzed by GC-MS, whereby
100 % conversion of benzaldehyde 2 to dimethoxymethyl benzene 1 was observed. In
order to demonstrate system reproducibility the reaction was repeated a further 14 times
(2.5 hr), whereby conversions of >99.6 % were obtained (n = 15, % RSD = 0.13). Using
this approach, 0.165 mmol of product 1 was synthesized using 1.05 x 10-2 mmol of
Amberyst-15, demonstrating the ability to recycle the supported reagent (>16 times)
without any loss of activity. The generality of the technique was subsequently investigated
for the protection of aldehydes 4 to 7 (Table 1); in all cases, excellent yields were obtained
and no measurable by-products were observed. The technique was further extended to the
use of ytterbium(III)polystyryl sulfonate and polymer-supported p-toluenesulfonic acid
whereby conversions of >99.6 % were obtained for aldehydes 2, 4-7 [3].

2.2 Selective oxidation of alcohols
Having successfully demonstrated the use of silica-supported bases and polymer-

supported acids in continuous flow reactors, we went on to investigate another synthetically
useful transformation, namely the selective oxidation of primary alcohols. In order to
demonstrate any advantages associated with the use of supported oxidants in a continuous
flow reactor, an aggressive Cr(VI) oxidizing agent (Jones regent) was investigated [4]. The
main disadvantages associated with the use of acidic oxidants such as Jones reagent include
over oxidation [5] and contamination of the product with chromium residues. Heavy metal

Starting Material Flow Rate
(µl min-1)

Conversion
(%)

RSD
(%)

Benzaldehyde 2 1.75 99.77 0.13

4-Bromobenzaldehyde 4 1.00 99.92 0.22

4-Chlorobenzaldehyde 5 1.60 99.78 0.15

4-Cyanobenzaldehyde 6 2.00 99.64 0.90

2-Naphthaldehyde 7 1.40 99.83 0.26

CH(OCH3)3

OCH3

OCH3

A

B Solid-supported
acid catalyst

1

3Benzaldehyde 2

Figure 2. Schematic of the reaction manifold
used for the synthesis of dimethyl acetal 1

Table 1. Summary of the conversions obtained for the protection of
aldehydes 2, 4 to 7 as their respective dimethyl acetal.
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contamination can be easily resolved by employing a supported reagent as the even in its
reduced form the chromium residues are retained on the support. We therefore proposed
that by performing the reaction in a flow reactor, where the reagents residence time can be
carefully controlled, we would be able to selectively oxidize primary alcohols; addressing
the problem of over-oxidation.

Using the experimental set-up illustrated in Figure 1b, the selective oxidation of primary
alcohols was investigated by pressure-driven flow; operating at a flow rate of 50 µl min-1 a
solution of benzyl alcohol 8 (0.01 M) in DCM was quantitatively converted to benzoic acid
9. Consequently, in order to prevent over-oxidation and hence isolate the desired product,
aldehyde 2, we increased the flow rate to 600 µl min-1 whereby 100 % conversion of the
alcohol 8 to aldehyde 2 was observed. In order to demonstrate the generality of the
technique, a further 9 primary alcohols were oxidized to afford the aldehyde at 600 µl min-1

and the respective carboxylic acid at 50 µl min-1.

2.3 Multi-step synthesis using solid-supported reagents
Having successfully demonstrated the incorporation of both polymeric and silica-

supported reagents into an EOF-based continuous flow reactor, the next step was to
evaluate the feasibility of performing multi-step reactions. As Figure 3 illustrates, the first
step of the reaction consists of an acid-catalysed acetal deprotection to afford the respective
aldehyde 2 and the second step involves the base-catalysed condensation of the aldehyde 2
with malononitrile 10 (using 3-(1-piperazino)-propyl functionalised silica gel) to afford an
α,β-unsaturated compound 11. Using this approach, 100 % deprotection of
dimethoxymethyl benzene 1 to benzaldehyde 2 was achieved followed by 99.8 %
conversion of the aldehyde to 2-benzylidene malononitrile 10.

Figure 3. Schematic of the reaction set-up used for the two-step synthesis of an α,β-unsaturated compound 11.

In summary, using the methodology described herein, we have demonstrated the ability
to synthesize an array of small organic compounds in a miniaturized flow reactor, without
the need for additional product purification. Further work is currently underway within our
labroratories to prepare a library of compounds using this multi-step approach.
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ABSTRACT

A microcapsule for drug delivery was successfully produced by utilizing the flow-through
droplet-based supramolecular self-assembly in a crossed microchannel network. The PS-b-
PMMA block copolymer synthesized atom transfer radical polymerization (ATRP) was
initially formed as microdroplets and after the evaporation process it turned to spherical
capsule by polymer self-assembly of the micro domains. The characteristics were studied
using various analysis methods.

Keywords: microcapsule, drug delivery, microdroplet, ATRP

1. INTRODUCTION

Commercial applications of polymer spheres with uniform size and shape have been
encouraged in the biochemical areas such chromatographic separation media, attachment of
biomolecules, drug delivery and so on. Specifically, many research works have focused on
the development of the drug delivery system (DDS) using functional polymers [1].
Herein, microcapsules for drug delivery were successfully produced from a pre-synthesized
block copolymer utilizing the flow-through droplet-based supramolecular self-assembly in a
crossed microchannel network. Atom transfer radical polymerization was employed to
synthesize well-defined block copolymers with desired characteristics. We also studied the
flow conditions needed for the successful generation of polymer droplets in microchannel
and characterized them with various spectro-analytical techniques.

2. MICROCAPSULE FORMATION

Fig. 1 describes the conceptual microcapsule containing drugs or biomolecules.
Especially, it can be designed to deliver a specific drug to a target place and to release it
under the preferable environment such as pH or time. Fig. 2 illustrates the fabrication
method of functional microcapsules. We fused the micro droplet phase flow and the self-
assembly of heteroatom block copolymers with two distinct structural segments, which were
synthesized by the atom transfer radical polymerization (hereafter ATRP). The ATRP
provides a powerful method to synthesize structural polymers [2] with desired properties, by
redox reaction between an initiating radical and a transition metal complex (Fig. 3).

3. EXPERIMENTAL AND RESULTS

The synthesis of Poly (styrene-b-methyl methacrylate) copolymers using ATRP has been
well described previously [2]. In a dried schlenk flask, evacuated and filled with nitrogen,
styrene monomer was added together with initiator (pre-synthesised benzyl ester derivative)
and internal standard (anisole). Next the complex catalyst (CuBr/PMDETA) was added and
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stirred until a homogeneous solution was obtained. Then it was heated to 100OC for 2 hours
to obtain polystyrene with a molecular weight of 5000. Using this polystyrene as initiator,
block co-polymers were synthesized using methyl methacrylate as second monomer with
same catalyst system at 60 oC for 2 hours.

Droplets were obtained by introducing the immiscible fluids into the crossed inlet channel,
which resulted in the flow-through droplet phase flow [3]. As an organic phase, PS-b-
PMMA block copolymer was dissolved in the organic solvent of CH2Cl2 and was
introduced into the middle channel with a flow rate of 10 µl/min. The water containing
3%wt PVA was flew from two side-channels with a flow rate of 5 µl/min. The stable
droplet phase flow was obtained in the microchannel as visualized in Fig. 2. The size of
droplet and the pitch were able to control freely for its purpose [4]. Through the outlet of
the microchannel, droplets were drained and dispersed on a hydrophilic treated silicon wafer.
When the self-assembled polymer droplets were drained, their diameter was formed at about
100 µm. However, after the suspended droplets were placed at ambient for 30 minutes, it
was obtained that the size of droplets was decreased to be about 50 µm (Fig. 5). Based on
experimental observations, it was assumed that size shrinkage occurred due to the release of
solvent accommodated in the droplet. In order to complete the self-assembly of micro
domains, the polymer droplets were heated at the temperature of 125 oC, above the glass
transition temperature of the PS and PMMA under vacuum. The produced microcapsules
were characterised. Fig. 6 shows SEM picture of the microcapsules.

In order to examine the hollow characteristics of the fabricated microcapsule, we partially
etched the top surface of the microcapsule by using O2 plasma ashing. As shown in Fig. 7,
the hole on the surface was obtained. It is identical that the inner part of the polymer sphere
is empty. This implies the success of producing microcapsules.

4. CONCLUSIONS

A novel method to fabricate polymer microcapsules by using the droplet-based polymer
self-assembly was successfully carried out for the use of drug delivery. We demonstrated
the successful generation of uniform microcapsules using simple two-phase microfluidic
flow. For further research, the various proper functional polymers to release a target drug at
the preferable environments will be examined.
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Figure 1. A conceptual microcapsule
containing drugs

Figure 2. Droplet generation and polymer
self-assembly

Figure 3. ATRP Mechanism
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MICROFLUIDIC HIGH THROUGHPUT SCREENING OF 
ENZYME INHIBITION IN A T-SENSOR

Elena Garcia and Paul Yager
Department of Bioengineering, University of Washington, Seattle, WA

ABSTRACT

A rapid, new method of measuring enzyme inhibition that is well suited for
high screening throughput applications such as those required for the drug
discovery process is described. In the technique, enzyme is exposed to a uniform
concentration of fluorogenic substrate and a microfluidically-generated gradient of
inhibitor generated using a T-sensor. The technique was demonstrated using the
enzyme -galactosidase and fluorogenic substrate
resorufin- -galactopyranoside. The relative potency of
three inhibitors was evident using the technique. The
novel method described allows rapid simultaneous
measurement of enzyme inhibition by a wide range of
inhibitor concentrations to be obtained from a single
microchannel and single initial inhibitor concentration.

Keywords: drug discovery, enzyme inhibition, high
throughput screening, T-sensor

INTRODUCTION

In the United States, it typically costs
hundreds of millions of dollars and takes over a
decade to bring a new a drug to market [1, 2];
there is a clear and well recognized need to
make the drug discovery process more efficient
and economic [2, 3]. We have developed a novel
method of assaying enzyme inhibition that could
be particularly valuable for high throughput
screening applications, such as new chemical
entity and toxicity screening, in the drug
discovery process. In the technique (Figure 1),
enzyme is placed in a T-sensor downstream
from the point where the two fluid steams merge
in the device. When a solution containing a
fluorogenic substrate and a second solution
containing the same concentration of fluorogenic
substrate plus an inhibitor merge in the T-sensor,
a concentration gradient of inhibitor forms

Figure 1. Top view schematic
illustration of the general
principles of the microfluidic
enzyme inhibition assays.
Flow in this figure is from top
to bottom. Fluorescence
intensity due to fluorophore
formation is shown in gray
downstream from the
entrance of the enzyme in the
figure; darker shades
represent increased
fluorescence intensities. As
an example, the percent
inhibition across the x-axis in
the detection region versus
inhibitor concentration is
plotted (inset).
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perpendicular to the direction of flow and downstream from the point where the
two solutions meet. When the enzyme is exposed to substrate and the gradient of
inhibitor, fluorogenic substrate is converted to fluorescent species at a rate
depending on the level of enzyme inhibition. The degree of inhibition of the
enzyme as a function of inhibitor concentration can therefore be rapidly determined
by monitoring the fluorophore production.

MATERIALS AND METHODS

The device was created by alternately stacking 
three layers 175 µm thick polymethyl-methacrylate
(PMMA) and two layers of 50 µm thick noninclusive
mylar doubly coated with adhesive (ACA). The layers
were cut using a CO2 laser; the PMMA layers contained
the device inlets and outlets, while the regions cut out of
the ACA layers defined the microchannels. A schematic of
the stacked layers is shown (Figure 2). The width of the
device (in x) used for experimentation was 1.287 mm.

For the enzyme inhibition assays, solutions were
controllably pumped through the devices pneumatically
and images of the area downstream from the additional
inlet into the main channel were acquired with a CCD
camera. Substrate and substrate plus inhibitor were placed
in inlets 1 and 2 (Figure 2) respectively; enzyme solution
was placed in inlet 3. The average fluid velocity in the
device downstream from the enzyme inlet was 3.49 mm/s and was 3.23 mm/s
upstream from it. The images were processed by subtracting an image, acquired as
described, from an image of the channel filled with buffer. The resulting image
was divided by an image of a similarly blank-corrected image of the enzyme
solution exposed to only substrate under the same conditions as discussed
previously. Profiles of images processed were found 780-910 µm downstream from
the edge of the enzyme inlet across
x.

Figure 2. Top
view illustration of
an assembled
microfluidic
device. The main
T-sensor channel
(white) and the
underlying enzyme
channel (gray) are
shown.

Figure 3. Resulting processed images of the
enzyme inhibition assays for lactose (A),
galactose (B), and EDTA (C).

RESULTS AND DISCUSSION

Reduced enzyme activity in
the presence of the inhibitors was 
evident (Figure 3). The profiles
obtained from the inhibition assays
(Figure 4, A) clearly indicated the
relative potency of the inhibitors,
which was highest for lactose and
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the lowest for
ethylenediaminetetraacetic acid
(EDTA) at the concentrations tested.
For all three profiles, decreasing
enzyme activity was found areas of
increasing inhibitor concentration as
was expected. The fractional
inhibition versus inhibitor
concentration for each inhibitor is
also illustrated (Figure 4, B).

CONCLUSIONS

A novel method of assaying
enzyme inhibition has been
demonstrated. The method allows
extensive quantitative data regarding
enzyme inhibition to be obtained
rapidly from a single microchannel
and single initial inhibitor
concentration and is ideally suited for
high throughput screening
applications.
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Figure 4. Profiles of normalized product
concentration across the x-dimension for
each of the inhibitors tested (A). The
inhibitor concentration plotted was
estimated from the profile obtained from
the diffusion of an indicator that had a
similar diffusivity as the inhibitors. The
standard deviations for each run are
also shown. Fractional inhibition versus
the normalized concentration of inhibitor
obtained from the data in A (B).
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DEVELOPMENT OF SEMI-AUTOMATIC ANALYSIS
SYSTEMWITH THE IMMUNOASSAYWAVEGUIDE
SENSOR CHIP FOR DIOXIN ( 2,3,4,7,8-TCDF ( F114 ) )
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ABSTRACT
We have developed a semi-automatic analysis system for detection of ultra trace amount

of dioxin. The system has a label-free immunoassay chip which was reported in our
previous paper. Sequence of all the reagents handling procedures, which includes sample
injection, sensor calibration and regeneration, was automatically carried out by a micro
volume liquid handling module. We also report improvement of the sensitivity of our
sensor chip.

Keywords: Dioxin, Evanescent, Immunoassay, Waveguide sensor

1. INTRODUCTION
Amount of dioxin discharge from facilities such as an incinerator has been dramatically

reduced in Japan since 1997. Therefore, the subject of dioxin problem shifts from
“Reduction” to “Maintaining”. Although a simple sensing method to widely and promptly
monitor the dioxin level is required, it has not been realized yet. The goal of our R&D is to
realize a fast dioxin screening system by applying the -TAS technology. Recently we
have developed a label-free immunoassay chip for dioxins detection. In the present study,
we developed a semi-automatic analysis system based on the immunoassay chip. With the
newly developed analysis system, fast and easy detection of dioxins became possible. In
addition, we improved sensitibity of the immunoassay chip. The lowest detection limit of
the immunoassay chip was 2 ng/mL in the previous study and 0.1 ng/mL order detection
limit was needed for ultra trace amount of dioxin.

2. PRINCIPLE
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The dioxin immunoassay chip consists
of a waveguide sensor and a micro flow
cell (Fig.1). The sensor is based on the
technology of integrated optical Mach-
Zehnder interferometer with single
mode channel waveguides. On the
sensing region, the waveguide is
exposed to the sample liquid, and the
surface of the exposed waveguide is
coated with the antigen immobilized Fig.1 Dioxin immunoassay chip 
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using a silane-coupling method. The sensor
can detect reaction between the anti-dioxin
antibody and the immobilized antigen with
an evanescent field penetrating from the
waveguide channel (Fig.2).

3. EXPERIMENTAL
For the immunoassay of dioxin, the chip

was mounted on the sensor unit. This unit
had a laser diode, a photo diode array, a
lock-in amplifier, and a temperature control
module. The chip was connected to the
liquid handling module which consisted of
three syringe pumps and six switching /
selection valves. These devices were
controlled by a PC, and the flow sequence of
reagents was programmable. The sequence
included sample injection, regeneration of
the sensor for repetitive use, and blocking
for elimination of non-specific bindings. All
the procedures were carried out
automatically except for sample preparation.
Fig.3 shows a photogragh of the analysis
system.
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Fig.3 Photogragh of analysis system 

4. RESULTS AND DISCUSSION
For improvement of sensitivity, we optimized the structure of waveguide. In our sensor,

high refractive index film made of Ta2O5 was coated on the waveguide. This film changed
the intensity profile of the laser light propagating in the channel waveguide, and as the
result, the penetration depth of the evanescent field was enlarged. The increment of
penetration depth improved the sensitivity, because the change in refractive index of the
sample liquid gives much larger effect to the
effective refractive index of the sensing region.
We changed the thickness of Ta2O5 within the
range from 30 to 65 nm (Fig.4). When the
thickness increased, the sensitivity increased
expornentially. However, in the range of over
60 nm, leakage of the laser light occurred, and
sufficient output intensity could not be obtained.
We chose 55 nm as the optimum value, where
the sensitivity was 5 times higher than that of the
previous sensor. This means that the sensor
could detect about 0.4 ng/mL of antigen and the
performance was enough for the practical use.
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(Fig.5). The concentration of 0.2 g/mL anti-dioxin antibody sample was measured
repeatedly. Within 5% of relative standard deviation was confirmed. Subsequently,
measurement of dioxin F114 was carried out (Fig.6). Sensor output for the sample which
includes excess amount of F114 (30ng/mL) obviously shows lower value than that of the
other one without F114.

5. CONCLUSIONS
Semi-automatic analysis system with the immunoassay waveguide chip has been

developed. Although GC/MS method needs several hours for detection, spectrum analysis
by trained analysts and complicated and troublesome maintenance, the newly developed
system needed only about 30 minutes for detection and also enabled repetitive
measurement. Lowest detecton limit of the newly developed system was 0.4 ng/mL, and
under consideration of preconcentration process, sufficient lower than the environmental
standard value in Japan.
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Abstract
In order to examine the applicability of a chip-based analytical system equipped with the

thermal lens microscope (TLM) to the determination of concentrations of U(VI) and H+ in various
solutions in spent nuclear fuel reprocessing processes, we have measured the thermal lens (TL)
signal intensities of U(VI) and 4’-dimethylaminoazobenzene-4-sulfonate (methyl orange)
solutions with various concentrations in microchannel. From such measurements, we found that
the U(VI) species more than 10-4 mol/dm3 (M) can be determined quantitatively using the TLM
and that the measurements of U(VI) concentrations > 10-8 M become possible by using coloring
reagent. Furthermore, we found that the pH or H+ concentrations in aqueous solutions in
microchannel can be also analyzed by TLM, even in the presence of metal ions.
Keywords: microchip, quantitative analysis, spent nuclear fuels, thermal lens microscope
1. Introduction

In the reprocessing plant of spent nuclear fuel, various kinds of analyses are necessary for the
quality maintenance of products and the security of plant operation. Concentrations of U, Pu,
and H+ have been analyzed by absorption spectroscopy, fluorescence spectroscopy,
inductively-coupled plasma atomic emission spectroscopy (ICP-AES), titration and so on.
However, such conventional analytical techniques need relatively long time and generate a large
amount of radioactive liquid wastes. On the other hand, by using microchips equipped with
TLM for analyzing solutions in the reprocessing processes, it can be expected that the amounts of
analytical reagents and liquid wastes generated in analytical processes must be reduced
remarkably, because the TLM can analyze solutions in microscopic space by focusing irradiation
of laser beam [1, 2]. From these standpoints, we have studied applicability of a chip-based
analytical system equipped with the TLM to the determination of concentrations of U(VI) and H+
in various solutions in spent nuclear fuel reprocessing processes.
2. Experimental

In order to examine the relationship between TL signal intensity and U(VI) concentrations in
aqueous and organic solutions, we measured the TL signal intensities of 3 MHNO3 and tri-n-butyl
phosphate (TBP) solutions containing U(VI) of various concentrations. The 3 M HNO3
solutions of U(VI) in the range of 1.0 x 10-4 to 1.0 M were prepared by dissolving the appropriate
amounts of UO2(NO3)2·6H2O in 3 M HNO3 aqueous solution. The U(VI) species in 3 M HNO3
solutions were extracted into TBP phases by contacting U(VI) in HNO3 solution with TBP. The
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3 M HNO3 aqueous solution and TBP used for
extraction of U(VI) were mutually contacted
before extraction. The phases of TBP after
extraction were used as U(VI) in TBP solutions.
The U(VI) concentrations in 3 M HNO3 and TBP
solutions were determined by ICP-AES
measurement (Perkin Elmer: Optima 3000). The
TL signal intensities of these U(VI) solutions in
PYREX glass microchip (Fig. 1) were measured
by TLM (Institute of Microchemical Technology).
The flow rate of solutions in microchannel was
fixed at 5 l/min. Excitation and probe
wavelength of TLM measurements were 405 and
670 nm, respectively.

To clarify the pH dependence of TL signal
intensity of methyl orange (MO) in aqueous
solution, we prepared HNO3 solutions containing
MO by mixing HNO3 aqueous solution (10-6 – 0.1
M) with MO aqueous solution (2.0x10-6 M) with
volume ratio 1:1. Ionic strength of the MO
solutions was adjusted as 0.1 M by adding NaNO3
aqueous solution. TLM measurements of the
MO solutions were performed by the same
condition as mentioned above.
3. Results and discussion

Figure 2 shows the logarithmic plots of TL
signal intensities of U(VI) in 3 M HNO3 and TBP
solutions in microchannel vs. [U(VI)]. The
intensities were found to linearly increase with
[U(VI)]. The limit of detection (LOD) of U(VI)
were evaluated as approximately 10-4 M in both 3
M HNO3 and TBP solutions. From these results,
it is considered that [U(VI)] in both aqueous and
organic solutions in microchannel can be
determined using the TLM. Furthermore, it was
confirmed that the LOD of U(VI) can be
improved by adding coloring agents for U(VI),
such as hexaphyrin(1.0.1.0.0.0) [3], 8-quinolinol
[4], and so on.

Concentration of H+ in aqueous solutions
normally cannot be determined by the TLM.
However, it should become possible by adding
acid-base indicators. The TL signal intensity of
MO solution in microchannel increases with pH
and reaches approximately 0.17 in the range of
4.5 < pH (Fig. 3). Even in the presence of metal

Figure 1. A schematic illustration of
PYREX glass microchip

Figure 2. Concentration dependence of
TL signal intensity of U(VI) in HNO3
and TBP solutions

Figure 3. TL signal intensity of methyl
orange in HNO3 solution as a function
of pH
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ions (Table 1), the pH dependence of TL signal of MO was in good agreement with that in the
absence of metal ions. An acid dissociation constant of MO derived from the result of the TLM
measurement was also consistent with that derived from spectrophotometry and titration (Table 2).
These results indicate that pH of solutions in microchannel can be analyzed using the TLM. The
chip-based analytical system will be applicable to the determination of H+ concentrations in
aqueous solutions.
4. Conclusions

In this study, it is clarified that the chip-based analytical system is useful for analyzing
various solutions of spent nuclear fuel reprocessing processes. Furthermore, by applying such a
system, it is expected that the amount of liquid wastes is reduced more remarkably and that the
analyses can be performed more rapidly than by the conventional analytical techniques.
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Table 1. Concentrations of metal ions in methyl orange nitric acid solution

Metal ions Concentrations (M) Analytical techniques
Rb(I) 7.20x10-7 Atomic absorption spectrometry
Sr(II) 1.16x10-6 ICP-AES
Y(III) 6.30x10-7 ICP-AES
Zr(IV) 8.85x10-6 ICP-AES
Mo(VI) 8.25x10-6 ICP-AES
Ru(III) 4.17x10-6 ICP-AES
Rh(III) 3.75x10-6 ICP-AES
Pd(II) 2.16x10-6 ICP-AES
Te(VI) 6.40x10-7 ICP-AES
Cs(I) 3.46x10-6 Atomic absorption spectrometry
Ba(II) 2.81x10-6 ICP-AES
La(III) 1.42x10-6 ICP-AES
Ce(III) 3.82x10-6 ICP-AES
Pr(III) 1.66x10-6 ICP-AES
Nd(III) 5.95x10-6 ICP-AES
Sn(II) 1.07x10-6 ICP-AES

Table 2. Acid dissociation constants of methyl orange in aqueous solution

Analytical techniques pKa References
Titration 3.46 [5]

Spectrophotometry 3.44 ± 0.03 [6]
3.39 ± 0.01 This work

TLM 3.19 ± 0.02 This work



DEVELOPMENT OF FUNCTIONAL MICRO DISPENSER
ARRAY FOR PRODUCING MULTIPLE REACTION

CONDITIONS
Eiji Shigematsu1, Masumi Yamada2, Masahiro Yasuda1, and Minoru Seki1

1Osaka Prefecture University, JAPAN and 2The University of Tokyo, JAPAN

ABSTRACT
Ultra-low volume liquid dispensing is one of the most promising tools in the field of

biochemical screening. In this study, we propose a novel microdispenser array, in which
nanoliter-sized droplets with various concentrations can be accurately generated with
simple liquid operations using pneumatic pressure. A dispensing channel that has a pinched
segment was fabricated, to exchange two liquids in a specific ratio, which can be controlled
by the microchannel geometry. Various reaction conditions were successfully produced,
showing this system’s validity and applicability.

Key words: microdispenser, biochemical screening, microfluidic dispenser array,
nanoliter droplet

1. INTRODUCTION
In our previous study, we have developed nanoliter-sized liquid dispenser array, and

applied this microfluidic system to ultra-low volume biochemical screenings such as protein
crystallization1-3. However, this system was inadequate when the number of the dispensed
and mixed liquids increased, since the microchannel structure became complex. So a
method, in which multiple droplets mixing can be performed with simple operations, has
been required. In this study, we propose a new method, which can overcome the
insufficiency of the previous method. With this method, nanoliter-sized multiple droplets 
with various concentrations can be generated at the same time, by simply introducing two
kinds of liquid into the microchannel. First, the dispensing and mixing performance was
evaluated using color dye solutions, and next, this method was applied to biochemical
screening. This method is advantageous for generating multiple conditions in order to
conduct multiple chemical/biochemical reactions due to its simplicity and accuracy in
operation.

2. PRINCIPLE 
The basic structure and the principle are shown in Figure 1. This microchannel structure

is made of a hydrophobic material, such as PDMS. There are narrow channels called
‘passive valves’, which act as a kind of valve for a hydrophilic liquid. After the first liquid
introduction and dispensing, the whole dispensing channels are filled with the first liquid.
Then the second liquid introduction is followed to exchange the first liquid only inside
Segment A with the second liquid. By changing the dimensions of Segments A and B, the
mixing ratio of the two liquids can be freely controlled.

3. EXPERIMENTAL
PDMS microdevices were fabricated using usual photolithographic techniques (Fig. 2).

In the microdevice, there were 9 dispensing channels and 9 mixing channels, whose depth
was ~30 m. The main channel was deeper (~70 m), while the passive valve was
shallower (~5 m). The difference in the depths of the dispensing/mixing channels and the
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main channels contributes to accurate liquid dispensing. The dispensing channels were
designed so that the mixing ratios of the two liquids would be 1:9 ~ 9:1, while keeping the
total dispensing volumes constant, ~12 nL. Red and blue dye solutions were used to
estimate the dispensing performances, and 1.5~5.0 L of these solutions were introduced
into an inlet tubing separately. Then pulse pneumatic pressure (~10 kPa) was applied for
introducing solutions and air into the microdevice. After dispensing the second liquid (blue
dye solution), the dispensed droplets with various concentrations were injected into the
mixing channels by applying higher pressure. Bitmap images were captured using an
optical microscope and a CCD camera, and red and blue signal intensities were calculated
computationally.

4. RESULTS AND DISCUSSION
The red and blue signal intensities in each mixing chamber after dispensing and liquid

introduction are shown in Figure 3. From the results, it was confirmed that nanoliter-sized
multiple droplets with various concentrations could accurately be generated. To visualize
the liquid exchange, fluorescing microspheres, whose diameter was 1.0 m, were
suspended in the second liquid, and introduced. The visualized streamlines of the second
liquid in the rightmost dispensing channel are shown in Figure 4. As can be seen, it was
confirmed that almost all the first liquid in Segment A was exchanged with the second
liquid. Also, two liquids could be mixed in a desirable ratio. As an application, screening
of protein crystallization conditions was successfully performed using a precipitant solution
as the first liquid, and a protein solution as the second liquid.

5. CONCLUSIONS
A new method has been proposed, in which multiple reaction conditions could be

generated by exchanging and mixing two liquids. This method will become one of useful
tools in the field of ultra-small biochemical reaction and screening.

Fig. 1 Schematic diagrams of a single unit of the liquid dispenser and liquid operations.
(a) First liquid introduction, (b) dispensing, (c) second liquid introduction and partial
exchange, (d) second dispensing, and (e) injection into the mixing channel with higher
pressure.
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Mixing channel

Dispensing channel

Main channel

Fig. 2  Schematic illustration of the microfluidic device. The size was 3 cm × 3 cm.

Fig. 3 Red and blue signal intensities in each
mixing channel after 5 min from injecting into
the mixing channel.

Fig. 4 Visualized streamlines in
Segment A of the rightmost dispensing
channel using fluorescing micro-
spheres with diameter of 1 m.
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FORMATION OF MONODISPERSE GIANT LIPOSOMES
USING MICRO-PATTERNED LIPID FILMS

Kaori Kuribayashi and Shoji Takeuchi
CIRMM, Institute of Industrial Science, The University of Tokyo, Japan

ABSTRACT
This paper proposes a method for preparation of giant liposomes with narrow size

distribution. The lipid films were patterned on an indium tin oxide (ITO) electrode by a
Parylene lift-off process. Giant liposomes were then formed using electroformation
method. The coefficient of variation (CV) of diameters of liposomes was 11 % by this
method.

Keywords: Lipid films, Liposomes, Parylene sheet, Patterning

1. INTRODUCTION
The interest of usage of giant liposomes (10 - 100 m in diameter) has been increased

since they are cell-sized spherical lipid membranes and can enclose bio-functional materials
(e.g. DNA, proteins); they can be used as an artificial cell or biological reactor [1]. In our 
previous work, we have succeeded in enclosing different types of nano/micro materials in
giant liposomes efficiently using microfluidic channels on the same substrate with
electroformation method [2]. In order to control the volume of materials/reagents enclosed
in the liposomes, it is important to prepare uniform-sized liposomes. The size is also an
important factor determining the success for cell-liposome fusions [1]. Micro-contact
printing of lipids using PDMS stamp with electroformation method to achieve size control
of liposomes was reported [3]. Here, we have used a Parylene sheet instead of PDMS for
preparing lipid patterns. In general, PDMS tends to swell when in contact with organic
solvents. Such a swelling will not be occurred using Parylene. Also, the use of Parylene
sheet has other advantages as it can be patterned by standard photolithography, and can be
easily peeled off from the substrate [4]. In this research, we have also quantitatively
analyzed the size distribution of liposomes produced by this method.

2. EXPERIMENTAL
Figure 1(a) illustrates the device for producing giant liposomes of uniform size by

electroformation using micro-patterned lipid films. Two indium tin oxide (ITO) glasses
were used as electrodes and separated by a silicone spacer chamber filled with degassed
water. The lipid films were patterned on the bottom ITO glass using a Parylene sheet as
shown schematically in Figure 1(b). Figure 1(b)-i a Parylene sheet was deposited on the
ITO glass and patterned by O2 plasma. Figure 1(b)-ii lipid solutions of L- -phosphatidyl
choline (EPC) 0.9 mg/mL and L- -phosphatidic acid (EPA) 0.1mg/mL, which was
dissolved in chloroform and methanol (2:1 in volume) and stained with a fluorescent of DiI,
was introduced. The lipid solutions were dried under nitrogen. Lipid films are patterned at
space without the Parylene on the ITO glass. Figure 1(b)-iii lipid films are patterned when
the Parylene film was peeled off from the substrate. As shown in Figure 1(c), when AC
signal (10 Hz, 0.5 - 2.5 Vpp) was applied to the top and bottom ITO electrodes, giant
liposomes were formed from the patterned lipid films. 
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3. RESULTS AND DISCUSSION
The Parylene sheet was peeled off from the ITO glass manually and the square shaped

lipid films were patterned. Figure 2(a) shows fluorescent images of the lipids with squares
of 20 m spaced at an interval of 30 m. The intensity profile of the patterns is shown in
Figure 2(b). It is confirmed that clear edges of the patterned lipids on the ITO glass was
produced.

Giant liposomes were formed after applying AC signal. The external electric fields
affect swelling and pulling of the lipid layers, leading to growth of liposomes [5] as shown
in Figure 3 (a). We have observed the largest liposomes at each pattern. Figures 3(b)i and
ii show photographs of giant liposomes produced from the patterned lipid films of 20 x
20 m2 square after applying AC voltage for 1 minute and 120 minutes, respectively.
Patterned lipids swelled and became round after applying electric field. In some cases,
several small liposomes were produced on the pattern. As shown in Figure 3(c), we have
also produced giant liposome from the patterned lipid films of 50 x 50 m2 square.
Liposome became larger than 80 m in diameter after 90 minutes. From the results of
different pattern size, it was found that the size of the liposomes became larger as the size
of patterned lipid films increased.

Figure 4 shows the size distribution of the formed liposomes. Their diameters were
obtained by the observation of the cross sectional view of the produced liposomes at their
maximum diameter (Figure 3a). When the liposomes were formed without the patterned
lipid films [2], the size of the liposomes were widely distributed; CV = 70 % (Fig. 4a). In
contrast, the CV narrowed to 11 % when the patterned lipid films were used (Fig. 4b).

4. CONCLUSIONS
Giant liposomes were formed from each patterned lipid films. This method resulted in

a narrow size distribution of liposomes compared with conventional method. Therefore,
electroformation method with lipid patterns produced by a Parylene sheet would be useful
to produce uniform-sized giant liposomes.
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Figure 1. (a) Layout of a device for preparing
giant liposomes using electroformation method
with using micro-patterned lipid films. (b)
Process flow schematic of a micro-patterned
lipid films using a Parylene lift-off technique.
(c) Sectional view between A-B of the device.
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Figure 2. (a) Fluorescent images of patterned
lipid films with 20 x 20 m2 in square shape.
(b) The intensity distribution along line A-B.

Figure 3. (a) Sketch of the produced liposome.
(b) and (c) Optical microphotographs of
sectional view between A-B in the largest giant
liposomes produced from the patterned lipid
films of 20 x 20 m2 and 50 x 50 m2square
by applying electric field.
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GENERATING NANODROPLETS WITH A MODULAR
DISPENSER SYSTEM CONSISTING OF TWO

REPLACABLE BASIC COMPONENTS
R. Gransee, F. Doffing, F. Schönfeld and K. S. Drese

Institut für Mikrotechnik Mainz GmbH, GERMANY

ABSTRACT
Contrary to different commercial available dispensing systems, a dispenser device is

presented consisting of two modular components which can be easily exchanged, capable of
ejecting droplets in the nanoliter range.

Keywords: Dispenser, Nanoliter, Piezo-actuator, Polymer

1. INTRODUCTION
Precise liquid handling down to a few nanoliters is an important task in different industry

branches. Applications differ from the highly accurate dosing of medical reagents to the
discrete dispensing of adhesives or paints. Many dispensing systems are commercially
available [1-5] which are able to produce precise volumes of droplets in the nanoliter range. 
Most common is the use of piezo-electrical actuators. In those systems the piezo actuator is
irreversible bonded to the element which contains the fluid. This component is made from a
chemical inert material, mostly
glass or silicon. To dose different
liquids with these systems a wash
step is necessary. To dispense
clogging adhesives or paints the
whole expensive set-up must be
exchanged after usage. Contrary to
the common one-block systems we
present a solution that overcomes
these shortcomings of commercial
systems, consisting of a two-
component assembly in which the
costly piezo-electrical actuator is
not attached permanently to the
component containing the fluid
(see Fig. 1).

2. SETUP
In our setup a fluidic component made from inexpensive polymer is mounted on an

actuator component. Up to now, the fluidic component is either made of PMMA or COC.
However, other polymers are possible. The fluidic component contains an on-chip reservoir
of liquid sample, a pumping chamber and channels which connect the fluidic system with an
optional external fluid reservoir and the nozzle (see Fig. 2). All channels and cavities are
sealed with a membrane foil made from the same polymer. The membrane has a thickness of
100 µm and is attached to the fluidic component by solvent bonding. The nozzle is either

Figure 1. Assembly scheme of the 2-component
microdispenser.
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realized directly by laser drilling or by
an inserted capillary tube made of
stainless steel. Different nozzle
diameters were realized from 0.1 mm
up to 0.5 mm. Therefore, the system is
flexible with regard to various
applications and dispensed volumes.
For achieving a considerably sufficient
stroke (up to 9 µm) a 9 mm long multi-
layer piezoceramic stack (contained in
a metal housing) is used. The piezo-
actuator pushes against the polymer
membrane, displacing the liquid in the
pumping chamber and therefore
ejecting liquid through the nozzle.

The basic idea is that different fluidic components can be successively clamped on the
actuator component. The actuator component is completely separated from the dispensed
liquid by the bonded membrane. Therefore, the inexpensive fluidic component is easily
exchanged and disposed after usage and the costly actuator component can be re-used. After
the usage of one fluidic component it can be dismounted and replaced by another fluidic
component to continue the same task or another application (alternative liquid sample,
alternative size of droplets). For different kinds of operation a pre-filled fluidic component
can be used like a disposable cartridge or can be connected via a fluid adapter to a larger
external reservoir.

3. EXPERIMENTAL TESTS
With the presented concept,

specified single drops without satellite
droplets were generated in a wide
actuation range of the piezo actuator.
Fig. 3 shows a typical parameter field
for the drop formation with varying
frequencies, depending on the
deflection of the piezo-actuator.

Three characteristic areas could be
identified in the experiments. For small
deflections of the piezoceramic no
drop formation occurs. A liquid jet
could be generated but its acceleration
is not high enough to overcome the
liquid’s surface tension. This scenario
is characterised by a Weber
number <1, describing the ratio of kinetic energy of a droplet to its surface energy.
Increasing the deflection, single droplets detach. Fig. 4 shows the formation process of a
droplet of water with a volume of 20 nanoliters, recorded by a high-speed-camera.

on-chip
reservoir

pumping
chamber

nozzle

through
boring

channels
Figure 2. Drawing of a fluidic component with an
inserted capillary tube as a nozzle.
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With further increase of the deflection
the ejected volume eventually gets too
large to detach into one single drop.
This leads to the appearance of at least
one satellite droplet accompanying the
main drop.

4. RESULTS AND CONCLUSIONS
Up to now, droplet volumes from 3

to 60 nanoliters have been realized
utilizing nozzle diameters from 0.1
mm to 0.5 mm. The viscosity under
study ranges from 1 to 55 mPas. Fig. 5
shows droplet volumes ejected by a
dispenser system with a nozzle
diameter of 0.25 mm, dispensing
different water-glycerin mixtures with
a frequency of 1 Hz. The observed
saturation of droplet volumes for high
viscosity is due to the limited stroke of
the piezo actuator. By using a longer
piezoceramic it can be attributed to be
possible to eject liquids with even
higher viscosities. Single droplets can
be ejected with an actuation up to 200
Hz depending on the nozzle diameter
and the viscosity of the dispensed
liquid.
Many different applications are
conceivable for the presented
dispenser system, reaching from the
dosing of aqueous solutions for biomedical tasks to the dispensing of low viscous paints and
adhesives.
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Figure 4. Sequence of 6 photos showing the
formation process of a 20 nl droplet of water

Figure 5. Droplet volumes for different water-
glycerin mixtures.
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PROTEIN KINETICS VIA UV/VIS AND FTIR IMAGING
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ABSTRACT
Microfluidic flow cells for kinetic studies of proteins using spectroscopic imaging are
presented. Reactions were initiated using an argon ion laser and time-resolved kinetics
were obtained by observing the spectrum at several points down the length of the
microfluidic channel in the direction of fluid flow. Dispersion within samples was
minimized using a sheath flow of buffer around the analyte solution.

KEYWORDS: kinetics, microfluidics, spectroscopy, time-resolved

INTRODUCTION
A great deal of work has been done to develop spectroscopy in microfluidics in order to
identify and characterize chemicals [1-3]. Microfluidics offer the potential to drastically
reduce sample consumption, which is of particular interest when using highly purified
proteins and other precious materials. Microfluidics can also be used to greatly reduce the
time required to evaluate a sample. The present work demonstrates flow cells for
spectroscopic imaging that take advantage of these unique aspects of microfluidic devices.

There are several advantages to using flow imaging spectroscopy for kinetic studies. First,
sample evaluation is more rapid than static cells because fresh sample is continuously
introduced into the cell for the next scan and fewer scans are required since multiple time
points are being collected simultaneously. Second, one can use hydrodynamic focusing to
achieve faster mixing than is observed in stop flow and other mixing methods traditionally
used in spectroscopy [4]. One factor that has limited the use of flow as a time resolution
method is the dispersion that occurs within microfluidic channels due to the parabolic flow
that is characteristic of laminar flow. One method for overcoming dispersion is to focus the
analyte to the center of the channel where the dispersion is minimal.

EXPERIMENTAL
The UV/Vis flow cell was made using standard soft lithography methods and consisted of
an inlet region with five flow streams [5]. The analyte stream, concentrated CO-bound
myoglobin, was sandwiched between two buffer streams. The volumetric flow rate of these
buffer streams was high relative to the analyte, resulting in hydrodynamic focusing. Buffer
streams were then introduced on the top and bottom of the analyte stream several
millimeters down the channel in order to produce coaxial flow consisting of an analyte
stream surrounded by deoxygenated buffer. The CO-bound myoglobin was then
illuminated with a white light source several millimeters further down the channel and
photolyzed using a focused argon ion laser. The transmitted white light was passed through
a diffraction grating and the absorbance of the solution was recorded using a CCD array.
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An analogous setup can be used to perform FTIR studies. One major difference in using
such a configuration for FTIR is the material needed to construct the flow cell. Silicon has
been widely used to fabricate microfluidic FTIR cells due to its high transmittance in the IR
band and ease of use; however, several drawbacks to using silicon make alternative
materials desirable for the present study. Calcium fluoride windows are commonly used in
FTIR studies because of their high transmittance in both the visible and IR bands. Until
recently, the only way to micropattern a channel directly into CaF2 was to use ammonium
solutions to wet etch the channel pattern [6]. Recent advances in machining have allowed
endmills with tips as small as 10 µm to be fabricated. Shown below in Figure 1 is (a) a
picture of a CaF2 window that has been patterned using a micron scale endmill and (b) an
ethylene chlorotrifluoroethylene (ECTFE) membrane that serves as the spacer layer for the 
FTIR flow cell. The ECTFE membrane was patterned using a laser milling machine. The 
final FTIR flow cell is then made by clamping two patterned CaF2 windows together with
the spacer layer acting as a gasket. An IR MCT array is used to collect the transmitted
infrared light.

Figure 1: (a) A CaF2 window with 250 µm-wide channels milled into the surface. (b)
ECTFE film with 20 µm-wide channels milled into the film to serve as flow channels.

RESULTS AND DISCUSSION
Figure 2 shows a portion of the UV/Vis spectrum that was obtained for the flash photolysis
of CO-bound myoglobin sheathed by deoxygenated buffer solution.

Figure 2: Time resolved UV/Vis spectrum of CO-bound myoglobin during flash photolysis
and recombination in a microfluidic flow cell.
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The Soret band is centered at 421 nm for CO-bound myoglobin and shifts upon photolysis 
of the iron-CO bond to 434 nm. Upon recombination of the myoglobin and CO, the Soret
band shifts back to 421 nm. Figures 3 (a) and (b) show two representative spectra from the
image shown in Figure 2.

Figure 3: UV/Vis spectra of myoglobin obtained in a microfluidic spectroscopy cell: (a)
Spectrum of CO-bound myoglobin prior to photolysis (b) Spectrum of myoglobin just after
photolysis (c) Trace of the 421 nm peak before, during, and after photolysis.

Figure 3 shows the Soret peak and the and bands for myoglobin (a)before and (b)after
the photolysis. The red shift of the Soret peak and the merging of the and bands
indicates that photolysis has occurred. Figure 3 (c) shows the kinetics of the recombination
reaction of CO and myoglobin obtained by taking a time slice from Figure 2 at 421 nm.
The decay of the bleach is fit to a single exponential with a rate of 600 s-1, the expected
rate of recombination for a CO concentration of 0.5 mM [7]. The post-flash absorbance
does not recover to pre-flash levels due to diffusion of CO away from the analyte stream.

CONCLUSIONS
Microfluidic devices can serve an invaluable role in obtaining kinetic and mechanistic
information about biological reactions. Using microfluidics to obtain time-resolved spectra
allows for rapid data collection and minimal sample consumption. Dispersion within the
sample can be minimized by focusing the analyte stream at the center of the channel.
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WATER-ACTIVATED FILM BATTERIES FOR µµTAS
Ki Bang Lee and Pei Yong Chow

Institute of Bioengineering and Nanotechnology, Singapore

ABSTRACT
Water-activated film batteries for µTAS and disposable biosystems, fabricated by very

cheap screen-printing technology, are reported. The maximum voltage and power of the
prototype battery has been measured as 1.25-1.5V and 0.23-1.5mW with an area of 6cm x
3cm. The voltage and power decrease with time. As such, these water-activated film
batteries can be integrated with µTAS, bioMEMS devices and diagnosis kits that might be
activated by biofluid or water.

Keywords: energy conversion, plastic lamination, water-activated battery, and power
source

1. INTRODUCTION
Micro power sources meeting the operation lifetime of disposable devices are attractive

in contrast to the long-operation, miniature power source of micro internal combustion
engine [1] or rechargeable, thin-film lithium battery [2]. Disposable on-demand, water-
activated microbatteries using chemical reactions in a cavity [3] were demonstrated for
bioMEMS and microdevices but the fabrication processes using silicon substrate hinders
compatibility with plastic processes for microdevices. For biosystem and bioMEMS
application, the authors have demonstrated the urine-activated paper batteries using plastic
lamination technology [4]. This current work demonstrates feasibility of using a simple,
screen-printing technology to fabricate plastic laminated battery that is powered by water.

2. DESIGN AND FABRICATION
Fig. 1(a) shows the schematic diagram of a water-activated film battery where a stack of

taped copper (or screen-printed carbon), copper chloride (CuCl), and magnesium is coated
between a substrate and a transparent coating film made with water inlet. The taped
copper and magnesium layers are used as the cathode and the anode of the battery
respectively.

Plastic
substrate

Screen-printed carbon
or copper layer

Screen-printed Copper Chloride (CuCl)
or paper with CuCl
Screen-printed Copper Chloride (CuCl)
or paper with CuCl

Water inlet

Magnesium

Terminal

Transparent coating film
Water

Water inlet
Magnesium

Screen-printed
CuCl

Copper or carbonSubstrate

(a) Perspective view (b) Activation of the battery

Fig. 1. Schematic diagram of a water- activated film battery: a stack of taped copper (or
screen-printed carbon) and copper chloride (CuCl) and magnesium is coated between a
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substrate and a transparent coating film with water inlet. a drop of water is placed at the
water inlet which activates the battery to supply electrical energy.

Substrate

Copper or carbon

(a) Taped copper  or screen-printed carbon on
a substrate

Screen-printed Copper Chloride (CuCl)
or paper with CuCl

(b) Copper Chloride (CuCl) is screen-printed on
the copper (or carbon) Transparent coating film

Water inlet

Electrical
connection

Magnesium

(c) Magnesium layer is placed on the CuCl layer &
electrical connection to negative terminal

(d) Transparent plastic film with water inlet coated
for protection and packaging

Fig. 2. Fabrication process for the film battery: the whole assembly consisting of screened-
printed carbon (or copper), CuCl-screen-printed, Magnesium sandwiched between two
transparent plastic.

2cm

Layer forCuCl

Magnesium

Terminal

Coating filmMagnesium
Layer for CuCl

Copper
Plastic substrate Carbon tape

for SEM
Support for SEM

(a) optical photograph (b) SEM photograph of cross section

Fig.3. Optical and SEM photographs of a fabricated film battery: the geometrical area is
6cm x 3cm The upper plastic coating packaging film secures the electrical connection
between the layers.

The screen-printed copper chloride (CuCl) is in direct contact with the copper and
magnesium and it acts as an electrolyte for the battery when the water (or any biofluid) is
introduced. Figure 1(b) depicts the working principle of the water-activated battery,
fabricated by screen-printing technology. A drop of water is introduced at the water inlet
thereby activates the battery to supply electrical energy. The chemical reactions for the
battery at the anode (oxidation) and cathode (reduction) are represented as follows[3,4]:

CuMgClCuClMg 22 2 +→+ (1)
The final products for the reaction are magnesium chrolide which usually exists in their
dissociated ions in water. Fig. 2 shows a cheap fabrication process developed for the film
battery. The process starts with a 0.15mm-thick lower transparent plastic film coated with
an adhesive and this serves as a substrate for the battery. In the step of Fig.1(a), a 0.2mm-
thick copper (Cu) layer is deposited (or taped) and patterned as the positive electrode
(current collector). In Fig.2(b), screen-printed carbon can be used for the positive electrode
instead of the copper layer. A 0.1~0.2mm-thick copper chloride (CuCl) layer is screen-
printed on the positive electrode. In Fig. 5(c) magnesium (Mg) layer are stacked onto the
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copper chloride layer thereafter
covered on the top by a upper
transparent plastic film with water
inlet and air exhalation holes (Fig.
2d). Finally the whole layer is
laminated into a battery by passing
through heating rollers at 110oC.
Fig. 3(a) shows an optical
photograph of a fabricated film
battery. The geometrical area of the
battery is 6cm x 3cm and the CuCl-
screen-printed layer is 4cm x 2cm.
Fig. 3(b) illustrates the SEM
micrograph of the cross section of a
film battery.

3. RESULTS AND DISCUSSION
Fig. 4 shows the measured voltage outputs of the fabricated batteries with load

resistance of 10kΩ/1kΩ after a drop of water of 0.2ml is placed at the inlet. The output
voltage reaches a maximum voltage of 1.5V/1.25V respectively, decreases with time but
provides a steady supply of voltage of 1.22V/0.78V for 60 minutes. The maximum power
is measured as 0.23mW/1.5mW. This water-activated battery by screen-printing
technology could offer cheap alternative power for many potential energy-powered µTAS
and medical devices, such as an integrated disposable bio-systems providing onboard
power source.

4. CONCLUSIONS
The water-activated battery based on screen-printing technology has been

demonstrated for on-demand energy-powered µTAS and medical devices. Maximum
voltage and power are 1.5V and 1.5mW, respectively.
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Fig.4. Voltage outputs of the battery with
load resistance of 1k and 10k after
activation by water of 0.2ml.

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Load Resistance, R
Water: 10kΩΩ
Water: 1KΩΩ

Vo
lta

ge
(V

)

Time (min)



A NOVEL METHOD OF FLUORESCENCE DETECTION
AND SPECTROSCOPY

R. Thariani and P. Yager
Department of Bioengineering, University of Washington, Seattle, WA USA 98195

ABSTRACT
We demonstrate a novel method of ‘directional’ fluorescence detection resulting in

a two and a half-fold increase in fluorescence signal intensity compared to traditional
detection of isotropic emissions. Compared to other ‘directional’ fluorescence detection
mechanisms [1] this method does not require the use of surface plasmons; a metal layer or
precise source angle calibration is not necessary. Additionally, the fluorescence emission
spectrum is coded spatially. This paper reports an experimental demonstration of this
detection method and presents a ray-tracing model of the phenomenon.
Keywords: fluorescence, directional emissions, dispersion, ray tracing

1. INTRODUCTION
Fluorescence emissions are generally isotropic in nature, with only a small percentage

of the emitted photons captured by conventional detection optics. Specialized high
numerical aperture and custom optics can be used to capture a large percentage of the
emitted photons at the cost of spatial and geometrical limitations on the experimental
platform. The directional emission of fluorophores close to a metallic surface has been
suggested as a mechanism to increase fluorescence emission collection efficiency [1]. Here
we describe a simple method that uses the geometry of a dispersing prism to focus
fluorescent emissions by approximately two and half times. Additionally, the dispersive
nature of the prism also provides a spatially distributed spectral signature of the
fluorescence signal.

2. EXPERIMENTAL
The scheme is demonstrated in Figure 1a) which consists of a fluorophore-containing

solution (1mM Sulforhodamine-B in distilled water, pH=7) in a transparent Mylar flow cell
mounted on a transparent microscope slide. The slide rests on top of a dispersing prism;
index-matching oil is placed between the microscope slide and prism. Sulforhodamine B
was selected due to its large range of emission wavelengths. Fluorophores can be excited
either directly from above (top excitation) or by means of an evanescent wave generated by
total internal reflection (TIR) excitation. Top excitation is used in experiments reported
here. A diffuser was placed underneath the prism to visualize the pattern obtained.
Excitation of the fluorophores was obtained by means of a 532 nm laser (manufacturer,
power) focused onto the flow cell. Figure 1b) illustrates the system in which the
excitational light has been filtered. The emission ring can be seen clearly with a steep drop
off in intensity away from the ring. Intensity measurements near the center of the emission
ring demonstrated an increase in fluorescence intensity of ~2.5 times compared to
emissions without the prism present (Figure 2a). Color images reveal a change in the color
of the emission ring as the angle ( ) from the center of the ring increases. To investigate
this effect a spectrometer (Zeiss MMS1) was scanned using a mechanical translator over
the emission ring. In Figure 2b the shift in emission peak as a function of angular position
can be seen. The change in spectrum takes place only at the edge of the emission ring.
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3. THEORETICAL
The phenomenon described above was modeled using the ray-tracing program Zemax

(Zemax Development). A source was placed in middle of the flow cell layers to simulate
the fluorophores. Layers corresponding to the thickness of the flow cell and microscope
slide are inserted around the source. Although, the thickness of the index matching oil layer
is not known, the presence or absence of this layer does not affect the results significantly,
since the refractive indices of the oil and microscope slide are similar ( ~1.51).

A subset of ray trajectories is shown in Figure 3a) where the interplay of Fresnel
reflections, total internal reflection and refraction can be clearly seen. The entirety of the 
simulation schematic is not show as the resulting image map is too dense. To confirm the
pattern generated in our experimental setup, a “virtual” detector was placed below the 
prism, thus generating an intensity map, which is shown in Figure 3b. The circular intensity
pattern can be clearly seen with a sharp drop past the edge of the emission ring. In order to
keep the simulation time manageable another “virtual” detector was also placed above the 
CCD at the same distance from the source, generating a pattern not influenced significantly
by the prism. This can be seen in Figure 3c, where as expected the emission is nearly
uniform. Interestingly, the ring like structures towards the edge of virtual detector (also
observed experimentally: data not shown) is probably formed due to the multiple reflections
between the Mylar layer and microscope slide.

It was difficult to quantify the flux of fluorescent intensity in the emission rings due to
a high degree of noise being present in the model. Although 3 million rays were used in the
simulation, a sufficiently dense ray trajectory map in 3D could not be generated. Increasing
the number of rays was prohibitively expensive in computational time. To overcome this,
the model was scaled down to a two-dimensional system, while keeping the number of rays
the same. This allowed a sufficient increase in ray trajectory resolution to increase the
signal to noise ratio of the virtual detectors. Results are summarized in Figure 4a. Peak flux
with the prism in place is about 2.3 times the flux without the prism. Dispersion analysis
using the pixel intensity at different wavelengths is illustrated in Figure 4b, revealing that,
congruent with experimental observation, the change in wavelengths is concentrated at the
edge of the emission ring.

4. CONCLUSIONS
A simple and effective method to focus fluorescent emission flux while providing a

spectroscopic signature of the emission flux has been demonstrated. A ray-tracing model
has been generated supporting the experimental data closely. The technique may be used as
a low cost method to increase the efficiency of fluorescence emission collection and
spectroscopy.
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Figure 1a) Schematic illustrating the Mylar flowcell containing a solution of fluorophores
placed above the prism. Figure 1b) Filtered image showing the emission ring formed.

Figure 2a) Intensity with the prism is place is about 2.5 times that of the isotropic intensity.
Figure 2b) Change in spectrum as a function of change in angle from center.

Figure 3a) Subset of the model ray trace. Figure 3b) Intensity distribution obtained from
the model with the prism present. Figure 3c)Modeled emissions without the prism.

Figure 4a) The ray tracing model predicts that with the prism in place the flux intensity is
increased by a factor of ~2.3x. Figure 4b) Light of a longer wavelength (700 nm) is
dispersed further away from the center of the prism than light of a shorter wavelength (400
nm).



AN INTEGRATED OLED ARRAY FOR THE DETECTION
OF ANTIBIOTICS IN MILK

Mohammed Zourob, Nicholas J. Goddard
School of Chemical Engineering and Analytical Science, The University of Manchester, PO

Box 88, Sackville Street, Manchester M60 1QD, UK

ABSTRACT

Here, we described an integrated, low-cost, absorbance-based array platform for the
detection of six antibiotics in milk using multi-analyte ELISA format. The micro-wells
were modified with (3-glycidyloxypropyl)trimethoxy silane were used for the preparation
of hapten microarrays. Protein conjugates of the haptens were immobilized on the surface
of the micro-wells, which were integrated with a flow cell. Monoclonal antibodies against
pencillin G, cloxacillin, cephapirin, streptomycin, neomycin and tylosin allowing the
simultaneous detection of the respective analytes. Antibody binding was detected by a
second antibody labelled with horseradish peroxidase generating colour change, which was
recorded with a CCD Camera.

Key words: OLED, microarrays, antibiotics.

INTRODUCTION

The widespread incidence of antibiotics can increase the occurrence of bacterial resistance
against these substances [1]. For this reason, it is important to effectively control antibiotics
residues in milk and therefore, regulatory authorities have specified maximum residue
limits for a number of antibiotic agents in milk [2]. There are different methods for the
detection of antibiotic residues in milk including microbiological, chromatographic,
immunochemical methods as well as receptor and enzyme based tests [3]. However, these
techniques are lab-based, expensive, time-consuming, with lack of sensitivity with some of
these techniques are developed for one group of antibiotics. However, the realization of
portable microdevices for in-the-field application clearly necessitates the development of
miniaturized and integrated detection systems. Considering potential compatibility
problems in the fabrication of microarrrays and detection components, and the high degree
of detection selectivity and sensitivity required, this is not a trivial task. To date, relatively
few examples of integrated optical components in microarrays devices have been reported.
Examples have included the integration of microlenses/apertures, and of CMOS and
interference filters with array devices. However the majority of systems still rely on
external light sources such as gas phase lasers, solid-state diode lasers or inorganic light
emitting diodes. These light sources cannot be integrated with the other components due to
size, geometrical, or operational constraints, or they involve a intricate integration
procedure [4]. In this study, these problems overcame by developing an integrated
absorbance-based array platform for the detection of antibiotics in milk. The integration
strategy described here is based on fabricating array of wells on top of the organic-light
(OLED) as a light source.
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MICROARRAY FABRICATION

A black UV-patternable polymer (Brewer Science, Ltd., Derby, UK) were spin coated on
the top of the blue-OLED and exposed to the UV light at a peak wavelength of 365 nm
through a mask. The result is array of wells (200 µm x 200 µm) on top of the OLED as
shown in figure 1a. The wells were modified with 3% (3-glycidyloxypropyl)trimethoxy
silane in toluene for 12 h at room temperature. Then the synthesized protein conjugates of
the haptens (50 mg/L) in PBS as described before [2] were immobilized on the surface of
the micro-well, followed by blocking the surface with 3% casein in PBS for 2 h at room
temperature. Monoclonal antibodies against pencillin G, cloxacillin, cephapirin,
streptomycin, neomycin and tylosin allowed the simultaneous detection of the respective
analytes. Antibody binding was detected by a second antibody labelled with horseradish
peroxidase and 3,3`,5,5`-Tetramethylbenzidine (TMB) substrate to generate colour change,
which was recorded with a CCD camera as shown in figure 1b. 2,4,6-
Trinitrobenzenesulfonic acid conjugate was used as a reference. The tests were carried out
with spiked pasteurized whole milk without further sample preparation. The quantification
of spiked samples and the blank tests were carried out with one row of sensor replicates for
every hapten conjugate as shown in figure 1a.

RESULTS AND DISCUSSION

Application of the new OLED array platform is demonstrated for the detection of six
antibiotics in milk. The micro-wells were fabricated on the top of the OLED surface using a
black curable polymer to give a dark background around the sensing areas. The advantage
of this integration is that the OLED are low-voltage, miniaturized and flexible light sources
and commercially available in different colours.

Figure 1c shows the absorbance changes detection for different concentration of one row of
sensors (neomycin) antibiotic. The detection limit for all the anlytes were far below the
respective maximum residue limit (MRL) in less than 12 min assay time.

a
Penicillin G

Cloxacillin

Cephapirin

Streptomycin

Neomycin

Erythromycin

TNT

TNT

TNT

TNT

TNT
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b

Figure1: array of sensors, (b) assay representation (c) absorbance changes for different
concentration for one analyte (neomycin).

CONCLUSION
We have demonstrated that the simultaneous detection of pencillin G, cloxacillin,
cephapirin, streptomycin, neomycin and tylosin antibiotics in milk using an integrated
OLED microarray-based immunoassay format.
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MEASUREMENT OF TEMPERATURE DISTRIBUTION
IN MICROCHANNEL USING TWO COLOR LASER-

INDUCED FLUORESCENCE
H. Akimoto1, S. Saeki1, T. Saito1, K. Nakamura2 and T. Nishida2

1Graduate School of Medicine, Yamaguchi University, JAPAN
2School of Medicine, Yamaguchi University, JAPAN

ABSTRUCT
This paper presents a novel temperature measurement method for microfluidic devices;

“2-Color Laser-induced Fluorescence (2-Color LIF)”. In general, a conventional method
(1-Color LIF) strongly depends on the excitation intensity distribution which is generated
by spatio-temporal intensity fluctuation of light itself and configuration of microchannel. In
contrast, the proposed method can measure the temperature distribution quantitatively and
simplify temperature calibration. As a result, spatial intensity error can be reduced to about
95% as compared with 1-Color LIF image. The temperature distribution in microchannel
was visualized with high resolution 0.24 micro m*0.24 micro m and sensitivity 1.48 %/K.

Keywords: 2-Color LIF, Quantitative temperature measurement, Visualization

1. INTRODUCTION
Recently, a lot of measurement and control technologies for microflow have been being

developed in a field of micro-TAS. It is quite significant to construct a quantitative
temperature measurement technique due to the integration of micro electrophoresis systems.
In general, Laser-induced Fluorescence (LIF) is used to measure the temperature field in a
microchannel [1]. However, this method strongly depends on the excitation intensity
distribution which is generated by spatio-temporal intensity fluctuation of light itself and
configuration of microchannel. Therefore, it is necessary to calibrate within each local 
region in image even when the observation area is fixed completely. It is, therefore,
essential to construct temperature quantitatively measurement for microfludic flow.

2. METHOD
In this study, proposed is a novel temperature measurement method of microchannel

flow “2-Color Laser-induced Fluorescence” (2C-LIF). As shown in following equations,
the fluorescence intensity I is defined according to Lambert-beer law,

where , C , and show quantum efficiency, concentration, absorption coefficient
of dye solution and excitation light intensity, respectively. Two fluorescent dyes were
selected as temperature dependent and independent dyes, which can be excited by the same
excitation light. Fluorescences emitted from respective dyes could be separately acquired as
two fluorescence images. Ratio value R was calculated from deviding fluorescence
intensities of two images, as shown in Eq. (3). The undesirable influence of excitation light
could be eliminated in a ratio image calculated, because fluorescence intensity is an
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approximately linear function of excitation one. Therefore, it was possible to measure the
temperature field quantitatively and simplify temperature calibration. Thus, 2C-LIF was
applied to the measurement of temperature distribution in microchannel and micro heat-
transfer phenomenon was evaluated experimentally.
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3. EXPERIMENT
Figure 1(a) shows a schematic view of the experimental setup based on an epi-

fluorescence microscope and 2-camera adopter. 2-camera adopter can split the
fluorescences from two dyes into particular wavelength bands, then the images can be
simultaneously obtained by the two cooled-CCD cameras. Measurement area was focused
on the T-junction in a glass-made microchannel, as shown by Fig. 1(b). In this experiment,
Rhodamine B (0.02mmol/l) and Rhodamine 110 (0.002mmol/l) were selected as
temperature dependent and independent fluorescence dyes, respectively. Those were used
as test solution to be dissolved into distilled water. It was injected from both inlets of T-
junction by syringe pumps, and then sealed up. In order to carry out the temperature
calibration, a small acrylic bath was settled on the stage of microscope, to which water was
circulated from a constant-temperature bath. The microchannel was submerged into an
acrylic bath to control temperature. Thus, two fluorescence images were obtained, and then
the ratio image was calculated by dividing the Rhodamine-B fluorescence image with
Rhodamine 110 fluorescence image.

4

Epi-Fluorescence
Microscope

Objective Lens
Microchannel

Plate Glass
0.1mm 0.04mm

Observation
Phase

Cross-sectional view

Cover Glass

CCD camera 1 CCD camera 2
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2040

Observation Area
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Inlet

Top view
0.18mm

Figure 1. (a) Schematic view of Experimental Setup. 1. Excitaion Filter 470-490nm, 2. Dichroic
Mirror 505nm, 3. Dichroic Mirror 565nm, 4. Absorption Filter 510-550nm, 5. Absorption Filter
580nm-, (b) Schematic view of microchannel and observation area

4. RESULTS AND DISCUSSION
Figures 2(a) and 2(b) show the normalized fluorescence intensity distribution of

Rhodamine B and normalized ratio value distribution at 20.0 [degree C], respectively. The
spatial error of ratio value was reduced about 95 % as compared with that of Rhodamine B
using in 1-C LIF. Therefore, the proposed method is not in need of calibration within each
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local region. Figure 3(a) shows the calibration curve between the temperature and
normalized fluorescence intensities. Rhodamine 110 has little temperature dependency; in
contrast, Rhodamine B is a linear function of temperature. As shown by Fig. 3(b), the ratio
value has not only temperature dependency, but also 95% smaller spatial error than single
fluorescence intensity. Consequently, the present method can quantitatively measure a
temperature field with the average accuracy 0.66 [degree C], and temperature sensitivity 
1.48 [%/degree C], nevertheless saving temperature calibation within each local region.

5. CONCLUSIONS
2-Color LIF method was proposed and then applied to measure the temperature in

microchannel. It was possible to measure its quantitatively with high temperature
sensitivity and high spatial resolution, furthermore simplify temperature calibration.

REFERENCES
[1] “Temperature Measurement in Microfluidic Systems Using a Temperature-Dependent

Fluorescence dye,” D.Ross et al., Anal. Chem. 2001, 73, 4117-4123

Figure 2. Normalized intensity distribution, (a) Rhodamine B (b) RATIO (T=20.0 C)

Figure 3. Calibration curve between temperature and normalized intensity,
(a) Rhodamine B and Rhodamine 110 (b) RATIO Value

(Hiroyuki AKIMOTO, Graduate School of Medicine, Yamaguchi University, 2-16-1
Tokiwadai, Ube, Yamaguchi 755-8611 JAPAN, +81-836-85-9145, Fax +81-836-85-9101)



MOLECULAR EMISSION DETECTION OF ORGANO-
PHOSPHATES USING A MINIATURISED PLASMA
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ABSTRACT
Molecular emission detection of organo-phosphate vapour has been performed using a

miniaturised plasma within a micro-fluidic chip. The detection of organo-phosphate
vapours was achieved using a headspace injection of tri-ethyl phosphate by observation of
characteristic emission bands due to the PO molecular fragment. The PO system due to 
the B2 + X2 transition was observed in the 240–260 nm region and the PO system
due to the A2 + X2 transition was observed in the 320–340 nm region of the spectrum.
The feasibility of using such micro-plasmas for portable detection systems and integration
with other µ-TAS is shown.

Keywords: Plasma, glow-discharge, optical-emission-detection, organo-phosphate

1. INTRODUCTION
Miniaturised plasmas for chemical analysis using emission spectroscopy have previously

been reported [1-3]. Most techniques for emission detection of organic compounds rely on
the strong response of the CH band. Whilst this is suitable for use as a detector for GC, it
is non-specific and not suitable for applications requiring specific determination of organo-
phosphates. In this paper we describe a method for highly specific determination of
organo-phosphates via the observation of characteristic molecular transitions which, to our
knowledge, have not been previously reported using microplasmas.

2. THEORY
The electrical breakdown of a gas can produce a glow discharge plasma in which the

production of charge carriers occurs primarily through secondary electron emission at the
cathode and electron impact ionization in the cathode region. Atomic and molecular
species can become excited due to collisional processes in the glow discharge. Subsequent

Table 1 PO- and PO- bands due to PO fragment observed in TEP spectra as assigned by [4].
Relative intensities, I, and vibrational quantum numbers are also shown.

PO- /nm I PO- /nm I
247.79 10 0 0 324.62 10 0 0
254.04 10 0 1 325.53 8 1 1
254.39 7 1 2 327.05 9 0 0
255.50 10 0 1 340.57 6 0 1
262.05 8 0 2 341.41 5 1 2

342.96 1 1 3
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relaxation causes emission at characteristic wavelengths determined by the energy
difference between the electronic states. Hence spectral analysis can be performed to
identify the species involved. Table 1 shows literature values for the spectral emission 
bands due to the PO molecular fragment [4]. The PO system due to the B2 + X2

transition occurs in the 240–260 nm region and the PO system due to the A2 + X2

transition occurs in the 320–340 nm region.

3. EXPERIMENTAL 
Figure 1 shows a schematic of the experimental setup used. The miniaturised plasma chip
was fabricated in glass using photo-lithography and wet etching. A “T” shaped channel
structure was etched in both top and bottom glass plates to a depth of 200 µm and bonded
together to form channels 400 µm in diameter. A single channel running the length of the
chip served as the discharge chamber and allowed for electrical and optical connections.
100 µm diameter tungsten wires were used as electrodes and a 100 µm diameter optical
fibre allowed optical coupling to a miniaturised spectrometer (Ocean Optics S2000).
Argon gas and sample vapours were introduced via a channel running perpendicular to the
discharge channel.
1 mL tri-ethyl phosphate was placed into a GC sample vial with a septum and connected
via capillaries to an argon gas cylinder and the plasma chip. The plasma was ignited using
a power supply at 500 V and 500 µA constant current. Argon at 2 bar was used to fill the
sample vial such that argon and headspace vapours flowed into the plasma chip. A vacuum
pump drew gas through the discharge region via a length of fused silica capillary bonded
into the discharge channel. This capillary acted as a flow restrictor, the dimensions of
which were selected to maintain a flow rate of 160 µL·min-1.

Figure 1. Schematic of experimental setup.
4. RESULTS AND DISCUSSION

After ignition the discharge appeared stable and could be operated for long periods with
no adverse effects. Spectra were recorded using a 50 ms integration time and averaged
over 10 spectra. Figure 2 shows the full spectrum with many molecular bands due to TEP
vapour visible including CH, CN and C2. Atomic hydrogen could also be observed as was
OH indicating the presence of water in the discharge. Figures 3a and 3b show the bands
attributed to the PO molecular fragment in more detail, corresponding to bands assigned
according to [4], as listed in table 1. Based upon the 327.1 nm band, an approximate LOD
of 35 ppm was obtained for TEP. After operating with TEP vapour for some time, carbon
deposits were sometimes observed on the cathode wire. Burning the discharge in air was
usually sufficient to remove such deposits.
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Figure 2. Typical spectrum due to TEP showing various molecular bands. CH, CN, C2 and PO bands
are prominent. Atomic H is also visible. OH bands indicate the presence of water in the discharge
prior to TEP sample introduction.
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Figure 3. (a) Spectral region showing bands observed due to PO- system. (b) Spectral region
showing bands observed due to PO- system.

5. CONCLUSIONS
Glow discharge molecular emission spectroscopy of the organo-phosphate compound

TEP has been demonstrated. By using the highly characteristic emission bands of the PO
molecular fragment, highly specific determination of organo-phosphates is possible. Such
detection could prove useful in environmental monitoring and the detection of chemical
weapons. Given the low power, low argon flow rate and fast response time, this method
shows promise for portable and specific detection of organo-phosphates.
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OPTICAL PH AND OXYGEN SENSING FOR
MICRO-ARRAYED CELL CHIPS 

Masayasu Suzuki, Hiroaki Nakabayashi, Yong Jing and Masaru Honda 
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ABSTRACT
We are developing micro-well array chip which has a quarter million wells on one

chip, and diameter of each well is 10 m and only one cell can be occupied for each well.
In this paper, we prepared optical pH and oxygen sensors in each well for monitoring of
cell activity. Fluorescein isothiocyanate (FITC) and Tris(1,10-phenanthroline)ruthenium (II)
chloride (Ru complex) was used as pH and oxygen sensing indicators respectively.
Polydimethylsiloxane (PDMS) film which has 10 m diameter holes was put onto a slide
glass. Cell activity could be successfully detected by using this optical pH and oxygen
sensor array.

Keywords: pH, oxygen, cell chip, micro-array

INTRODUCTION
Monitoring of cell activity is necessary for the drug screening, toxicity assessment,

and so on. We are developing a micro-well array chip system for parallel monitoring of
single cell function. This micro-well array chip has a quarter million wells on one chip (ca.
20mm x 20mm), and diameter of each well is 10 m and only one cell can be occupied for
each well. Since most of cells incorporate sugars and oxygen, and produce organic acids
(such as lactic acid), pH and oxygen concentration are good indicators for cell activity. In
this study, we prepared optical pH and oxygen sensors in each well of the micro-well array
chip for monitoring of cell activity. Walt et al. [1] reported the micro-arrayed activity sensor
by using bundled optical fibers. Our present method is compatible with DNA chip
technologies and requires only a conventional fluorometric micro-arrayed scanner.

EXPERIMENTAL
Fluorescein isothiocyanate (FITC) was used as a pH sensing indicator[2]. Fluorescein

has five types of forms depending on pH. And only monoanion and dianion forms show
fluorescence. So, at higher pH, the rate of mono-and dianions is high, and higher
fluorescence can be observed.

FITC was covalently bound to the surface of the amine group introduced slide glass.
Polydimethylsiloxane(PDMS) film which has 10 m (Fig.1) or 30 m diameter holes were
prepared by using a silicon template(Fig.2), and then put onto the slide glass (DNA chip
grade). Fluorescence intensity of each well was measured by using a high resolution
micro-array scanner(the blue laser mode: ex. 473nm, em. 535nm; resolution: 2.5 m).

As an oxygen sensing indicator, Tris (1,10- phenanthroline) ruthenium(II) chloride
(Ru complex) was used[3]. This fluorophore is well-known that fluorescence intensity is
decreased by the existence of oxygen.

Ru complex was dissolved in 5% Nafion propanol solution. Then the solution was
developed onto the diamond like carbon (DLC) coated slide glass with SO3-groups. Finally,
PDMS well sheet was put on this slide glass. Further procedures were the same as pH
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Fig.1 SEM image of a PDMS sheet for Fig.2 SEM image of a Si template for 10 m
10 m micro-well array micro-well PDMS sheet

sensor array(the blue laser mode: ex. 473nm, em. 585nm; resolution: 2.5 m).
Mouse lymphocytes were prepared from the spleen of a Slc:ICR mouse.

RESULTSAND DISCUSSION
In order to prepare the micro optical pH sensor array, immobilization efficiency of

FITC was compared between several commercial amine group introduced slide glasses for
DNA arrays. From the standpoint of immobilization amount and uniformity, Gene slideTM
“amine” (Toyo Kohan Co.Ltd.) , which is DLC deposited slide glass , was selected as the
most suitable substrate for micro-arrayed pH sensors.

The pH responses of the micro optical pH sensor array were investigated by using a 2
mm diameter well array and 0.05M phosphate buffers. Fluorescence intensity obtained by
the micro array scanner was increased by the increase of pH between 6.5 and 8.0. Good
correlation was observed between pH and the total fluorescence intensity of each well
image. Fig.3 shows the pH calibration curve of a 30 m micro-arrayed pH sensor, which
obtained by averaging 900 spots’ fluorescence intensities. In the same way, fluorescence
image was observed by using a 10 m diameter well array. Higher fluorescence intensity
was obtained with pH8 buffer compared with pH6.5 buffer.

In order to prepare a micro-arrayed oxygen sensor, immobilization methods of Ru
complex were evaluated from the standpoints of immobilization amount, uniformity, and
stability. Ru complex-coated glass by using Nafion membrane and SO3-introduced DLC 
coated slide glass showed very strong and uniform fluorescence. And this sensor
membrane was also stable on the glass.

The oxygen response of a micro optical oxygen sensor array was investigated by
using O2-aerated water and a N2-aerated water. Fluorescence intensity was increased in
N2-aerated water. Fig.4 shows the fluorescence intensities of O2-aerated water and
N2-aerated water obtained with the 30 m micro-arrayed oxygen sensor by averaging 900
spots’ fluorescence intensities. In the same way, fluorescence image was observed by using
a 10 m diameter well array. Higher fluorescence intensity was obtained with N2-aerated
water compared with O2-aerated water.

Finally, cell activity was detected by using a micro optical pH or oxygen sensor array
and mouse lymphocytes. Fluorescence intensity was compared after 30 min incubation
with viable cells and dead cells (treated with ethanol). But no difference could be observed
between the wells filled with viable cells and dead cells. This result might be caused by the
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Fig.3 Calibration curve of the 30 m-well Fig.4 Responses of 30 m-well oxygen
pH sensor array sensor array

Intensity represents the total fluorescence Intensity represents the total fluorescence
intensity of each well (averaged value of intensity of each well (averaged value of
900 spots). 900 spots).

cell adsorption onto the bottom of wells, which may affect the characteristics of FITC.
Then cellulose acetate porous membrane was formed onto the FITC layer in order to

escape the direct attachment of cells to the sensor layer. Cellulose acetate solution (acetone/
cyclohexanone) was spin-coated on FITC layer. Micro-arrayed pH sensor coated with
cellulose acetate membrane showed approximately the same pH responses. Fluorescence
intensity was compared after 30 min incubation with live cells and dead cells by using the
30 m micro-arrayed pH sensor. The wells with live cells showed lower fluorescence
intensity (lower pH), and cell activity could be monitored with this micro optical pH sensor
array.

Respiration activity of mouse lymphocytes was monitored by using oxygen sensor
array chips. With 2mm well chips, pre-incubated cells (higher respiration activity) showed
higher fluorescence intensity (lower oxygen concentration). With 10 m well chips,
lymphocyte-existing spots showed higher fluorescence intensity.
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QUANTIFICATION OF MIXING IN PRESSURE-DRIVEN
MICROFLOWS USING Ca2+-SENSITIVE DYE
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1. INTRODUCTION
Estimating the mixedness of two streams using epifluorescence imaging of passive dyes
such as fluorescein is prone to error, due to relatively poor imaging resolution in the out-of-
plane direction. As shown Fig. 1(a), if a microchannel is filled with two unmixed lamina of
dye solution and buffer stacked on top of each other, the epifluorescence image appears
(erroneously) to be one of uniformly mixed dye and buffer and dye. Thus passive dye
always overestimates the mixedness of two streams [1]. This can be overcome by using
confocal microscopy or short working-distance, high NA, and high magnification
objectives, this can either be cost prohibitive or experimentally inconvenient [2]. Recent
works in our lab [4] and other lab [1] have attempted to solve this problem using pH
sensitive dyes, relying on mixing two streams of different pH. However, the buffering
reaction results in a nearly binary signal, requiring multiple experiments per flow condition
to get complete mixing characterization. Here we present a method using Ca2+-sensitive
dye (Fluo-5N). Several previous papers have used this method qualitatively, but here we
quantify the accuracy of the method.

2. EXPERIMENT
The concentration of equidiffusive elements (i) in two fluid streams (A and B) can be
deduced from the mixture fraction )/()( iBiAiBi cccc −−=ξ [3, 4]. Fig 1b shows an ideal
“tent map” response wherein the signal obtained is directly proportional to the product of a
one-step, irreversible, infinitely fast chemical reaction with 1:1 stoichiometry. Since the
only signal comes from fully mixed fluid, there is no overestimation of the amount of
mixed fluid; indeed, it becomes advantageous to use lower magnification, large depth-of-
focus objectives. Calcium indicators such as Fluo-3, Fluo-4, and Fluo-5 do exactly this:
they fluoresce only when it reacts with its target analyte, Ca2+. Thus the product (dye bound
to Ca2+) is easily visualized and estimated by measuring the response signal when dye is
present in one stream, and Ca2+ ions are present in the other. The only disadvantage is that
these dyes are typically highly charged and therefore their usefulness as a mixing diagnostic
is limited to pressure-driven flows.

Fluorescence response of Fluo-5N/Ca2+ solution as a function of ξ (obtained by
using an Aminco-Bowman AB2 spectrofluorometer) are shown in Fig 1b. Numerous other
dyes were tried, including Fluo-4, but these were very sensitive to small amounts of so-
called “opportunistic” Ca2+ contamination from the environment and repeatability was poor.
Fluo-5N on the other hand, has a relatively low binding constant so that small Ca2+

concentrations present no problem; one simply needs to use higher [Ca2+] in the second
solution to obtain adequate signal.
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Fig. 1 (a) A simple cartoon illustrates why epifluorescent imaging of passive dye
overestimates mixing: both unmixed (left) and mixed cases (right) yield the same signal if

the focal depth contains the entire volume shown. (b) Fluorescence response curves of
10µM Fluo-5N solution and 10µM CaCl2 solution. initialCaproductCa ]/[])[]([ 22 ++ +=ξ

3. MODELING
In order to quantify the accuracy of the chemical system to quantify mixing in a
microfluidic channel, it is required for experimental quantification results to be compared
with the analytical solutions. In this study, the simple Y-shaped channel is employed for the
purpose, because the explicit analytical solution of mixing process in the channel is easily
derived. Using dimensionless quantities defined as

h
z

w
y

wPe
x === ζηχ ,, ,

D
wU

Pe m= and

letting hwR /= be the aspect ratio, the dimensionless transport equation for the average
mixture fraction ξ (integrated through the ζ direction) can be reduced to (derivation not
shown for brevity):
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The equation is only an approximation since it ignores transport effects due to the
nonuniform velocity profile. However, its solution is easily obtained for the confined
channel using a Fourier expansion, or it can be closely approximated by an error function
solution if the boundaries in the η direction are far away from the interdiffusing zone.

4. RESULTS
We compare passive and reactive dye imaging methods in a Y-shaped PDMS channel as
shown Fig. 2 and simulate what would happen if the flowfield were being viewed from
above, that is, when line-of-sight integrating in the y-direction. In the case of the passive
dye solution, the signal is always around 50% (indicating fully mixed) at all values of x, so
relative error (Mixedness Measured/Actual Mixedness – 1) is actually infinite (admittedly
an artifact of the definition of relative error) at x = 0. In contrast, when using the reacting
dye scheme, the error is at <30% as shown Fig. 3.

5. CONCLUSIONS
Quantifying mixing by measuring fluorescence upon mixing of Fluo-5N solution with Ca2+

solution has significant advantages over using passive dye. The maximum overestimation
of mixing is ~30% using this method, compared to the theoretical possibility of an infinite 
overestimation using passive dye.
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Fig. 2 (a) Y-channel geometry (depth 58µm, width 1000µm, U=260µm/s) (b) Passive-dye
mixing image (A = 20µM fluorescein in 1mM MOPS, B = 1mM MOPS). (c) Mixing image

using A = 10µM Fluo-5N, B = 10µM CaCl2. (d) Intensity profile across channel using
passive-dye mixing. (e) The intensity profile using calcium indicator (Fluo-5N) mixing.

Fig. 3 (a) Analytical error estimate of mixing measurement if line-of-sight integration were
performed in the y-direction of Fig 2, comparing the two methods. (b) Mixing extent along
normalized axial distance (c) Relative error using 10µM Fluo5N solution, compared with

analytical solution. PeFluorescein=308.87 and PeFluo5N=376.59. Result is not expected to agree
exactly very close to x/W = 0 due to assumptions in the analytical model.
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THERMAL LENS SIGNAL ENHANCEMENT
BY UTILIZING TWO EXCITATION LASER PULSES
Akihide Hibara1,2,3 , Kazuma Mawatari2,3 and Takehiko Kitamori1,2,3

1Department of Applied Chemistry, School of Engneering, University of Tokyo, Japan,
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ABSTRACT
This paper reports a novel thermal lens microscope utilizing two laser pulses for

excitation in order to enhance thermal lens signal via repetitive excitation-relaxation by the
second pulse. The two-color excitation thermal lens microscope (TCE-TLM) system
showed 80-times higher signal than a single-beam excitation TLM. By controlling duration
between the two excitation pulses, TCE-TLM can measure non-radiative lifetime of
photoexcited triplet state. The lifetime measurement can be applied to qualitative analysis, 
which cannot be realized in normal TLM.

Keywords: Thermal lens microscope, trace analysis, transient absorption, laser
spectroscopy

1. INTRODUCTION
In microfluidic systems, optical detection method is useful for in situ analysis and

process monitoring. Generally, highly sensitive detection technology is indispensable
because optical path length in the system is very short. A laser-induced fluorescence (LIF)
method is frequently used because of its high sensitivity, but LIF method can be applied
only to fluorescent species. We have investigated a thermal lens (TLM) microscope as a
highly sensitive optical detection method [1]. Since TLM measures thermal energy
generated via non-radiative relaxation after photo-absorption and almost all chemical
species has sufficient non-radiative quantum yield, TLM has wide applicability.

2. THEORY AND EXPERIMENTAL
Although TLM has 100- or 1000-times higher sensitivity than that of normal light 

absorption method, single molecule detection has not been achieved by TLM. In addition,
conventional TLM has less selectivity because TLM measures thermal energy induced by
excitation laser having a constant wavelength. In this paper, in order to improve the
sensitivity and selectivity of TLM, signal enhancement utilizing two laser pulses for
excitation has been investigated.

Figure 1 illustrates principle of TCE-TLM. In normal TLM, the relaxation process costs
at least several nanoseconds and repetitive excitation is limited by this lifetime of the 
excited state. When the molecule has intersystem crossing path to excited triplet state, the
lifetime becomes longer and repetitive excitation becomes more difficult. Contrastively,
higher excited state has very short lifetime (fs to ps) and repetitive excitation between the
lowest and higher excited states can be induced by the second pulse. Thermal energy
released from this repetitive excitation enhances TLM signal. Figure 2 shows experimental
setup of TCE-TLM. Two excitation laser emitted 10-ns-duration pulses having wavelength
of 355 nm and 532 nm. The time delay between the two pulses was controlled by a delay-
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generator. A continuous-wave probe laser having a wavelength of 633 nm was coaxially
aligned with the excitation pulses and introduced to the objective lens. Ethanol solution of
1,4-bis(5-phenyl-2-oxazolyl) benzene (POPOP) was used as standard sample.

Figure 1 Principle of two-color excitation thermal lens microscope (TCE-TLM). The 1st pulse
excites a target molecule to excited state and the 2nd pulse is absorbed by the lowest triplet
state (T1). Since the relaxation from Tn to T1 is very fast (~ps), the 2nd pulse having a 10-
ns-width can repetitive excitation and relaxation to emit much thermal energy. By
controlling the delay time between two pulses, the life time of T1 can be measured very
sensitively.

Figure 2 Experimental setup of TCE-TLM system.

3. RESULTS AND DISCUSSION
Figure 3 shows TLM signals excited by only 355-nm-pulse, only 532-nm-pulse, and

355-nm-and-532-nm-pulses. In case of 355-nm-and-532-nm pulses, the signal enhanced
and 80-times enhancement was observed. Figure 4 shows TCE-TLM signal dependence on
the two-pulse delay. The decay curve corresponded to the lifetime of the lowest excited 
triplet state of POPOP.
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Figure 3 TLM signals excited by 355-nm-and-532-nm-pulses, 355-nm-pulse, and 532-nm-pulse.
Sample is 10-4 M ethanol solution of POPOP. Maximum enhancement factor by the 2nd
pulse of 80 was observed.

Figure 4 TCE-TLM signal dependence on the two-pulse delay. By utilizing the two-color excitation
principle, highly sensitive TLM can be applied to qualitative analysis of target molecules
while conventional TLM may realize only quantitative analysis.

4. CONCLUSIONS
In this paper, signal enhancement and lifetime measurement utilizing a novel TCE-TLM

system have been demonstrated. TCE-TLM system will be applied to single molecule
detection of non-fluorescent molecules and process monitoring of organic synthesis, where
reaction may perturb the triplet state lifetime.
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SCANNING MICRO ELECTRODES FOR BIOLOGICAL
CELL IMPEDANCE MEASUREMENT 

Y. Tao1, R. J. Fasching1, F. B. Prinz1,2
1Rapid Prototyping Laboratory, Mechanical Engineering Department, Stanford University

2Material Science and Engineering Department, Stanford University

ABSTRACT
It has been reported that scanning electrochemical probes can be used for scanning
electrochemical microscopy (SECM) and atomic force microscopy (AFM) simultaneously
so both topological and electrical information can be obtained after scanning over the
sample surface [1][2][3]. This is a particularly useful tool for biological sample
measurement in vivo. Thus, a platform of individual cell measurement has been designed
and implemented with the combination of micro-fabricated electrodes, a confocal
microscope, high-precision manipulators and a electrochemistry analytical system. Various
mechanical and electrical properties can be measured with this system applied in aqueous
environment with very localized sensing.

KEYWORDS electrochemical impedance nano-probe scanning

INTRODUCTION
The SECM is one typical application of scanned probe microscopy (SPM) methodology.
Similar to scanning tunneling and atomic force microscopes, it operates by scanning a small
probe tip over the surface to be imaged. In SECM, imaging occurs in an electrolyte solution
with an electrochemically active tip. In most cases, the SECM tip is an ultramicroelectrode
(UME) and the tip signal is a Faradaic current from electrolysis of solution species. Some
SECM experiments use an ion-selective electrode (ISE) as the tip. Two features distinguish
SECM from related methods such as electrochemical STM or AFM: the chemical
sensitivity of the SECM tip and the use of solution phase ions or molecules as the imaging
signal. Recently, there has been an increasingly active research focus to develop
micrometer size electrochemically active probes for localized measurements. [4][5][6][7][8]

PROBE DEVELOPMENT

A dedicated scanning probe system is composed of a mechanical deflection structure
necessary for the AFM scanning and an electrochemical UME tip required for a high
performance SECM (Figure 1 A). Given the advances in microfabrication technology, we 
have been able to design and fabricate extremely small high-aspect-ratio probes with
electrode area less than 0.5 m2[9][10]. The probe array is also possible for multiple
electrochemical measurement points. The high-aspect ratio (20:1) silicon (HARS) tips are
shaped combining isotropic etching and an anisotropic Deep-RIE-silicon etching process, a
thin layer of silicon nitride is then deposited, which embeds the silicon tips in a silicon
nitride layer. Thus, the embedded silicon tips with a diameter less than 500 nm, the top
radius is less than 20 nm, and the aspect ratio as high as 20 can be achieved. A metal layer
and another insulator layer are deposited on these tip structures to make each probe
selectively conductive. Finally, cantilever structures are shaped and released by etching the
silicon substrate from the backside.
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Here we would like to report some improvements of the UME fabrication and present the
latest results. These improvements make the electrodes more sensitive, more robust, and
easier to fabricate. Three aspects we emphasize here have been improved significantly: 1.
minimize electrode geometry for better cell accessibility; 2. Minimize the Si3Ni4 cantilever
thickness for high mechanical deflection sensitivity; 3. Increase electrode density for more
measurement points. Figure 1 B and C show the improved scanning probes. Their
electrochemical function validation and experimental results with cells are reported later in
this article.

EC-UM-Electrode

Si3N4 CantileverSi Tip

Insulated Metal Wire

Si-Substrate

Figure 1: A) A schematic of the proposed UME structure. The HARS probe is embedded in a thin cantilever. The
electrochemically active electrode is exposed at the top of the tip and the entire electrical signal pathway is
protected with two insulation layers. B) SEM image of the probe array embedded in Si3Ni4 cantilever with
thickness less than 500 nm. C) A close-up of the Si tip array with high aspect ratio (20:1) tip and tip top radius less
than 20 nm. The probes (exposed on the top) are individually connected for parallel data recording.

CELL MEASUREMENT PLATFORM DEVELOPMENT
Based on the scanning electrodes, we developed a single cell analysis platform that gives
experimental access and control over the electrochemical behavior inside the cells in
aqueous environment. An electrochemical electrode system has to be inserted inside a cell 
in order to directly measure localized electrical properties of certain organelles.

Electrolyte Drop

Pt-Counter Electrode

Ag/AgCl Electrode
In glass pipette

Scanning probe

Cell

Figure 2: Concept of a single cell analysis platform with three main components for investigation of electron
transfer reactions: 1. Micro-fabricated electrochemical electrode system with high-precision manipulation unit, 2.
Single cell immobilization using patch clamping technique, 3. Optical visualization using confocal microscopy.

The concept of the analysis platform with its three basic components is shown in Figure 2.
The sensing elements are a micro-fabricated electrochemical electrode system. These 
probes are mechanically connected to a micromanipulation stage and electrically interfaced
to highly sensitive signal amplifiers for low-level signal processing on a printed circuit
board (PCB). The function of the second component is to mechanically immobilize the 
single cell during the time the electrode system is interrogating the cell. Reliable
immobilization of single cells is critical to obtain reproducible signals. Here we introduce
the patch clamp technique which consists of a glass-pulled pipette with pressure gradient

A B

C

C
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for cell immobilization. Other techniques including planar patch clamp and hydrogel
mixture will be introduced in another article due to the space limit here. The last component
is high-resolution optical visualization of the sensors and cells through microscopy. This
was achieved using an inverted fluorescence confocal microscope in combination with an
optical transparent cell substrate. With 100 times magnification objective and fluorescent
imagine, we can resolve individual organelles during the measurement. The counter and
reference electrode wires are placed in the cell medium to complete the electrochemical
reaction pair. The entire electrical measurement is carried out in an mechanically and
electrically isolated environment to minimize the external noise. This is crucial in order to
detect extremely small signals from cells (in pico-ampere level).

EXPERIMENTAL RESULTS AND DISCUSSIONS
Electrochemical characterization results show electrochemical functionality of the nano-
probe transducer system. AFM testing demonstrates high resolution of the probe
particularly in high contrast topography that requires high aspect ratio tips (Figure 3).

Figure 3: Nano-probe characterization. A) Cyclic voltammograms of tip probe with a platinum UME in 0.1 M
Phosphate buffer electrolyte and in a 0.01M Ru(NH3)6Cl3 and 0.1M KCl solution. The potential is related to a 0.1
M KCl Ag/AgCl-Reference electrode, Potential sweep rate was 10 mV/s. B) Cyclic voltammograms of tip probe
with a Ag/AgCl UME in 0.1M KCl solution. C) AFM image of a chlamydonomas reinhardtii cell embedded in
hydrogel including the topological image of the cell with a diameter of about 10 µm and height about 2 µm (left)
and the deflection image along the scanning profile (right), fine features on the cell membrane surface are able to
be resolved.

After the complete characterization of the nano-probes, we are able to measure the real cell 
electrical properties. Here we report the impedance measurement across the cell membrane.
This is particularly attractive when measuring small cells (diameter less than 10 µm) or
cells with fragile membranes that conventional techniques such as patch clamping become
difficult. The experiment was to demonstrate the impedance between two electrodes (one
outside the cell and one inside the cell-microelectrode). Figure 4 shows the impedance
Nyquist plot and the difference of two values represents the cell membrane impedance.
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Figure 4: Nyquist plot showing the change of impedance after cell penetration (mouse fibroblast cell). Line 2 was
obtained before the penetration, and line 1 was after the penetration. The difference of the impedance represents
the cell membrane impedance.

The dominant impedance comes from the electrode itself due to the small electrode area.
However, one can still differentiate between the two measurements and estimate the
impedance of the cell membrane. A significant portion of effort was devoted to optimize
the entire measurement system including reducing external noises, minimizing probe
impedance, improving impedance analyzer’s sensitivity and stability.

In summary, we have been able to use the nanoelectrodes to measure individual cell’s
impedance and scan the cell to get topological information. The key of in vivo
measurements is to stably fix the cell and position the probes relative to the cell. Extremely
sensitive impedance measurement equipment has been adopted and the noise has been
minimized. Measurement results agree with values from literature and previous work. This
powerful single cell test platform will begin to render biological cell behavior insights as
we investigate other electrical or electrochemical measurements.
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ABSTRACT
In this paper, we developed a micro Coulter counter chip that was able to measure a wide-

range of particle size distribution. Sample channel was divided into two channels, and each
channel had a filter and a couple of electrode (aperture size of 50 µm or 10 µm) to be
optimized for detection of a specific range of particles. By utilizing the novel micro Coulter
counter chip, we could analyze a wide range of particle size distribution (0.8 to 15 µm in
diameter). We illustrated the details of the microchip and device structure.

Keywords: Particle, Coulter counter, Particles classifier, Multichannel

1. INTRODUCTION
Suspended particulates have been recognized to have significant influences on human

bodies such as allergy and cancer (especially micro- to nano-scale particles). Then, the
target of this research is a development of a simple and speedy measurement device of
particle size distributions. As one of the methods, a Coulter counter method is promising for
detection of both particle sizes and the amounts.[1][2] Previously, we reported a micro
Coulter counter chip and achieved to improve the measurement accuracy of diameter of the
particle by three dimensional sheath flow Coulter counter chip. However, the particle
measurement range was still narrow. For instance when aperture size of f80 µm was used,
the particle measurement range was from 4 µm to 20 µm in diameter. It is necessary to
measure the particle of 20 µm from 0.1 µm at least. In this paper, we developed a Coulter
counter chip with wide particle measurement range by multichannel Coulter counter. Each
channel was optimized according to the measured particle size.
2. DEVICESTRUCTUER
The picture of the developed microchip is shown in Figure 1. The chip size was 10 mm×10

mmmade from Si and glass. The microchannel (500 µm wide ×50 µm deep) and filters was
fabricated on the Si side by Si dryetching prosecce and the electrodes on the glass side by
Pt spattering and liftoff prosecce, and anodicbonded Si and glass. The sample was dvided
into two channels. One was introduced into a channel with a flter of 50 µm size and an
aperture size of 50 µm, the other was introduced into a channel with a flter of 50 µm size and
an aperture size of 10 µm. The filters were formed according to each aperture size. Particle
sizes of 10 µm~50 µm were measured by the counter of aperture size of 50 µm(this counter is
called as large particle sensor). Particle sizes of less than 10 µm were measured by the
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counter of aperture size of 10 µm (this counter is called as small particle sensor). The unit
photograph and pattern diagram is shown in Figure 2. This unit enabled the batch
connection of electricity and the liquid. And the chip was mounted on the unit. After electric
wirings and piping were connected with this unit, an electric measurement and solution
sending were done.

3. EXPERIMENTAL
Samples were polystyrene latex beads mixed with a solution of 0.9% NaCl. Diameter of

these beads were 0.8, 1, 2, 4, 5, 8, 12 and 15µm. The sample was driven at a flow rate of
20µl/min with a syringe pump. The not measured channel was stopped flow, and only the
measured channel was flowed using valves. It was measured for one minute. The particle
size distribution was displayed after the output data collection and the signal processing.
4. RESULTS ANDDISCUSSION
Diameter of the particle and the output voltage have the relation by

2
0 AVpR =δ (1)

where δR is resistance change, p0 is electric conductivity of the solution, V is volume of the
particle and A is cross-section area of the aperture. The output voltage is proportion to the

Figure 1. A picture of the two channels coulter count chip.

Inlet

Electrodes

Filters

Sample

Outlet

Large particle sensor

Small particle sensor

Aperture

Figure 2. A photograph and pattern diagram of the unit.

Liquid connection

Chip
(Inside of the unit)

Chip size: 10×10×0.7(mm)

Unit size: 27.8×37.8×5.6(mm)

Electro connection
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volume of the particle, therefore proportional to the third power of diameter of the particle.
Figure 3 shows the experiment result of the relationship between diameters of the particle
and the output voltage. Good agreement was obtained, and basic principle for particle size
distribution measurement was verified.
Figure 4 shows the particle size distribution calculated from the measurement result.

Clearly, the peakes could be separated each other, and the accuracy of the particle size
measurement was about 15 %. Particles with diameter of 5 µm or larger in diameter were
measured by using aperture of 50 µmin width?, and those of 4 µm or less were measured by
using aperture of 10 µm. The measurement range was from about f0.8µm to f15µm using
this chip.

5. CONCLUSIONS
We developed a micro Coulter counter chip that was able to measure a wide-range of

particle size distribution. Integrated particles classifier was integrated on the microchip with
Coulter counters by dividing the sample channel to two channels.. The measurement range
was achieved from about 0.8µm to 15µm in diameter by optimizing the aperture sizes of each
channel. The more wide range measurement can be achieved by making the sensors a
multichannel more.
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METAL EMITTER INCORPORATING CE AND ESI-MS
INTERFACE FOR PEPTIDE AND PROTEIN ANALYSIS

Min-Su Kim1, Hwang-soo Joo2, Byung-Gee Kim2 and Yong-Kweon Kim1

1School of Electrical Engineering and Computer Science,
2School of Chemical Engineering and Institute of Molecular Biology and Genetics,

Seoul National University, Korea

ABSTRACT
This paper reports an improved method for integrating an electrospray interface to a mass

spectrometer with a capillary electrophoresis channel. We have fabricated a new ESI-MS
device composed of the metal emitter tip, allowing the generation of an efficient nanospray
for protein detection, and CE separation channel monolithically in a glass microchip. This
paper shows a complete set of experimental results on combining electrophoretic separation
with this electrospray device. The spraying stability performance was evaluated by infusing
the buffer solution, CE and ESI-MS experiment was performed by separating and spraying
standard peptide mixture.
Keywords: microfluidic device, electrospray ionization, mass spectrometry, capillary
electrophoresis

1. INTRODUCTION
Miniaturized total analytical schemes have been applied in the area of proteomics protein

profiling technologies over the past few years. As a result, new tools are essential for MS
analysis and especially MS analysis based on electrospray ionization (ESI). A chip-based
capillary electrophoresis/mass spectrometry (CE/MS) system has advantages of the CE
separation and on-line electrospray MS detection of peptide solution. Several groups have
been explored to make a chip-based CE/ESI-MS interface [1, 2]. In the conventional
methods, the interface based on a microfluidic device is coupled to capillary sprayer in
electrospray or nanoelectrospray mode. However, all the systems require a gold conducting
coating of the tip which may lead to deterioration of the spray stability due to the poor
adhesion of the metallic layer.

In this work, a new microfluidic device with integrated metal emitter, allowing the
generation of an efficient nanospray for peptide detection, incorporating CE and ESI-MS
interface in a glass microchip is described. The sensitivity and analytical characteristics of
proposed interface were investigated, and an analysis of a standard peptide mixture by
CE/ESI-MS was performed.

2. EXPERIMENTAL
The separation channel and metal emitter tip are fabricated using a glass wet etching and
gold electro plating process, respectively. We reported its fabrication process at the previous
Micro TAS conference [3]. Figure 1 shows the fabrication process of the proposed device. A
test sample is a peptide mixture of Bradykinin 1-5, Bradykinin 1-8, and Angiotensin I
purchased from Sigma (St. Louis, US). ESI-MS was performed in the positive-ion mode
using an LCQ Deca ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA)
equipped with a syringe pump. The sample was introduced via syringe pump at the flow
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rate of 0.5 l/min and the high voltage was supplied at the inlet and emitter, through an
embedded microelectrode (Figure 2).

Au emitter by
electroplating

isotropic micro
channel

Figure 3. Scanning electron micrograph
of the emitter structure

Figure 2. Experimental CE/MS setup with
the electrospray device

45

Metal emitter

MS

High voltage (1.7 kV)
PDMS substrate

Glass substrate

16

HV voltage power
supply (4.0 kV)

The ESI emitter has been cha icroscopy in figure 3.
Needlelike structures provide the ideal geometry for an spray emitter. A sharp tip has
much less surface area ulate, and excess liquid is readily removed by
electric field gradient. This characteristic contributes simultaneously to the onset of the
spray as well as to its stability.

The spraying erformance was evaluated the buffer solution of
sodium 10mM, pH 8.3) and acetonitrile 5%(v/ gure 4 shows the
long-term stability of the to current for a 20-min continuous infusion MS run with an
acquisition speed of 0.6 spectrum/s. The scan range of the mass-to-charge ratio (m/z) was
fro with
2.9 same
nano similar acquisition param

Glass wet etch for channel

Amorphous silicon deposition Glass wet etch for emitter

Amorphous silicon patterning #1

Emitter release by glass wet etch

Au electroplating

Bonding with PDMS plateAmorphous silicon patterning #2

Figure 1. Fabrication process of the micro emitter with the microfluidic channel

3. RESULTS AND DISCUSSION
racterized by scanning electron m
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eters. The proposed nanoelectrospray
source disperses the liquid sample purely by electrostatic means, and no assist such as 
sheath flow or nebulizing gas is used. Nevertheless, it is a very stable source which has high
tolerance.

The fabricated micro electrospray chip was tested by separating and spraying standard
peptide mixture with run buffer, 10 mM ammonium acetate of pH 8.3. The voltages applied
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on the sample inlet reservoir and
emitter structure were 4.0 and 1.7 kV,
respectively. The electric field
strength applied to the separation
channel during the separation
process was approximately 700
V/cm. Singly-charged peaks and
doubly-charged peaks of each

Figure 5. M spectrum of peptide mixture
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ABSTRACT
In this study, a microfluidic device, fabricated in PDMS, with an integrated sheathless
electrospray emitter tip is described. A sample pre-treatment function was also added into 
the device, allowing neuropeptides in Ringer’s salt solution to be desalted prior to mass
spectrometric analyzation. The device was fabricated casting two PDMS substrates from a
SU-8 master and subsequently irreversibly bonding them together using corona discharge
treatment. The device showed excellent durability and the peptide sample could be analyzed
without any traces of salts.

Keywords: electrospray ionization, mass spectrometry, PDMS, sample desalting

1. INTRODUCTION
The powerful analytical ESI-MS tool has made it possible to detect limited sample 
amounts with high accuracy and sensitivity. However, most biological peptide and protein 
samples often contain salts, which is not compatible with ESI-MS1.
The PDMS microchip developed by Dahlin and co-workers2 showed a straightforward
technique for coating a PDMS tip with conductive material in order to establish sheathless
ESI. Using some unpolymerized PDMS as glue for the conductive graphite layer was
proven to provide excellent durability.
In this work, sheathless ESI is accomplished from a PDMS device with the emitter coated
with graphite particles. The channel within the device includes a grid structure used for
trapping of hypercrosslinked polystyrene beads. These were further used as SPE-medium
for desalting of the sample prior to MS detection. The PDMS device was casted as two
separate substrates from a SU-8 master and subsequently bonded together using corona
discharge treatment. 
 
2. EXPERIMENTAL
The SU-8 master, used as casting mould for the PDMS substrates, was made in a two layer
lithographic process on a 4” silicon wafer.
The PDMS polymer and curing agent was mixed in a 10:1 ratio (w:w) and degassed before
poured over the master structure. A small piece of transparency film was lowered into the
PDMS mixture onto the thicker emitter tip features of the SU-8 structures in order to create 
an almost 3D emitter tip. The substrates were allowed to cure for 1 h and carefully peeled
off from the master and transparency film before corona treatment, alignment and bonding.
Coating of the emitter tip was performed with some unpolymerized PDMS as glue. The
final device is seen in Figure 1.
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The polystyrene desalting beads (diameter 5 µm, approximate surface area 900 m2 g-1) were
introduced in front of the grid structure by applying a pressure on a vial with the feed
capillary in. The desalting and detection of sample was completed in a three-step
experiment using a 3-way switch in front of the MS. First a standard peptide sample solution
(Sigma, St. Louis, USA) in Ringer’s buffer was loaded onto the beads for a defined time and
concentration. Washing solution (10 mM acetic acid) was then run through the system for 3
min to remove all salts. As the third eluting step was conducted, using eluting buffer 50:50
(v/v) acetonitrile: 10 mM acetic acid, the ESI voltage was switched on and data was
collected. The flow rate was held at 0.7 µL min-1 during the whole process.

Figure 1. The ESI-MS device including sample-desalting on-chip. Feed capillary can be seen at the
back of the device, graphite coating on the emitter at the outlet.

3. RESULTS AND DISCUSSION
Electrospray was easily obtained from the emitter, the well-defined spray emerging from a
Taylor cone is depicted in Figure 2. Longtime investigations of the coating and bonding
showed excellent durability where electrospray could be obtained for over 800 hours.

Figure 2. Microscopic picture of the electrospray, obtained using buffer solution (50:50 acetonitrile:
10 mM acetic acid), flow rate 0.7 µL min-1 and applied ESI voltage of -5 kV.

A 10 ng mL-1 sample of standard peptides dissolved in Ringer’s solution was loaded onto
the particle bed for 15 minutes resulting in approximately 0.45 ng of each peptide. Salts
were then efficiently washed away with 10 mM acetic acid. The MS was not in operating
mode until the eluting step, in order not to contaminate the apparatus. Spray buffer, 50:50



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1503

(v/v) acetonitrile: 10 mM acetic acid, was used to elute the analytes but also to enable 
electrospray. A mass spectrum of a desalted sample can be seen in Figure 3, significant
peaks with no salt-clusters can be seen.

Figure 3. Mass spectra obtained after on-chip desalting of standard peptides in Ringer’s solution.
Peaks from left to right correspond to Angiotensin II (1046.2 Da), Bradykinin (1060.2 Da),
[Arg8]Vasopressin (1084.2Da), Leucine-Enkephalin (555.6 Da), Neurotensin (1672.9 Da) and

Methionine-Enkephalin (573.7 Da).

4. CONCLUSIONS
A microfluidic device in PDMS for sample desalting with an integrated ESI-emitter,

replicated from a SU-8 fabricated silicon wafer, has been fabricated and evaluated. Both the
graphite coating as well as the bonding showed excellent durability. Electrospray was easily 
obtained from the emitter and desalting of sample could be performed without any detected
salts.
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ABSTRACT

We have microfabricated a continuous-flow, high-bandwidth Coulter counter that uses

a radiofrequency (RF) probe to measure RF reflectance from biological cells in the

microfluidic channel. This scheme eliminates the trade-off between detection sensitivity

and throughput, which exists in previous approaches. Using this technique, we have

demonstrated the fastest microfluidic cytometer reported to date, which operates at 240

MHz and has intrinsic detection rates near 10 MHz. We also present real-time detection

data on human breast tumor cells.

Keywords: Coulter counter, cell impedance, cytometer, MEMS

1. INTRODUCTION

The Coulter counter
1
is an essential tool in hematology and oncology, where the size

and concentrations of blood and tumor cells are analyzed in real time by the measurement

of impedance changes across a narrow constriction. The miniaturization of the Coulter

counter and its integration into inexpensive, disposable microfluidic systems presents a path

to eliminate sample cross contamination. Previous approaches to microfabricated Coulter

counters faced a major limitation, in that the high throughput (number of cells measured per

second) is achieved at the cost of measurement frequency and sensitivity
2-5
: The high

electrical impedance of the microfluidic channel filled with ionic solution, combined with

the parasitic capacitance that shunts detection current, severely degrades the detection

sensitivity at high frequencies, thereby limiting the detection rates and measurement

bandwidth. On the other hand, the ionic double-layer capacitance on electrodes hinders the

sensing of small resistance changes at low frequencies
4
. In order to address this problem,

we implement a novel radiofrequency (RF) detection technique
6
through which we extend

the measurement frequency beyond 240 MHz, far above previous reports
2-5
, without

sacrificing sensitivity.

2. EXPERIMENTS AND RESULTS

An RF resonance detection scheme
6
was employed to monitor the RF reflection from

the microfluidic device as a function of time and fluid content. A cell entering the detection

region reflects a higher fraction of the incident RF power than the ionic medium, which is

subsequently sensed by a tuned RF receiver. Using this technique, we can significantly

reduce the impact of the parasitic capacitance, and thus extend the detection bandwidth

without compromising the sensitivity.
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Figure 1: (a) Micromachined RF cytometer. Ti-Au coplanar waveguide carries RF signals

in and out of the detection region. (b) Top-down view of the 50!50 µm2 channel and the

detection region. Human breast tumor cells (ZR-75-1; 10 µm) are shown in the channel.

Figure 1 shows the micromachined cytometer with fluidic and electrical outlets. A

sub-miniature coaxial connector carries RF signals to a Ti-Au coplanar waveguide

patterned on a glass substrate. A fluidic channel with a 50!50 µm
2
cross-section is defined

by PDMS molding
7
. The gap between the center electrode and two adjacent ground

electrodes defines the active sensing region, which is approximately 50 µm wide and 60 µm

long with 20 µm of separation between the electrodes.

The reflectance signal (S11) from a mixture of 5 µm and 15 µm polystyrene beads in

the 50!50 µm
2
channel filled with PBS was measured (Figure 2). In this experiment, the

input signal was at 237.7 MHz and the buffer conductivity was "=1.4 S/m with 0.168 g/mL

sucrose. The data demonstrates the ability to perform size analysis based on signal

amplitudes; signals from 5µm and 15µm beads are clearly distinguishable, and were

confirmed by simultaneous optical monitoring.

Real-time detection of human breast tumor cells (ZR-75-1) in PBS flowing at 20

µL/hr was measured (Figure 3). Residual variations in reflectance correspond to aggregates

of multiple tumor cells. Due to the high sensitivity of our device, the use of narrow

constriction was not necessary which helped to reduce clogging and high pressures in the

channel.

Figure 3: Reflectance measurement from

breast tumor cells (ZR-75-1) in a PBS

buffer.

(a) Planar waveguide

PDMS

Tumor cells

Input signal
@242.5 MHz

Input signal

@237.7 MHz

Figure 2: Real-time reflectance measurement

from polystyrene beads in a PBS buffer with

0.168g/mL sucrose.

(b)

15 µm beads

5 µm beads
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A high-resolution velocity measurement of 15 µm polystyrene beads was performed

(Figure 4). Two distinct peaks were observed as the bead crosses the two detection regions

formed by the center and the adjacent ground electrodes (40 µm peak-to-peak separation).

The velocity of the bead was determined by measuring the time to traverse 40 µm

separation. At flow rates of 10 µL/hr and 30 µL/hr, the velocity of the bead was determined

to be of 2.96 mm/s and 6.54 mm/s, respectively. The discrepancy from the theoretical

maximum velocity is due to the uncertainty in the bead position within the channel.

Figure 4: High-resolution transit-time measurements for 15 µm polystyrene beads. Two

distinct peaks are observed as the bead crosses the twin detection regions between the

signal and the adjacent ground electrodes (40 µm peak-to-peak distance).

In conclusion, we demonstrate a high-throughput microfabricated Coulter counter that

operates above 240 MHz, has intrinsic detection rates reaching 10 MHz. The device was

used to demonstrate the detection of human breast tumor cells in a 50!50 µm
2

microchannel.

REFERENCES

[1] W.H. Coulter, Proc. Natl. Electron Conf. 12, p.1034 (1956).

[2] U.D. Larsen et al., Proc. Transducers (1997).

[3] C.K. Fuller et al., Micro TAS (2000).

[4] L.L. Sohn et al., PNAS 97, 10678 (2000).

[5] S. Gawad et al., Lab on a Chip 1, 76 (2001).

[6] D.K. Wood et al., submitted for publication (2005).

[7] Y.N. Xia, G.M. Whitesides, Angew. Chem. Int. Ed. Engl. (1998).

Two identical
detection regions

Flow rate
10 µµL/hr

Flow rate
30 µµL/hr
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ABSTRACT
This paper reports an investigation of the surface plasmon resonance (SPR) signal

amplification potential of custom synthesized 40 nm gold nanocages with localized surface
plasmon resonance (LSPR) in the near-infrared (NIR).

Keywords: signal amplification, surface plasmon resonance imaging

1. INTRODUCTION
There have been numerous studies on the amplification potential of metal nanoparticles

for SPR-based measurements. Most notably, Lyon et al. explored the use of colloidal gold
nanoparticles as amplification tags in SPR-based applications [1,2]. These studies report
on the amplification potential of these metal particles in a planar gold system, at a single
excitation wavelength, far from the localized surface plasmon resonance (LSPR) of the
nanoparticles. The importance of the excitation wavelength on the interaction between the
LSPR of the metal nanoparticles and the surface plasmons in the planar metal has been
previously investigated in two non-gold systems. Holland and Hall [3] observed the
largest shift in the surface plasmon dispersion relation at excitation wavelengths near the
LSPR of silver islands in their silver on silver system. Kume et al. [4], in their system of
silver nanoparticles on planar aluminum, saw the largest degree of broadening and the
greatest increase in minimum reflectivity when they matched the excitation wavelength to
the localized surface plasmon resonance of their silver particles.

In this article, the amplification potential of gold nanocages with localized surface
plasmon resonance in the NIR [5], is measured in a planar gold system using wavelength
scanning SPR imaging and non-imaging systems.

2. EXPERIMENTAL
The SPR Microscope is a custom built system described in detail elsewhere [6,7]. The

non-imaging SPR instrument is a custom built (Institute of Radio Engineering and
Electronics [IREE], Czech Republic) 4 channel instrument. Briefly, light from a tungsten
halogen lamp is collimated, polarized, and coupled to the sample film via a BK-7 prism.
The reflected light is collected by a multichannel spectrometer.

Gold-coated glass slides for use in the imaging system were prepared by electron beam
deposition of 1 nm Cr and 45 nm of Au (WA Technology Center) onto soda lime glass
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slides (Fisher Scientific, NH). Substrates for the non-imaging system were prepared by
sputtering 2 nm Cr and 55 nm Au onto BK7 glass slides (from the IREE, Czech Republic).

Before use, the gold-coated substrates were cleaned in a 5:1:1 solution of water, 30%
hydrogen peroxide, and ammonium hydroxide for ~10 minutes at 40-70˚C. The substrates
were then stored in water until use. The cleaned substrates were passivated with
mercaptoethylamine (MEA, from Sigma Aldrich, MO) by incubation in a MEA solution
(3-4 mM) for 2-6 hours, followed by sonication in ethanol for 5-10 minutes. For the
imaging experiments, flowcells were assembled using the MEA-treated gold-coated
substrate as the base, a midlayer with defined channels in 100 µm thick
adhesive/mylar/adhesive (Fralock, CA), and a capping layer with defined ports in 250 µm
mylar. For the nonimaging experiments, the flowcell was composed of the MEA-treated
gold-coated slide as the base, a midlayer with defined channels in 70 µm mylar/adhesive,
and a capping layer of acrylic.

All solutions were hand-injected using syringes (Becton-Dickinson, NJ). Image data (at
multiple wavelengths) or spectra, were acquired 1) with water in the channels before
introduction of a nanocage solution and 2) after incubation and rinse of a nanocage
solution from the channel (with greater than ~10 system volumes of water). In the
nonimaging experiments, several different resonance conditions were explored for a given
surface. Nanocage surface coverages of the dried samples were quantitated using scanning
electron microscopy (FEI Sirion in the UW Nanotechnology Center).

3. RESULTS AND DISCUSSION
SPR images of the MEA and the

MEA+nanocage surfaces are shown in Figure 1.
The SPR curve for the nanocage surface showed
significant broadening and an increase in the
reflectivity as compared to the curve for the
MEA surface in the absence of any nanocages
(data not shown). The maximum change in
reflectivity occurred at the resonance wavelength
of the initial MEA surface, indicating that the
resonance wavelength is the optimal wavelength
for detection of these gold nanocages in SPR
imaging. Both these results are consistent with
the Lyon et al. reports on gold colloid particles
using a nonimaging angle-scanning instrument
at a single excitation wavelength.

The effect of the resonance wavelength on the
signal amplification potential of the nanocages is
illustrated in Figure 2. The signals from MEA
and MEA+nanocage surfaces were investigated
using a nonimaging SPR instrument at three
different resonance conditions, 1) below the
LSPR peak of the gold nanocages at ~670 nm, 2)

Figure 1. SPR images of a MEA
surface (A), and a MEA+nanocages
surface (B). The images were taken
at 870 nm, the resonance wavelength
of the MEA surface. The nanocages
were 36 nm with a measured LSPR
peak of 820 nm. The surface
concentration as measured by SEM
was 3X109 particles/cm2.



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1512

near the maximum of the LSPR peak at ~780 nm, and 3) above the LSPR peak at ~920
nm. The modulation of the resonance curve by the nanocages increases as the resonance
wavelength increases up to the NIR as shown in Figure 2A. The maximum signal change
varies from 9% at 670 nm, to 23%
at 780 nm, to 37% at 920 nm as
shown in Figure 2B. Thus, over
the wavelength range investigated,
these nanocages produce a
wavelength-dependent
amplification that is 3.5 times
greater at 920 nm than at 670 nm.
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ABSTRACT
One of the major challenges of quantitative biochemistry and molecular biology is to

monitor enzymatic activity within a femtoliter volume in real time. We have constructed a
novel nanoscale plasmonic probe-based molecular ruler, which can perform label-free,
real-time, and sensitive monitoring of DNA footprint or length during nuclease enzymatic
reactions occurring around single nanoplasmonic biomolecular ruler. The nanoplasmonic
molecular ruler was created by tethering specifically-designed double-stranded DNA to
single Au nanoparticles. DNA length differences of as little as 2 nm (6 base pairs) after
nuclease digestion are differentiated by the corresponding plasmon resonance shifts of the
Au-DNA nanoconjugate.
KEYWORDS: Nanoparticles; Nuclease; Nucleic Acids; Plasmon Resonance.
INTRODUCTION

Nucleases are nucleic acid-targeting enzymes that are crucial to all aspects of genetic
information processing. The detection schemes commonly used require the synthesis of
multiple special oligonucleotide substrates, and the labeling of DNA with fluorescent,
electrochemical or radioactive probes. In this paper, we devise a novel method for the
detection of nuclease activity, based on the plasmon resonance of Au-DNA nanoparticles as
a biomolecular ruler. The plasmon resonance wavelengths of the Au or Ag nanoparticles
shift in response to changes in their immediate environment, and the plasmon resonance
wavelength change can be detected using scattering or absorption spectroscopy [1]. DNA
digestions by the endonuclease enzymes on a single Au-DNA nanoconjugate are detected
through the time-resolved measurement of the nanoconjugate’s plasmon resonance
signatures (Fig. 1a).
EXPERIMENTS AND RESULTS

We designed and synthesized a 54-base pair double-stranded DNA (dsDNA) as the
enzymatic substrate, which contains restriction sites for the endonucleases HinDIII, XhoI,
SalI, and KpnI (Fig. 1b). A thiol group and FITC fluorophore are synthesized at each end
of the dsDNA respectively (Fig. 1b). The fluorescent labeling is only for further
confirmation of nuclease reactions, and thus not necessary for plasmon resonance
measurements. The digestion of the synthesized dsDNA with the endonucleases is
confirmed by gel electrophoresis (Fig. 1c). Through the thiol-Au chemistry, the dsDNA is
tethered onto 20 nm Au nanoparticles, which are stabilized through surface exchange with
Bis(p-sulfonatophenyl)phenylphosphine (phosphine) to prevent aggregations (Fig. 2.b.1).
The surface density of dsDNA on Au nanoparticles is controlled by their concentration ratio
during immobilization. A 100:1 DNA:Au ratio was found to be the best compromise to
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preserve the natural extension of dsDNA, while allowing accessibility to the nuclease. The
surface modification of Au nanoparticles with dsDNA is confirmed by transmission
electron microscopy (DNA:Au=100:1) (Fig. 2a) and by gel electrophoresis (Fig. 2.b.2).
After conjugation with the Au nanoparticles, we confirm that the dsDNA remains
accessible to the endonucleases (Fig. 2.b.3).

We immobilized the Au-DNA nanoconjugates electrostatically on an ultra-clean thin
glass slide. The scattering image and spectrum of nanoconjugates are measured using a
dark-field microscopy system with a true-color imaging camera and a spectrometer. Fig.
2.c.1 shows a single nanoparticle being targeted and isolated from a field of Au-DNA
nanoparticles readily available for spectroscopic examination. Fig. 2.c.2 and Fig. 2.c.3
show the dark-field images of the Au-phosphine and Au-DNA nanoconjugates,
respectively, which exhibit different colors in yellow (Au-phosphine) and red (Au-DNA).
Fig. 2c, lower panel, shows the typical scattering spectra of an Au-phosphine and Au-DNA
nanoconjugate. The peak plasmon resonance wavelengths of these two nanoconjugates are
around 545 nm and 605 nm respectively. The spectral difference comes from their different
equivalent size, and in general, the one with larger size has a longer plasmon resonance 
wavelength.

In order to investigate the plasmon resonance frequency shift of the Au-DNA
nanoconjugate due to the effect of the endonuclease, we compared the dark-field images
(Fig 3.a, panels 1, 2, and 3) and FITC fluorescence images (Fig. 3a, panels 5, 6, and 7) to
those of the Au-DNA nanoconjugates without nuclease (Fig. 3a, panels 1 and 5), after 1-
hour (Fig. 3a, panels 2 and 6) and 16-hour XhoI endonuclease reactions (Fig. 3a, panels 3
and 7). The fluorescence in the Au-DNA nanoconjugates is strong before digestion. Note
the full length of the complete dsDNA (~20 nm) is much longer than the effective Forster
transfer distance (<10 nm), and thus the FITC fluorophore is not quenched, but even 
possibly enhanced by the Au nanoparticles. The fluorescence intensities at 4 different areas
in each case are measured and the statistics of the fluorescence intensities are shown in Fig.
3a, panel 8. About 10 nanoconjugates from each sample are examined spectroscopically
and the statistics of the plasmon resonance wavelengths are shown in Fig. 3a, panel 4. The
average plasmon resonance wavelength drops from 607 nm to 562 nm after the XhoI
endonuclease reactions due to the loss of 30 base pairs of dsDNA. The addition of buffer
solution also has no significant effect on the plasmon resonance of the nanoconjugates, as
seen in the control experiment (Fig. 3.c.2 and 3.c.3).

In addition to XhoI, Au-DNA nanoconjugates are reacted with KpnI, SalI, and HinDIII,
and are subjected to the same spectroscopic experiments. Fig. 3b(1) shows the typical
scattering spectra and plasmon resonance wavelengths of Au-DNA nanoconjugates after the
1-hour digestion reactions. The reactions with enzymes KpnI, SalI, XhoI, and HinDIII lead

Fig. 1. (a) Schematic diagram (b) DNA sequence (c) DNA
reactions with endonuclease.

Fig. 2. (a) TEM study (b) Au-DNA conjugate
reactions with endonuclease (c) Scattering Spectra
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Fig. 3. (a) fluorescence
measurement. (b) 
scattering spectra for
different enzymes. (c)
Real time spectal
measurement result

to the loss of the first 6, 18, 30, and 42 base pairs from the 3' end of the complete dsDNA,
respectively. Fig. 3b(2) shows the plasmon resonance spectra of single Au nanoparticles
tethered with 54, 48, 36, 24, 12, and 0 base pair of dsDNA generated by digestion. The
average wavelengths are 607 nm, 600 nm, 582 nm, 565 nm, 548 nm, and 542 nm,
respectively. The relationship between the dsDNA length and the equivalent refractive
index shows a good agreement with the quadratic Langevin model, shown as the red fitted
curve in Fig. 3b(2). An average wavelength shift of 1.42nm/bp has been observed.

The Au-DNA nanoconjugates, besides DNA size monitoring, also provide a new means
for studying the kinetics of the nuclease enzymatic reactions. The scattering spectrum of a
single Au-DNA nanoconjugate is measured in real time during the XhoI digestion at ~37
°C. Fig. 3c (1) shows the scattering spectra for the first 10 minutes. Significant blue shifts
of the plasmon resonance wavelength are observed. Fig. 3c(2) shows the peak plasmon
resonance wavelength as a function of time. Fig. 3c(3) shows that scattering intensity also
changes with time, exhibiting a decreasing trend similar to the plasmon resonance
wavelength change. In a control experiment with only introduction of buffer solution, no
significant change of the plasmon resonance wavelength or scattering intensity was
observed in 30 minutes, indicating that the Au-DNA nanoconjugate is insensitive to
nonspecific reactions (Fig. 3c). The rate of the endonuclease reaction on the Au-DNA
nanoconjugate shows a concentration dependence, and follows Michaelis-Maten enzymatic
kinetics. The plasmon resonance wavelength of the nanoconjugate decreases at a slower
rate with lower concentrations of enzymes (1:10 dilution of XhoI, 350 pM final
concentration), as shown in Fig. 3c(2). The reaction rate constants for these two
concentrations of enzyme are 5.8 10-3 s-1 and 1.5 10-3 s-1, respectively, according to the
exponential fitting of the experimental results. The endonuclease reactions on Au-DNA
nanoconjugates are also sensitive to inhibitory reagents. With simultaneous loading of 50
µM EDTA and the 20 µM XhoI enzymes, the Mg2+ in the reaction buffer can be chelated by
EDTA. As expected, the plasmon resonance wavelength of the nanoconjugate has
negligible change, though the scattering intensity decreases slightly as shown in Figs. 3c(2)
and 3c(3).

CONCLUSION
The novel technology presented in this paper can be used for the detection of nuclease

enzymes. The infinitesimal dimension of a single nanoconjugate also implies a potential
large-scale detector array for high-throughput nuclease detections.
REFERENCE
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SINGLE-CELL-SCALE REVERSE TRANSCRIPTION IN
A MICROFLUIDIC PDMS DEVICE:

TOWARDS WHOLE TRANSCRIPTOME ANALYSIS
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ABSTRACT
Thanks to the recent development of DNA chips and of specific protocols, it is now

possible to analyze the whole transcriptome of a single cell. Yet sensitivity of current
methods is still to be improved. In our work, we have integrated one of the key step of
whole transcriptome protocols, reverse transcription (RT), in a PDMS microfluidic device.
We have demonstrated that RT is performed with a greater efficiency in our chip than in
tube. Thus, integrating all the steps of whole transcriptome protocol in a single microchip
would certainly help improve the sensitivity of current analyses.

Keywords: biochip, gene expression, reverse transcription, single-cell

1. INTRODUCTION
The transcriptome of a cell, i.e. all the genes expressed by a cell at a given time and

under given physiological or pathological conditions, constitutes its molecular fingerprint.
In neuroscience, due to the important diversity of neuronal cells, it is necessary to consider
a single neuron to understand the role of individual neuronal types in neuronal networks
[1,2].

With the recent development of DNA chips, the expression pattern of thousands of genes
can now be studied in a single experiment. However, starting quantity of total RNA has to
be greater than 5µg and mRNA, coding for gene expression, has first to be reverse-
transcribed into cDNA because of limitations of current labelling and detection methods.

The amount of total RNA contained in a single cell is about 10pg. It is thus necessary to
reverse-transcribe and amplify mRNA to perform single-cell transcriptome analysis on
DNA chips. Modified protocols of RT-PCR (Reverse-Transcription and Polymerase Chain
Reaction) have therefore been proposed, using a modified oligo-dT for RT and a single pair
of primers for PCR [3,4].

Yet, the sensitivity of such analyses may undoubtedly be improved if analyses were
performed at the scale of the cell (i.e. a few picoliters) rather than at the lab µL-scale. In
this context, microfluidic devices offer interesting perspectives since they enable studies at
the pico or nanoliter scale.

In our work, we demonstrated the integration in a microfluidic device of one of the key
steps of whole transcriptome analysis protocol: reverse-transcription (RT). More precisely,
we have shown that using a microfluidic device, all size mRNA could be reverse-
transcribed into cDNA whereas only short mRNA were reverse-transcribed when reaction
was done in tube.
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2. EXPERIMENTAL
All our experiments were conducted using the protocol from Petalidis et al [4] either in a

microfluidic device or overnight at 37°C in tube. Two different microfluidic devices (1 and
2) were used. In device 1, reagents were mixed during reaction whereas in device 2,
reaction was diffusion-controlled.

Purified total RNA from mouse brain was used as a stock solution. Since the amount of
total RNA in a single cell is about 10pg, we diluted our stock solution to obtain 10pg of
total RNA in our reaction volume: 10pg in 7nL for RT done in microchips and 10pg in
10µL for RT done in tube. The amount of total RNA in our reaction was thus equivalent to
the amount of total RNA contained in a single cell. Our samples were then submitted to 40
cycles of whole transcriptome PCR using a conventional thermocycler.

Microfluidic chips were made out of poly(dimethylsiloxane)-PDMS using multi-layer
soft-lithography [5] and sealed to a glass plate after plasma treatment. In each device, the
reaction was done in 7nL (figure 1). The devices have two levels of channels: fluidic
channels are in black and control channels in gray. Control channels are pressure-actuated
and act as valves. Device 1 is a rotary mixer [6]: when valves 1,2,3,4 and 5 are closed,
periodic actuation of valves 6,7,8 induces peristaltic pumping of fluid in the loop. In device
2, A and B reagents mix by diffusion in the straight channel. Inlet pressures were adjusted
so that filling up occured as described in figure 2. The device was set on a flat-bed
thermocycler for temperature control during experiments. 
 

Figure1: Schematic drawing of microfluidic devices used in our experiments.
In gray, control channels; in black, fluidic channels. Fluidic channels are 100µm wide and
10µm high; control channels are 100µm wide and 20µm high.
The reaction volume is the volume of the device isolated when valves 1,2,3,4 and 5 are
closed, as shown on the inset of device 1 (volume enclosed in dark gray box).

Figure2: Schema of a RT experiment in a
microfluidic device.
A. Filling up of the device. The whole microchip
is kept at 4°C.
B. Reaction. The microchip is heated at 40°C.
Mixing is achieved by peristaltic pumping (valves
6,7,8) through the ring.
C. The microchip is cooled at 4°C. The ring is
flushed with 10µL RNAse free water and sample
is collected through port D.
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3. RESULTS AND DISCUSSION
Figure 3 shows that, for single-cell-scale RT (i.e. RT performed on 10pg of total RNA),

all-size mRNA, from 100bp to 6kb, could be reverse transcribed when using a microchip
(lanes 4 and 5) whereas when RT was conducted in tube, only short mRNA were reverse
transcribed (lane 3). If only small-size mRNA are reverse transcribed then information
contained on long mRNA is lost during the RT step and subsequent analysis of the whole
transcriptome is impossible. Thus our results demonstrate that using a microfluidic device
for reverse transcription enables whole transcriptome analysis at the single cell level.
Moreover, the use of microchip format allows for a great reduction of reaction time (a few
minutes instead of several hours). Our results also show that, as expected, more products
are synthesized during RT when products are mixed during reaction (lane 5 more intense
than lane 4).

4. CONCLUSION
Recent works have outlined several advantages of microchip format for RNA and DNA

analysis in terms of sensitivity, integration, time and cost reduction [7,8,9]. Our work now
demonstrates that microdevices enable whole transcriptome analysis at the single cell level.
Thus, a microfluidic device in which all the steps from RNA extraction to gene expression
analysis are integrated would undoubtedly provide a very sensitive tool for whole
transcriptome analysis at the single cell level.
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Figure3: Agarose gel (1.2%) electrophoresis of RT-PCR products
after 40 cycles of whole transcriptome PCR
1: 1kb DNA ladder
2: 100bp DNA ladder
3: RT done in tube in 10µL, overnight at 37°C
4: RT done in device 2 in 7nL. Reaction time 5min
5: RT done in the rotary mixer (device1) in 7nL. Reaction time 5min.
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INTEGRATED SAMPLE PROCESSINGWITH REAL TIME
PCR FORMICROCHIP FORENSIC ANALYSIS
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Guillo1, Joan M. Bienvenue1 and James P. Landers1,2
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ABSTRACT
Conventional extraction and quantitation of human DNA from forensic samples

are time-consuming processes, but translation of these processes to a single integrated
microdevice will serve to reduce the process time and simplify sample processing. This
work reports on development of a microchip system for integrated solid phase extraction
with IR-mediated PCR amplification, along with the fluorescence detection system for real-
time monitoring of the PCR reaction using a Taqman assay. Results show successful
implementation of the detection system with the microchip and amplification on the
microdevice.

Keywords: real-time PCR, integrated sample processing, forensics application

1. INTRODUCTION
Integrated microdevices provide the opportunity to seamlessly couple multiple

analytical steps on a single device, with the possibility of automating the entire process.
There is a growing interest from the forensics community in the application of
microdevices to DNA analysis of evidenciary samples, with the aim being the reduction of
the backlog of evidence created by time-consuming traditional methods. Two steps in the
forensic analysis process for genetic identification are DNA extraction from evidentiary 
samples, followed by DNA quantitation to determine the amount of human DNA present in
the sample. Currently, the quantitation of human DNA is performed using conventional
real-time (rt) PCR. While rt PCR has been reported in silicon microchambers [1] and, more
recently, with integrated microchip sample processing that incorporates cell isolation with 
PCR amplification [2] as well as with cell isolation, cell lysis and DNA purification [3],
utilization of rt PCR in an integrated device has not been described.

2. THEORY
DNA purification has been reported on microdevices using solid phase extraction

(SPE) in a silica bead/sol-gel hybrid-filled microchannel [4]. This method relies on the
affinity of DNA for a silica surface in the presence of a chaotropic salt. The proteins can be
removed in a wash step utilizing isopropanol, then the DNA eluted in a low salt buffer. The
purified DNA can be PCR-amplified on-chip using IR-mediated thermocycling in glass [5]
or plastic [6] microdevices. Integrating these two processes on a single device required
exquisite timing to assure elution of the highest concentration of DNA with into the PCR
chamber; a second inlet channel was also required for addition of the PCR reagents.
Successful integration of these processes is shown by the electropherogram in Figure 1 with
amplification of a p16 gene fragment from on-chip extracted genomic DNA.

Rather than having to perform the electrophoretic separation to determine the
presence of the amplified fragment, rt PCR utilizes fluorescence detection during the
reaction to indicate specific amplification. One method for generation of the fluorescent
signal during amplification is the Taqman assay which utilizes a probe containing both a
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label and a quencher. During copying of the DNA template, probe bound to the template is
destroyed, releasing the label from the quencher, providing a fluorescence signal the
strength of which is consistent with the amount of amplified DNA.

3. EXPERIMENTAL
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heating.Figure 1. Capillary electropherogram showing integrated SPE-PCR results using IR-

The design of the integrated device for SPE/PCR is shown in Figure 2. All
microdevices and instrumentation were fabricated in-house, with the real time
instrumentation utilizing a laser induced fluorescence detection system based on a
photodiode detector. The fluorescence detection system, shown in Figure 3, has
photodiodes housed in an apparatus positioned above the PCR chamber, which can hold as
many as four photodiodes for parallel processing applications. Thermocycling is performed
using the IR lamp beneath the microchip, with temperature control mediated through an
extrinsic Fabry-Perot interferometer (EFPI) which measures the temperature of the solution
within the PCR chamber. The optical fiber for the EFPI is housed in the same assembly as
the photodiodes.

Photodiodes
and EFPI holder

laser

IR lamp

Figure 3. IR mediated thermocycling s
with real-time detection.

etup

side arm

weirconstricted
channels

Figure 2. Design of integrated microdevice
for SPE/rt-PCR.

SPE bedPCR chamber

The model system utilized in this work was the rt PCR detection of human
genomic DNA that allowed for the amount of male DNA present to be determined. The
primers and probe for the Taqman assays were designed in-house and had limits of
detection of 12 pg of human DNA and 6 pg of male DNA when performed on the ABI 7000
sequence detection system
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4. RESULTS AND DISCUSSION
Figure 4 shows preliminary data from the fluorescent detection system using

fluorescein dye and a blue LED excitation source. The LED was turned on with the PCR
chamber in place but filled with water. The LED was turned off as the chamber was filled
with 1 x 10-7 M fluorescein, then the LED re-illuminated. A measurable fluorescence signal
is observed which can be further enhanced with laser excitation, and by increasing the
signal/noise ratio.
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Figure 4. Voltage trace from
the photodiode detector
during LED illumination of
the PCR chamber filled with
a) water and then b) 10-7

fluorescein.
a

b

0

5. CONCLUSIONS

rt-PCR is the leading technique for quantifying DNA using PCR methods. The
application of this technique to the microchip not only allows for DNA quantitation but also
the combination of amplification and detection in the same step, eliminating the need for
electrophoretic separation. Applying this PCR method to the microchip with DNA
purification allows for PCR product detection from evidentiary samples to be performed in
an on-line analysis.
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ABSTRACT
In this work, we put latex agglutination tests in a microfluidic format. By taking full

advantage of the microfluidic conditions (scaling down of the detection volume and
controlled action of the shear flow), we achieved an analytical sensitivity of 10 fMole/L
(several hundreds of fg/ml). The test is fast (a few minutes) and provides a quantitative
estimate of the target molecule concentration. Similar tests performed in non microfluidic
devices [2] are three orders of magnitude less sensitive, and one order of magnitude slower.

Keywords: Agglutination, immunoassay, magnetic particles, shear

1. INTRODUCTION
Latex agglutination tests are used for the diagnostic of diseases in man and animals [1]-[2].
They exploit the fact that dispersed particles, grafted with an antigen, form aggregates when
they are mixed with the antibody-containing fluid. One may envision that microfluidic
technologies - by their ability of integrating and automating- should improve the throughput,
reliability and safety of these tests.

2. EXPERIMENTAL
The experiment is performed in PDMS (PolyDiMethylSiloxane) microchannels, with

streptavidin-coated superparamagnetic beads [3]. The device we used is schematically
represented in Fig. 1.

Figure 1: Sketch of the experiment. The channel cross-section is 200 microns x 20 microns, with a
length of 20 mm. The incoming flow is a solution of Potassium Buffer Sulfate (PBS, pH=7.5)

containing a known concentration of biotin, with superparamagnetic beads, coated with streptavidin.
Permanent magnets are first placed close to the channel, producing a predominantly longitudinal
magnetic component. In such a situation, chains form, according to a mechanism detailed in Ref [4].
When the magnets are removed, depending on whether biotinyled Protein A is present or not, the

chains either break up, or persist.
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It is a straight microchannel, moulded in PDMS (PolyDiMethylSiloxane) and sealed with a
glass coverslip. The buffer solution we used contains superparamagnetic polystyren spheres,
0.8 µm in diameter, coated with streptavidin. The molecules we detect are biotinylated
protein A. The experiment uses a pair of permanent magnets for the detection. The method
consists first in bringing magnets close to the channel, wait a few seconds so as chains form,
take the magnets away and observe the evolution of the system.

4. RESULTS AND DISCUSSION
When the sample does not contain any target molecule, all the chains break up soon

after the magnets are removed (see Figure 2 (a)-(c)). This process is considerably
accelerated by the shear [4]. Figure 2 (d) shows a quantitative characterization of the break-
up process, representing the temporal evolution of the number of objects passing through
the observation window, just after the magnets are removed. One sees that after a few tens
of seconds, the number of objects levels off at a level comparable to its initial value
(measured independently), indicating most of the chains have collapsed.

Figure 2. Temporal evolution of the system after the magnets are taken away, in the case where there
is no target molecule (a) t = 1.5 s; (b) t = 3 s; (c) t = 7s; The plot (d) represents the evolution of the
number of objects (chains or debris) N(t) as a function of time, and the insert the evolution of the

average length L(t) of such objects with time.

When biotinylated protein A is present in the sample, the target molecules may cross-link
the beads together forming sandwich-type molecular assemblies, which prevents the chains
from complete collapse. Fig. 3 (a)-(c) displays, for different biotin concentrations, the
number of objects persisting after the magnets have been taken away.
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Figure 3. Pictures (a)-(c) show the system, long after the magnets have been taken away, for different
concentrations of biotinylated protein A. (a) t=4s, C=10-14M/l; (b) t=13s ; C=10-8 M/l; (c) t=13s ;
C=10-7 M/l. The plot (d) shows the temporal evolution of the ratio N(t)/N(0) (where N(0) is the

number of chains for t=0), for different concentrations. The insert of Fig. 3.(d) shows the evolution of
the quantity NS/N(0) as a function of the target molecule concentration, where Ns is the number of
objects (particles or chains) present in the system at late times. The full line is a model, using

Langmuir law and assuming the number of chains proportional to the amount of biotinylated protein
A extracted by the beads prior to being injected in the microchannel. The formula drawn in the insert

is Ns/N(0)=Ns0/N(0)-bC/(K+C), where Ns0/N(0)=7, b=5 and K=5.10-9 Mole/L.

These curves saturate at a level which depends on the concentration in the target molecule.
At the highest concentrations of Protein A (10-7Moles/L), most of the chains form
permanent objects while at the smallest concentrations (10 fmole/L), the evolution is
indistinguishable from the case where there is no target molecule. Nonetheless, one can still
detect the presence of target molecules in this case by tracking individual persistent objects,
as shown in Fig 3.a. The lower level of the detection method is 10 fm/L: this corresponds to
the detection of a few molecules linking several beads.

5. CONCLUSIONS
Our work thus shows that one may considerably improve the performances of the
agglutination tests by adapting it to a microfluidic format; this comes in addition to the usual
advantages potentially offered by microfluidic technology (integration, high throughput, …)
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CONTINUOUS DIELECTROPHORETIC SEPARATION
BASED ON TRAPEZOIDAL ELECTRODE ARRAY

Sungyoung Choi and Je-Kyun Park
Korea Advanced Institute of Science and Technology (KAIST), KOREA

ABSTRACT
We have developed a microfluidic device for continuous dielectrophoretic separation

based on a trapezoidal electrode array (TEA). In this device, the TEA is utilized as a source
of dielectrophoresis (DEP), which enables to continuously separate various particles
according to their sizes or dielectric properties under negative DEP regime. This study
deals with the dielectrophoretic focusing and separation results of microbeads of two
different sizes on the TEA.

Keywords: dielectrophoresis, particle separation, trapezoidal electrode array,
microfluidic chip

1. INTRODUCTION
A microfluidic system for dielectrophoretic particle separation and analysis offers many

potential advantages over conventional separation techniques, enabling label-free
fractionation, portability and automation. Several approaches to realize the microfluidic
system have been carried out with microfluidic channels and interdigitated array electrodes.
However, some of these separation devices depending on positive DEP force suffer from
particle adherence to the electrode surface [1]. Additionally, since these separation
methodologies are not in a continuous mode, they have a difficulty to fractionate the large
number of particles. In our previous study, we have proposed and characterized the TEA
for overcoming these drawbacks [2]. In this study, we continuously performed the
separation of non-dyed particles of 15 m nominal diameter and green fluorescent particles
of 6 m nominal diameter as model particles.

2. THEORY
Figure 1 shows a schematic view of the principle of separation based on a trapezoidal

electrode array. It can generate an electric field geometry which has higher electric field
strength above the tip of longer base than other areas and decreased from smaller electrode
gap to longer electrode gap [2]. This unique electric field distribution makes it possible that
the particles with negative DEP affinity are deflected and separated according to their
dielectrophoretic velocities as shown in Figure 2:

r
Efr

f
FV CMm

Drag

DEP
DEP 6

Re2 23

(1)

, where r is the radius of a particle, m is the absolute permittivity of the suspending
medium, fCM is the Clausius-Mossotti factor, E is the local electric field, is the viscosity
of the liquid, and fDrag is the coefficient of the drag force. That is, the higher
dielectrophoretic velocities particles have, the more distance they can move along the
perpendicular direction to fluid flow.
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Figure 1. Schematic view of trapezoidal
electrode array (TEA) and its dielectrophoretic
separation.

Figure 2. Photographs representing successive
motion of a 15 m polystyrene bead on the
TEA during 3 seconds.

Figure 3. (a) Design of a microfluidic device
for particle separation. (b) Photograph of the
fabricated trapezoidal electrode.

3. EXPERIMENTAL
The microfluidic device for particle separation consists of three parts; part I for

dielectrophoretic focusing, part II for dielectrophoretic separation, and part III for particle
measurement (Figure 3a). The TEA is made up of two pairs of working electrode with
metallic legs in the shape of a trapezoid (Figure 3b). This device was fabricated using
standard photolithography with poly(dimethylsiloxane) (PDMS).

As separation targets, particles of 6 m and 15 m diameter are injected with syringe
pump through single inlet. The positions of the separated particles were measured along the
measurement line of Figure 3a. Then the positions of separated particles were transferred to
the positions of the narrow channel using the linear amplification of fluid stream.

4. RESULTS AND DISCUSSION
The electric field with 50 kHz frequency and voltage of 8 Vp-p was applied to every

TEA in part I, II of Figure 3a. As shown in Figure 4a and 4b, both two particle types were
well focused to the rightmost side of channel after passing the part I of Figure 3a: the
particle positions were 45.5 2.5 m for 6 m particles and 43.0 2.0 m for 15 m
particles. When the particles met the TEA in part II of Figure 3a, they were separated
having different positions within the range of 29.5 15.5 m for 6 m particles and 13.5
6.5 m for 15 m particles (Figure 4c); Figure 5 shows the photographs of the focused

and separated particles. Since the TEA enables to separate particles continuously according
to their dielectrophoretic velocities, this separation device can be easily applied to
separation and analysis of various dielectric particles.
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Figure 4. Position data of dielectrophoretically focused particles; (a) 6 and (b) 15 m diameter
particles at the flow rate of 10 l hr-1. (c) Position data of separated particles at the same flow rate.

Figure 5. Photographs of focused (a) and separated particles (b).

5. CONCLUSIONS
In this study, we have developed a new dielectrophoretic separation platform based on a

trapezoidal electrode array. This platform is useful not only in the separation of various
dielectric particles but also in the analysis of them using the degree of the particle
deflection according their dielectric properties. Furthermore, a large scale fractionation of
various biological particles in a single chip could be realized through repeating the
proposed separation module with different field frequency and dimension.
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HYDRODYNAMIC CONCENTRATION AND
SEPARATION OF PARTICLES IN MICROFLUIDIC 

DEVICES
Masumi Yamada1 and Minoru Seki2

1The University of Tokyo, JAPAN and 2Osaka Prefecture University, JAPAN

ABSTRACT
We propose here a novel method for continuous particle concentration and separation in

microfluidic devices. This method utilizes a laminar flow profile in a microchannel having
multiple branches. Only by introducing a liquid with particles continuously into the
microchannel, particles are concentrated, separated by size, and collected independently.
This method can be categorized as a kind of filtration, but the distributed flow rates into
each branch channel determine the size of filtered particles. In this study, polymer particles
whose diameters are 1~3 m, were separated and concentrated 20~50-fold. In addition,
leukocytes were successfully enriched from blood.

Key words: hydrodynamic filtration, particle separation, microfluidics, cell separation

1. INTRODUCTION
Microfluidic devices are suitable for manipulating small particles, such as cells, polymer

beads, and macromolecules. Recently, there have been some reports concerning continuous
particle separation in microfluidic devices (1, 2), utilizing laminar flow profiles inside
microchannel. These methods are highly advantageous, since particles are separated
hydrodynamically, not necessitating any outer field controls, such as electric, centrifugal,
and acoustic fields. However, particle separation and concentration cannot be performed at
the same time. In addition, accurate flow rate controls are indispensable.

In this study, we propose a new method for particle separation, accompanied with
particle concentration, in microfluidic devices. This method utilizes the microfluidics of
laminar flow in a microchannel having multiple branch points and side channels, not
necessitating any outer field controls. Several kinds of microdevices were fabricated, and
the concentration and separation performances were examined using model particles and
biological samples.

2. PRINCIPLE 
The principle is shown in Fig. 1. Liquid containing particles is continuously introduced

into the microchannel. When the relative flow rates to the side channel at a branch point
are low (Fig.1 (a)), large particles cannot go through the side channel, even when they are
flowing near the sidewall. However, when the relative flow rates are high as shown in Fig.
1 (b), the large particles can go through the side channel when they are flowing near the
sidewall. By repeating the flow state so that particles would not go through the side
channels (Fig. 2), a large portion of liquid can be removed from the main channel, and
particles are concentrated and aligned onto the sidewalls. Then by increasing the relative
flow rates into the side channels stepwise, concentrated and aligned particles can be
collected independently. The distributed flow rates are determined by the microchannel
geometry, and they can be controlled when regarding the microchannel network as an
analogue of an electric circuit. In this method, not the channel size, but the width of the
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distributed flows into side channels (the light-gray colored parts in Fig. 1) determines the
size of the filtered particles. So this method can be called ‘hydrodynamic filtration’.

(a) (b) (c)

Figure 1. Schematic diagrams of particle behavior at a branch point; (a) the relative flow
rates into side channels are small, and (b) the relative flow rates are large.

3. EXPERIMENTAL
PDMS-glass hybrid microdevices were

fabricated using usual soft lithographic
techniques. An example of fabricated
microdevices is shown in Figure 2. There were
one inlet, 7 outlets, and 100 (50 × 2) side
channels and outlets. The width of the main
channel was 20~100 m, and the widths of the
side channels were 5~20 m.  The depth of the
microchannel was uniform, ~7 m.

Fluorescing polymer microspheres, whose
diameters are 1.0~3.0 m, were used as model
particles. A liquid containing particles was
continuously introduced into the microdevice
using a syringe pump with a flow rate of 1

L/min. Images were captured using a CCD
camera under a fluorescent microscope.

Outlet 1 7
2 3 4 5 6

Main
channel Side channels

(× 50)Inlet

Figure 2. Schematic diagram of
microdevice design. The size was
14 × 15 mm.

4. RESULTS AND DISCUSSION
A micrograph of particle alignment and separation is shown in Figure 3. As can be seen,

large particles (3.0 m) mainly went through Outlet 2 and 6, while small particles (2.1 m)
mainly went through Outlet 1 and 7. Also, it was confirmed that almost none of the
particles went through the side channels, although the cross-sectional size of the side
channels was larger than the particle sizes. As measured, ~70% of the introduced liquid
was flowed into the side channels, while 0.8-1.5% of the liquid was flowed into each outlet,
except for Outlet 4. Therefore, the concentrations of particles were increased by a factor of
30-50 in each outlet compared to the initial values. On the other hand, leukocyte
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enrichment from blood was successfully performed using another microdevice (data not
shown).

Outlet 4

Outlet 5Outlet 3

Outlet 6Outlet 2

Outlet 1 Outlet 7

(a)
100 m

Figure 3. A photograph of concentrated and separated particles at the branch points (blue
particles: 2.1 m; red particles: 3.0 m). 2.1 m particles mainly went through Outlet 1
and 7, while 3.0 m particles went through Outlet 2 and 6.

5. CONCLUSIONS
A new method has been proposed for continuous particle concentration and separation in

microfluidic devices. The principle is very simple, making this method suitable for
integration with other kind of micro unit operations.  This method will become one of the
promising tools in the field of mTAS.
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A NANOFILTER ARRAY CHIP FOR FAST GEL-FREE
BIOMOLECULE SEPARATION 

Jianping Fu1 and Jongyoon Han2, 3

1Department of Mechanical Engineering, 2Department of Electrical Engineering and
Computer Science, 3Biological Engineering Division, Massachusetts Institute of

Technology, USA

ABSTRACT
We report here the size-fractionation of SDS-protein complexes and small dsDNA

molecules in microfabricated nanofilter array based silicon chips. The nanofilters serve as
artificial molecular sieves with precise pore size characterization (nanofilter gap size: 40-
180nm). The sieving of biomolecules through nanofilter arrays involves electrophoretic
movement through periodically modulated free energy landscapes (barriers) in one or two
dimension. Baseline separation of SDS-protein complexes and dsDNA molecules in a one-
dimensional nanofilter array was achieved in several minutes with a array length of 5mm.
Continuous-flow separation of SDS-protein complexes was demonstrated by taking
advantage of differential bidirectional transport of biomolecules of different sizes through
two-dimensional periodic arrays of nanofilters.

Keywords: Nanofilter arrays, Sieving, Continuous-flow separation, Protein

1. INTRODUCTION
Efficient separation of proteins, small biomolecules, and carbohydrates from a cell or

complex biological samples is important in biosensing and biomarker detection. As an
alternative to random nanoporous gels, micro/nanofluidic molecular sieving structures
fabricated with semiconductor fabrication technology have shown great potential to
separate biomolecules with much greater speed than their conventional counterparts. To
date, microfabricated sieving systems have only been used for large biomolecules such as
viral DNA, mainly because it is generally challenging to fabricate sieves with comparable
molecular dimensions [1, 2]. Here we developed microfabricated nanofilter array based
devices that can size-fractionate small biomolecules such as SDS-protein complexes and
small dsDNA molecules temporally (one-dimensional nanofilter array chip) and spatially
(two-dimensional nanofilter array chip). The nanofilter array chip reported here is the first
microfabricated molecular sieving chip that can size-fractionate proteins without using gel
sieving matrices. The separation efficiency of the miniature nanofilter array chip is
comparable to capillary gel electrophoresis with liquid sieving media.

2. MOLECULAR SIEVING IN 1-D NANOFILTER ARRAY CHIP
Passage of molecules through one-dimensional nanofilter array can be described as an

electrophoretic driving force overcoming a periodic array of free energy barriers F0.
Compared with the thick region, the limited molecular configurational space inside the thin
region creates a configurational entropic barrier for the molecular passage at the abrupt
interface between the thick and thin regions (Ogston sieving) [3, 4] (Fig. 1). This free
energy barrier height is size-dependent, which allows efficient size-based fractionation of
molecules even when molecules are smaller than the size of the nanofilters.
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Figure 1. (a) Partitioning of rigid, rod-like molecules in a slit-like nanofilter. (b) Free energy
landscape of a nanofilter. (c) SEM images of a periodic array of nanofilters with alternating thin and
thick regions. (d-f) Separation of SDS-protein complexes (d&e) and dsDNA molecules (f) in a one-
dimensional nanofilter array chip (ds: 55nm, dd: 300nm, L: 1µm). Band assignment for SDS-protein
complexes: (1) cholera toxin subunit B (MW: 11.4kDa); (2) lectin phytohemagglutinin-L (MW:
120kDa); (3) low density human lipoprotein (MW: 179kDa), for DNA: (1) 50bp; (2) 150bp; (3)
300bp; (4) 500bp; (5) 766bp.

Since the attempted transition rate and the free energy barrier F0 both favor the
successful passage rate of smaller molecule over the barrier, smaller molecule migrates
faster though the nanofilter array with a less characteristic trapping life time [5]. Figure 1(d-
f) summarizes the separation results of SDS-protein complexes and dsDNA molecules in a
one-dimensional nanofilter array chip (ds=55nm, dd=300nm, L=1µm). The speed and
resolution obtained by the nanofilter array chip is comparable to current state of the art
systems (i.e. capillary gel electrophoresis).

3. CONTINUOUS-FLOW SEPARATION IN 2-D NANOFILTER ARRAY CHIP
The continuous-flow biomolecule separation in 2D nanofilter array chip takes advantage

of differential bidirectional transport of biomolecules of different sizes through two-
dimensional periodic arrays of nanofilters (Fig. 2a). The successful jump passage rate
though the nanofilter is size-dependent, so after some traveling period, larger molecules
stay close to the original thick channel with less deviations, while smaller molecules
execute more successful passages of the nanofilters and the trajectory of them will deflect
more from their original injection direction. Two different operation modes can be applied
for the two-dimensional nanofilter array chip: continuous field separation mode and pulse-
field separation mode. In the continuous field separation mode, constant field is applied
across the nanofilter arrays during the separation process. The field distribution and
strength can be modulated by alternating the voltages applied at different fluidic reservoirs.
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The continuous-flow separation can also be achieved using alternating electric fields of
different strengths or durations in the pulse-field separation mode (Fig. 2b-2d).

Figure 2. (a) Bidirectional transport of
biomolecules in the 2-D nanofilter arrays. (b-d)
Fluorescence images of pulse field separation
of SDS-protein complexes inside the 2-D
nanofilter arrays. Different values of vertical 
and horizontal fields can be applied with
different durations. Band assignments for SDS-
proteins are the same as Fig.1.

4. CONCLUSIONS
In conclusion, we have successfully size-separated SDS-protein complexes and small

dsDNA molecules in nanofilter array based chips. The speed and resolution obtained in the
one-dimensional nanofilter array chip is comparable to current state of the art systems
without using any sieving gel. This opens up possibilities for integrating many different
biomolecule sensors, and separation and reaction chambers in a single chip, without the
concern of sieving matrix crosstalk and contamination. The separation efficiency could be
further improved by scaling down the nanofilter period by advanced lithography
techniques. The continuous-flow operation of the two-dimensional nanofilter array chip is
ideal for preparatory sample fractionation with increased sample throughput. The retrieval
of separated samples is straightforward and this greatly facilitates further downstream
analysis.
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ISOTACHOPHORESIS USING A CONTINUOUS FREE-
FLOW ELECTROPHORESIS DEVICE

D. Janasek, M. Schilling, J. Franzke and A. Manz
ISAS – Institute for Analytical Sciences Dortmund and Berlin, Germany

ABSTRACT
A miniaturised approach for isotachophoresis has been performed employing the
technique of continuous free-flow electrophoresis. Using a micromachined separation
chamber with a volume of 186 nL, isotachophoretic concentration could be achieved in less
than a minute.

Keywords: Continuous Free-Flow Electrophoresis, isotachophoresis, sample pre-
treatment

1. INTRODUCTION
Isotachophoresis (ITP) is a well-known and established technique in capillary

electrophoresis (CE) both for separation and pre-concentration purposes. However, there
are limitations since CE is a discontinuous technique alternating between injection and
separation step. This drawback can be overcome using continuous free-flow electrophoresis
(CFFE). In CFFE, a mixture of analytes is fed into a separation compartment and separated
within in a two-dimensional continuous manner. Mostly used in conventional bench-top
devices with volumes in the range of tens of mL [1] also miniaturised versions of CFFE are
reported employing zone-electrophoresis [2-4] and isoelectric focussing [5] mode, which
have proven the scaling laws [6].

2. THEORY
In ITP, a large volume of sample is placed between two electrolytes which generate a

gradient of electric field strength. Thereby, the mobility of all analyte ions are lower than
the mobility of the ions of the leading electrolyte (LE) but also higher than the mobility of
the terminating electrolyte (TE) ions. During the electrophoretic separation, analyte ions
arrange and stack into zones along this gradient. According to Kohlrausch's regulating
function [7], the concentration of the analyte ions is adapted to the concentration of the
leading electrolyte, meaning that there is a concentrating effect.

In CE, the electric field is applied along the capillary. Consequently, the separation is
executed in an one-dimensional manner. In contrast, in CFFE the electric field is applied
perpendicular to a hydrodynamic flow through the separation chamber. These forces create
two orthogonally acting velocity vectors. One vector is equal to the flow velocity, the other
proportional to the electrophoretic mobility µ. The sum vector is at an angle to the flow
direction. Having different electrophoretic mobilities, two analytes are at different angles
and thus separated continuously in a two-dimensional manner at the outlet of the separation
chamber.

3. EXPERIMENTAL
The layout of the device used is depicted in Fig. 1. The actual separation chamber is 12.2

mm long, 4.2 mm wide and consists of more than 31000 posts of a size of 30 µm × 30 µm.
The distance between the centres of two adjacent posts is 40 µm so that 10 µm wide
channels are formed between the posts. The posts are tilted at an angle of 45° causing a
prolongation of the separation path length by a factor of 1.414. The electric field is applied
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between two electrolyte reservoirs on both sides of the separation chamber which are
connected to the chamber via 108 narrow channels per side. The electrolyte reservoirs are 
filled with leading electrolyte (LE) and terminating electrolyte (TE), respectively. Flanked
by LE and TE, the sample mixture enters the separation chamber from the sample reservoir
S through inlet channels due to the force applied by a vacuum at the outlet of the chamber.

4. RESULTS AND DISCUSSIONS
In Fig. 2, the ITP of 70 µM fluorescein is shown both in the case of no voltage applied and

at an applied electric field strength of 480 V/cm. In the latter case, a focussing is to be seen
clearly. The LE consisted of 10 mM chloride, adjusted to pH 9.0 using bis-tris-propane, and
0.1% methylhydroxyethylcellulose (MHEC). The TE was 5 mM HEPES, adjusted to pH
9.0 with TRIS.

Fig. 3 shows the fluorescence intensity profiles along the separation chamber which are
proportional to the concentration of fluorescent substances. The sample mixture contained
myoglobin labelled with FITC, serine as a non-fluorescent spacer, and non-bound FITC.
According to the profile at the chamber outlet, separation, stacking and concentration of the
sample mixture was achieved. In this experiment, LE was 10 mM chloride, adjusted to pH
9.3 using ethanol amine, and 0.1% MHEC. TE consisted of 6 mM -alanine, adjusted to pH
10.2 using barium hydroxide.

5. CONCLUSIONS
Using a miniaturised device, isotachophoresis was performed in continuous free-flow for

the first time. A sample mixture of FITC labelled myoglobin, serine and an excess of FITC
and serine was separated, stacked and concentrated within a minute.
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Figure 1. Layout of the chip employed for the ITP experiments.
TE – Terminating Electrolyte, S – Sample, LE – Leading
Electrolyte, CC – Connecting Channels

Figure 3. Fluorescence intensity profile at
the inlet and outlet of the separation
chamber. Sample mixture: 0.1 mM
Myoglobin-FITC, 5 mM Serine, excess of
FITC

Dirk Janasek, ISAS – Institute for Analytical Sciences Dortmund and Berlin 
Bunsen-Kirchhoff-Str. 11, D-44139 Dortmund, Germany
Tel.: +49 (0)231 1392-202, Fax: +49 (0)231 1392-120, e-mail: d.janasek@ansci.de

Figure 2. ITP of 70 µM fluorescein
at a linear flow rate of 131 µm/s, if
no voltage is applied (A) and at an
electric field of 480 V/cm (B)



RAPID FREE FLOW ISOELECTRIC FOCUSING VIA 
NOVEL ELECTRODE STRUCTURES

Jacob Albrecht, Suzanne Gaudet, and Klavs F. Jensen
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

ABSTRACT

This work presents the first implementation of nanoporous and hydrogel materials as
an electrical interface for micro free flow electrophoresis devices. Packed polymer beads or
agar were used to isolate the sample from the electrochemical reactions at the metal
electrode surface. These materials allow for applied voltages two orders of magnitude
larger than what is possible with patterned metal electrodes. This versatility in voltage
allows a wide variety of samples to be rapidly focused.
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1. INTRODUCTION

Complex biological samples must typically be purified to increase assay sensitivity and
reduce non-specific interactions. Free flow isoelectric focusing (IEF) is ideal as an initial
separation step: it rapidly concentrates while separating samples, and it can continuously
sort a sample into sub-fractions based on pI. Free flow isoelectric focusing has been
previously shown to perform separations of biological material [1-3]. However, it has been
limited by the ability to apply field strengths high enough to facilitate rapid separations
similar to capillary IEF techniques. The major barrier to high electric field strengths is due
to the electrolysis of water at the surface of a metal electrode. At low potentials, hydrolysis
products remain soluble, but at high potentials, the formation of bubbles disrupts the
electric field and fluid flow. The transverse IEF device reported by Xu et al [1] addresses
the need to isolate the electrodes, but has been improved upon in several ways: the open
sample channel reduces sample adsorption; the electrode material nearly eliminates fluid
flow between the electrode reservoirs and sample channel, and the high conductivity within
the electrode leads to a more homogeneous field.

2. THEORY

For any species undergoing electrophoresis, the general conservation equation is given
by Equation 1, below:

iiii
i CCD

Dt
DC E

(1)
The species concentration, Ci, is both a function of position and time. Moreover, Ci

depends on the diffusion constant, Di, electrophoretic mobility, µi, and the local electric
field, E. In the case of isoelectric focusing, the sign of µ changes as the species enters 
regions of different pH, reversing the electrophoretic flux at the isoelectric point. The
quality of free flow IEF depends on both the diffusive and electrophoretic fluxes exerted on
the sample. Using this general formulation, a free flow IEF model was developed based on
a well-defined ampholyte composition in order to describe and predict the experimental
results.
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3. EXPERIMENTAL

The layout of the free flow IEF device is shown in Figure 1. The bulk of the device is
made of PDMS and is fabricated using standard soft lithography techniques. The post
structures (Figure 1b) along the sample channel are used to pattern the surrounding
electrode material, eliminating the need for additional photolithography techniques. With
these devices, a variety of samples were successfully focused.

Figure 1: Layout of transverse IEF device. Sample channel (a) is defined by 40 square m
posts (b) and is 1mm by 20 mm.  Upper and lower electrodes are the anode (c) and cathode
(d), respectively and are filled with agar or packed PMMA beads (e). Larger structures (f)
aid in supporting the fragile post array. Photo also shown (g). Features are 50 m high.

(c) (f)

(g)
Outlet Inlet

(a)

4. RESULTS AND DISCUSSION

Focusing of small amphoteric dyes, proteins, and mitochondria is shown in Figure 2.
Each sample in Figure 2 required a different voltage range in order to focus. With applied
voltages above the range of the sample, agglomeration and surface adhesion became
significant. The three types of samples have similar electrophoretic mobilities (1 to 3x10-4

cm2/V-s), but they have diffusion constants spanning two orders of magnitude (8x10-6 to
1x10-8 cm2/s). According to the model, it is this difference in diffusive flux that results in
the large voltage range necessary for focusing. Depending on the conductivity of the
sample introduced to the device, the voltage drop across the channel was calculated to be 66
to 21% of the total applied voltage, a 5 to 15 fold improvement than reported in [1]. Figure
3 shows the simulated and actual focusing of FTIC labeled BSA.

5. CONCLUSIONS

This work presents new electrode materials as a simple, reliable way of applying high
DC fields to micro free flow electrophoresis devices, and creates the foundation for using
chemically modified hydrogel electrodes for more sophisticated charge-based separations.
These materials may also be used as electric interfaces for other high voltage microfluidic
devices.

(b)

(d) (f)

(e)
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Figure 2: Free flow IEF of three different samples. A) Low molecular weight amphoteric
dye, 12s at 300V. B) FITC-BSA 20s at 40 V. C) Hela mitochondria 50s at 5V. The anode is
on the left side of the channel; the cathode is at the right.
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Figure 3: Focusing of FITC tagged BSA. Solid line indicates normalized fluorescent
intensity across channel after 20 seconds at 40V. The dashed line is the calculated steady
state focusing profile.
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ABSTRACT
“Optofluidics” represent a new class of photonic devices in which micro- and nano-scale
fluidics are exploited to deliver liquids directly into optical structures either for dynamic
reconfiguration or for exploitation in integrated microscale total analysis systems as
biosensors. Optical feature sizes in these devices are typically on the order of 100nm with
spacing of several 100nm and thus targeted fluidic delivery, into a single defect resonant
cavity for example, poses a significant challenge. In this work we demonstrate a technique
for dynamically tuning and removing defects in periodic photonic structures using soft-
lithography patterned nanofluidics.

1.0 INTRODUCTION
Optofluidic devices seek to take advantage of recent advancements in micro- and nano-
scale fluidics to deliver liquids directly into the optical structures. This provides an order of
magnitude increase in the achievable n/n, over traditional techniques, enabling flexible
fine-tuning and even dynamic reconfiguration of optical circuits in addition to traditional
microfluidic capabilities such as distribution of chemicals to be analyzed, and temperature
stabilization. Examples of such devices include adaptable photonic crystal lasers [1], fluid-
fluid waveguides [2] amongst others. At present such devices rely on manipulating optical
properties at scales significantly greater than the wavelength of light. Development of a
technique which can fluidically modulate optical properties at smaller scales could enable a
broad range of new functionalities such as dynamic reconfiguration of photonic circuits, or
targeted delivery directly into resonant cavities for bio-detection. In this paper we describe
the use of multilayer soft-lithography [3] nanofluidics to dynamically modulate the index of
refraction of targeted defects within a photonic crystal [4] at sub-wavelength length scales.

2.0 NANOSCALE OPTOFLUIDIC INTEGRATION
Figure 1 shows a general overview of the fabrication procedure. The bottom layer of the
device consists of an SOI substrate on which we define the photonic crystals through
standard e-beam lithography and dry etching. The photonic crystals design used here had a
triangular lattice of holes constant a = 434nm, hole radius r = 140nm and height h = 207nm.
In the experiments presented here we increase the radius of the holes within the central row
of the photonic crystal to 203nm in order to introduce a reduced index guided mode into the
band gap created by the otherwise regular crystal lattice. This geometry was selected on the
basis of a series of numerical experiments as having transmission properties that were most
sensitive to local changes in index of refraction. To create the fluidic layer we first define
the nanofluidic array (here consisting of an array of 350nm wide channels spaced with 5 m
period) in positive relief on a separate SOI substrate. A microfluidics engine structure
(with a channel height of 10 m and width of 50 m) is superimposed on the same
nanofluidic substrate (in photoresist using standard photolithographic processing). The
engine provides the microfluidic functionality which can more conveniently be performed
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at the micron length scale. The multiscale approach also simplifies fluidic coupling into the
nanochannel array. The master is then cast in RTV elastomer and bonded to a valve control
layer which provides the active control. The fluidics were then interfaced and bonded with
the photonic structure by placing them in conformal contact after a 7s air plasma oxidation.

To align the nanochannels with the targeted row of holes we create an array of 30 photonic
crystals and vary the spacing between the structures by one half the diameter of the central
row of holes. When interfaced with the regularly spaced 
array of nanochannels, this ensures that at least one
nanochannel will be aligned with the central row of at
least one photonic crystal. In addition to manufacturing
simplicity, building the fluidic layer separately from the
optical layer in a soft polymer such as RTV has several 
inherent advantages including air permeability and the
ability to make a conformal seal over the photonic
structures. Figure 2 shows the results of an alignment
and seal integrity check where a concentrated solution of
5% CTAB surfactant was infused into the nanochannel
array and allowed to dry overnight forming a cast of the
channel. As can be seen very precise, subwavelgnth scale
alignment and sealing is achieved.

Figure 1: Nanoscale Optofluidic Integration fabrication and assembly procedure
(a) Nanophotonic structure (b) Nanofluidics with Microfluidic Coupling (c) Valve
control layer (d) Device assembly (e) Photograph of actual Chip.

Figure 2: SEM image of
photonic crystal after
precipitation of CTAB from
solution and removal of
PDMS fluidics
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3.0 NANOSCALE FLUIDIC MODULATION OF PHOTONIC CRYSTALS
Figure 3a shows the normalized quasi-TE mode transmission through the photonic crystal
with a fluidically modulated waveguide (i.e. central row aligned with a nanofluidic channel)
for DI water and 5M CaCl2. The data presented has been smoothed to remove higher
frequency Fabry-Perot resonances. The results show a shift in the peak transmission of the
guided mode from a/ = 0.291 to a/ = 0.289 (corresponding to a =15nm). While higher
index of refraction solutions are available commercially (e.g. Methylene Iodide
formulations) for this work we selected solutions of aqueous CaCl2 as being the most
appropriate due to their relatively low viscosity and miscibility within the low index
solution, thereby minimizing the difficulties resulting from the dominance of capillary
pressures on the 100nm scale. 

Figure 3b demonstrates dynamic modulation of the transmitted power by fluidically
switching between the water and CaCl2 solutions. The timescale for switching
demonstrated here is on the 10s of seconds, limited here by the use of pressure driven flow
and the nanoscale channel size.

4.0 SUMMARY
In this work we have demonstrated the integration of nanofluidics and nanophotonics at the
subwavelength scale. A general fabrication procedure and architecture for nanoscale
optofluidic integration was presented along applied to the fluidic modulation of a single
row of holes within a photonic crystal.
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Figure 3: Nanofluidic addressing of single row of holes within a photonic
crystal (a) Measured transmission spectrum for DI water and 5M CaCl2 (b)
dynamic modulation of transmitted power at a/ = 0.291.
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HYBRID FABRICATION OF CARBON NANOTUBE –
BASED DEVICES AND THE MEASUREMENT OF IONIC

CURRENT THROUGH THEM
B. M. Kim and H. H. Bau

Department of Mechanical Engineering and Applied Mechanics
University of Pennsylvania, Philadelphia, PA 19104-6315, USA

ABSTRACT
A method for fabricating nanotube-based devices, consisting of a carbon nanotube

connecting two wells, is described.  It is demonstrated that the tubes can be readily filled
with various liquids and that particles and ionic currents can be transmitted through the
tubes. The ionic current is measured as a function of the applied potential difference across
the tube. Devices of the type described here can be used for studying the fundamental
properties of liquid flow at the nanoscale, for imaging molecular interactions in aqueous
solutions with the high resolution of the electron microscope, and for various bio-sensing
applications.

Keywords: Nanotechnology, nanofluidics, nanotube

INTRODUCTION
The transport of simple and complex fluids in carbon

nanotubes (CNTs) is of interest from both the fundamental
science and the applications points of views [1]. Carbon
nanotubes are a convenient material with which to work
for several reasons. First, carbon nanotubes are straight,
have relatively uniform diameters, and can be fabricated
with diameters ranging from a fraction of a nanometer to
several hundreds of nanometers, allowing one to conduct
experiments with various tube sizes. Second, the tubes’
surface properties can be modified thermally and/or 
chemically to facilitate behaviors ranging from hydrophilic
to hydrophobic, allowing one to probe the effect of surface
properties on the liquids’ behaviors. Third, the tubes’
walls are sufficiently thin to be transparent to light [2,3]
and electrons [4-7], allowing one to observe and quantify
events that take place inside the tubes. Fourth, the tubes
can be filled with various liquids [2] and suspensions [3,
9]. Indeed, the tubes can contain high-pressure fluids and gases for an extended time even
in the vacuum environment of the electron microscope [4, 5]. The CNTs may also be
useful as components in biosensors, minute chemical reactors, and drug delivery and
nanofluidic systems as well as constituent components in composite materials. However, in
order to take full advantage of the carbon nanotubes, it is necessary to develop fabrication
techniques that will allow one to construct nanotube-based devices that facilitate
controllable transport of liquids through the tubes.

Fig. 1: Through the action
of dielectropheretic forces,
a nanotube migrates
towards the gap between a
pair of electrodes (finite
element simulation)
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FABRICATION TECHNIQUE
The fabrication process involves patterning

electrodes with a small gap between them on a
suitable substrate, positioning a drop laden with a
dilute solution of nanotubes on top of the electrodes,
and applying an AC electric field across the
electrodes. The nanotubes get polarized and migrate
to bridge the gap across the electrodes (Fig. 1). To
achieve better control of the assembly process, we
studied the trajectories of the nanotubes
experimentally and theoretically [8]. Once a
nanotube was placed at a desired location (Fig. 2), 
photolithographic techniques utilizing SU-8
photoresist were used to construct the necessary
plumbing to facilitate liquid flow into and out of the
tube. Figs. 3 and 4 show, respectively, a schematic
depiction of the nanotube-based device and a
photograph of an uncapped device. In previous
work, we have demonstrated that the tubes can be 
readily filled with various liquids and particles [2,
3].

Fig. 2: A nanotube positioned
over the gap between two
electrodes

Fig. 3: A schematic depiction of
the carbon nanotube-based device.
The device consists of two wells
connected with a nanotube.EXPERIMENTS

Subsequently, we filled the tube with electrolyte
solution (0.1M KCl) and measured the ionic current
through the tube. Figure 5 depicts the ionic current
as a function of the potential difference (V) across
the driving electrodes. When the potential
difference was smaller than 1V, the current was
carried solely by the ions in the electrolyte solution.
When the potential difference increased above a
certain threshold (~1V), a Faradaic reaction took
place between the solution and the gold electrodes
that were used for the nanotube positioning (Fig. 2).
As a result, in addition to the current flow through
the solution inside the tube, electric current was also
transmitted from the solution into the gold electrode
on one side of the tube and then through the tube’s
wall to the electrode on the other side of the tube.
In other words, when the potential difference was
above the threshold, the tube wall provided a 
parallel path for the electric current transmission
with a resulting reduction in the total electrical
resistance. To confirm this hypothesis, we wet
etched the gold electrodes. In the absence of the electrodes, the I-V curve (solid line in Fig. 
5) no longer exhibited change of slope and the current was nearly a linear function of the
potential difference over the entire range of potential differences used in the experiments
(<2V).

SU-8

Nanotube

20 um

Au Au

SU-8

Nanotube

20 um

SU-8

Nanotube

SU-8

Nanotube

20 um

Au Au

Fig. 4: A photograph of an
uncapped carbon nanotube-based
device. The carbon tube was
positioned between two electrodes
using dielectrophoretic forces.
Subsequently, photolithography
was used to pattern two wells –
one at each end of the tube. In
electron microscope studies, a
capped version of the device will
be used.
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CONCLUSIONS
We have described a hybrid fabrication technique that allows us to integrate carbon

nanotubes into devices that, in turn, allow
for the filling of the tubes with various
liquids and suspensions. We measured the
ionic current through the tube as a function
of the potential difference applied across
the tube. The fabrication technique allows
one to position multiple nanotubes with
different diameters on the same substrate,
facilitating parallel measurements.

Fig. 5: The current through the carbon
nanotube as a function of the potential
difference across the driving electrodes.
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NANOMETER-GAP IMPEDANCE BIOSENSORS
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center of advanced european studies and research (caesar),
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ABSTRACT
This paper reports of the measurement of protein-antibody interactions with nanometer-

gap impedance sensors. The specific binding process of thrombin molecules to anti-
thrombin antibodies, which were immobilized on the electrodes of the 68 nm gap-size
impedance sensor has been detected. Simultaneous measurements with a reference sensor
and a Bovine Serum Albumin (BSA) blocked sensor showed only very small signal changes
due to variations of the bulk dielectric constant and to unspecific binding events.

Keywords: Biosensors, nanofabrication, impedance sensors, molecular interaction

1. INTRODUCTION
The development of nanosensors for bio-analytical measurements based on electrical

detection [1-3] is driven by the necessity for highly integrated sensor devices with high 
sensitivity, high throughput and low cost. Usually the nanosensor fabrication is based on
serial lithography techniques such as electron-beam or focused-ion beam (FIB) lithography
or depends upon the use of expensive stepper, deep UV or X-ray lithography techniques.
We have developed a process, which allows the batch production of high frequency
impedance sensors with nanometer-gap sizes. Here, standard optical-lithography techniques
in combination with a sacrificial layer process is used for the batch production of these
sensors [4]. High frequency measurements at a frequency of 1.28 GHz are performed in
order to prevent the shielding effect of the electrical field in electrolyte solutions due to the
so-called electric double-layer (EDL) formation at the electrodes.

b)

68 nm

a) 10µm
Figure 1. a) Optical micrograph of the impedance sensor layout with 4 sensor
elements each 2µm x 6µm. b) Scanning electron microscope (SEM) image of a
FIB cross section of a single sensor cell showing the 68nm gap (between the
arrows) after the sacrificial layer removal.

9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1546 0-9743611-1-9/µTAS2005/$20©2005TRF



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1547

2. EXPERIMENTAL
The sensor chip (20mm x 20mm) consists of 14 sensor channels. Six reference sensors

with interdigitated electrodes with 10µm spacing and eight sensors with 68 nm gaps. Figure
1a) shows an optical micrograph of the active sensor area with four 68nm gap sensor
elements with a total active surface area of only 48 µm2. In order to prevent the EDL
formation within the 68 nm gap the impedance of the sensor device was matched for
measurements at 1-1.5 GHz. Figure 1b) shows the cross-section of a sensor element (see
dashed line in Fig. 1a)) which was prepared by FIB technique. A 68 nm gap between the
two Au electrodes was determined from the SEM picture. The thickness of the bottom
electrode was 200 nm, while the top electrode was 300 nm thick. (Note: the top-most
chromium layer was deposited only for the FIB preparation process)

Prior to the protein–antibody binding experiment the gold electrodes of the sensor were
coated with a carboxylated self-assembled monolayer (SAM) using 11-mercapto-
undecanoic acid. In addition, a 68 nm gap sensor has been blocked with BSA in order to use
this sensor as reference. Subsequently, the sensor chip was inserted into the biosensor
system consisting of the high frequency electronic board and the fluidic system with a flow
cell volume of 3µl. During the measurement a buffer solution is constantly running with a
flow rate of about 30µl/min. An auto-sampler unit controls the injection of sample solutions
and allows in combination with the software a fully automated process control.

3. RESULTS AND DISCUSSION

a) b)

 Figure 2a shows the activation process [5] with EDC/NHS, thrombin antibody binding and
deactivation process with ethanol amine (injection times indicated by black bars) for a
68nm gap sensor (black line), a reference sensor with 10µm spacing (grey line) and a 68 nm
gap sensor which was blocked with BSA prior to the measurement (light-grey line). The
reference sensor (grey line) is only sensitive to changes of the bulk dielectric constant
within the flow cell and therefore only small impedance changes have been observed after

Figure 2. a) Impedance change

the thrombin antibody injection.

s of the activation process, antibody binding and
deactivation process (injection times indicated by black markers). b) Measurement
of Elastase (1µM) and Thrombin (1µM) with the same sensors, showing only small
impedance changes for the unspecific binding of Elastase and larger changes for
specific binding of Thrombin to its antibody.
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The BSA blocked 68 nm gap sensor (light grey line) showed a moderate decrease of the
signal amplitude of about 1-1.5% due to unspecific binding of antibodies to the BSA coated
sensor surface. The unspecific binding can be obtained by the partial recovery of the signal
amplitude after the antibody injection. The black line shows the response of the 68 nm gap
sensor. A large 4% signal change was observed for the antibody binding process. The final
process for the receptor immobilization is the deactivation of the activated carboxyl groups
at sites where no antibody has covalently bound. Subsequently, the running buffer was
changed from water to phosphate buffered saline (PBS) in order to obtain the correct pH
value for the thrombin to thrombin-antibody binding experiment. Fig. 2b shows the
normalized amplitude after the buffer exchange. The 68 nm gap sensor (black line) shows
only a small amount of unspecific binding events for the injection of 1 µM Elastase, but a
large impedance change for the specific binding of Thrombin to its antibody (second
injection). After the injection of 1µM of Thrombin a partial recovery of the signal has been
observed (see black line), leaving a total impedance change of about 1%. The reference
sensor shows only very small changes due to dielectric constant changes, while the BSA
blocked sensor (light-grey line) shows small changes.

4. CONCLUSION
In conclusion, we were able to obtain on-line the immobilization process of thrombin

antibody with a 68 nm impedance sensor chip and subsequently the binding of thrombin to
its antibody. By using reference sensors unspecific binding events and changes due to ion
concentration can be detected. This information is necessary for further data analysis of the
real-time binding experiments.
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VALVELESS ON-CHIP AUTOMATED PROTEIN
FRACTIONATOR AND COLLECTOR UTILIZING

ELECTROKINETICALLY MANIPULATED SHEATH
FLOW

Zhen Wang, D. Jed Harrison
Department of Chemistry, University of Alberta, Canada, Edmonton, Alberta, Canada

ABSTRACT
A fractionator and collector for proteins, based on electrokinetically manipulated sheath
flow is described. The fractionator is integrated with capillary isoelectric focusing (cIEF)
and zone electrophoresis (CE). The sample stream, focused by the sheath buffer, can be
directed into fractionating branch channels, without cross contamination of the channels
due to leakage. Peak detection software allowed the protein mixture to be separated by cIEF
or CE and fractionated automatically. The collected protein fractions were injected
downstream into a CE manifold for evaluation of the purity of the protein, and to
demonstrate the ability of this “in-space” fractionator to perform multiple separation steps. 

KEYWORDS: fractionator, protein, proteomics, sheath flow

1. INTRODUCTION
Utilizing microfluidics for improving methods in Proteomics requires the integration of
separate sample preparation processes. Multidimensional separations are often required,
which makes it necessary to control the sample flow from one dimension to another without
contamination. Fractionation “in-time” has been shown in 2-d separation systems on-
chip[1], but much less work has been done to show fractionation “in-space” for protein
samples. Valve systems [2] and nanofilms[3] have been used to control the flow between
two dimensions. Electrokinetic control of flow into various channels can be used to
fractionate [4], but leakages at intersections can be a problem. Leakage can be controlled
using a sheath flow [5] effect.

2. INSTRUMENTATION
The instrument set-up is shown in Figure 1. An Ar+ ion laser (488 nm) beam was split into
two, one reflected onto the chip from above to excite fluorescein. A 10 microscope
objective mounted right above the chip was used to collect the fluorescence image, which
was recorded by CCD camera. The other beam was directed into an epifluorescent
micoscopefocused on the separation stage, with a PMT used to collect the fluorescence.
Voltage control was realized with a power supply and high voltage relay, controlled by a
Labview program. Data collection was done using a National Instruments data acquisition
card.

3. RESULTS AND DISCUSSION
The chip layout shown in Figure 2 was used to evaluate the sheath flow methodology for
sample isolation. Channels were etched to different depths with a two-mask process, in
order to focus the electric field to give high sheath flow rates. Pspice software was used to
simulate the current in each channel to estimate the flow rate of sheath buffer and sample
(expressed in units of current per unit conductivity of the electrolyte, which are proportional
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to flow rate), Figure 3. The fluorescence image in Figure 3 illustrates the tight focus that
was achieved across a distance of over 600 µm, with fractionation into 6 channels.

A 2-D separation chip is shown in Figure 4. The first channel can be used for cIEF or for
CE, with two fractionation channels downstream leading to two individual CE channels
with double-T injectors. Figure 5 shows cIEF focusing of labeled BSA and IgG into two
peaks, along with images showing fractionation into two separate channels. Figure 6 shows
the CE separation of the same type of mixture in the first channel, followed by fractionation
downstream and CE analysis of the fraction. Fractionation was performed in automated
fashion, using a high peak threshold signal to collect a pure fraction, and software
programmed to automatically switch the flow between fractionation channels. Figure 6A2
and Figure 6C show that the impurities present in the original IgG sample were readily
separated and eliminated with this fractionation procedure, even in the presence of BSA.

CONCLUSION
The electrokinetic sheath flow fractionator provides an efficient design that overcomes
leakage problems in electrokinetically pumped devices, maintaining the quality of
separation achieved during transfer from the primary to the secondary separation step. The
fractionator has been coupled to two separation stages, providing the ability to perform
multidimensional separation. This “in-space” design has advantages over “in-time”
fractionators, in that slow processes such as digestion and desalting can be integrated
between the stages.

Figure 2. Reservoir A is loaded with fluorescein,
reservoir B1 and B2 with buffer for the sheath flow.
The fractionation channels (20 m in depth) were
sequentially supplied with a negative voltage (C1, C2
…C8). All other channels are 5 m in depth.

500
m

C5

Figure 1. Cartoon of the double-
beam fluorescence detection set-up

Figure 3. Images show the sequential fractionation of flow into each channel. The sheath
flow keeps the fluorescein stream tightly focused. A Pspice simulation of the channel
impedances and predicted current flow is also shown.
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Figure 4. The sketch shows the
cIEF / fractionation/ CE device,
with two fractionation channels.
Reservoirs A, C, D are used for
sample, buffer and ampholyte
introduction, with cIEF or CE
performed downstream towards B.
Reservoirs B provide the sheath
flow stream. On the right side
expansions are shown of the
fractionation zone, and of the
following CE separation stages, in
which two CE channels are
integrated. Voltages of ~1000 –
3000 V were applied to each stage
as required.

Figure 5. cIEF detected downstream in the
separation channel on the left side of Fig 4 for a
mixture of BSA and IgG. Also shown are video
camera images of the fractionation of the two
components into the two downstream fraction
collectors.
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Figure 6. (A) CE of a mixture of BSA and IgG,
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ABSTRACT

We present a microfluidic device for organizing a porous structure of proteinase K (PK)

grafted beads, using a longitudinal magnetic field parallel to the direction of the flow [1,2],

to form a matrix for enzymatic digestion. The main advantage of this device is that the

matrix can be easily replaced by flushing out the beads and loading new beads into the

same channel. Also, the grafting on particles can be performed ex situ in large quantities,

allowing for reduced cost, better reproductibility and quality control. This device was

applied to analyse the digestion of prion protein.

Keywords: Magnetic beads, prion, protein digestion, self-assembly

INTRODUCTION

At present, there is no accurate pre-mortem diagnosis for prion diseases, and the post-

mortem analysee used have many drawbacks: They are rather time consuming and have a

low sensitivity. The advantages of miniaturized systems, such as small consumption of

reagents, short reaction times, potential for parallelization and integration of many

analytical steps, make them very interesting for the development of new prion diagnosis.

Since prion is an endogenous protein, immunoaffinity testing is particularly difficult to

achieve. In spite of recent progress in the development of specific antibodies for the

pathogenic form, one must still rely on enzymatic digestion. This approach makes use of

the fact that the normal form of the protein is fully digested by proteinase K, whereas the

pathogenic form, which involves extensive hydrophobic “beta-sheets” domains, is partly

resistant to proteolysis in comparable solution. We present here a microfluidic device,

aimed at achieving this operation fast and on small volume, as prerequisite to the

development of a “lab-on-chip” device for prion disease diagnosis.

FORMATION OF THE PLUG OF MAGNETIC BEADS

The PDMS device integrates strong magnets to create a magnetic field parallel to the flow,

with a strong gradient pointing through the center of the channel (figure 1a and 1b).

When exposed to a uniform external field, the PK magnetic beads self-organize into a

supraparticle structure consisting of a columnar clustering in the direction of the field

(figure 1c). These columns are organized in “labyrinth-like” structures if the concentration

of the emulsion is high enough [3]. The distance between the columns is maintained by

dipole-dipole repulsion, keeping in the bulk of the plug channels collinear to the flow, with

a thickness of a few micrometers. The pores between the PK columns play the role of

coated capillaries in a multi-open tubular chromatographic-like system. The resulting

proteolytic matrix has a small and relatively homogeneous pore size, well adapted to the

protein sizes.
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a) b)

c)

Figure 1.a) Simulation of the magnetic field. b) View of the plug of magnetic beads

immobilized between the two magnets in the microchannel. c) Organisation of the columns

parallel to the flow (A and B) at the beginning of the plug clustering. Formation of the plug

(C and D) .

ON-CHIP PK DIGESTION

PK was covalently bound to the –COOH functional groups of magnetic particles (500 nm)

using EDC (water soluble carbodiimide) and S-NHS (hydroxysulfosuccimide). A plug of

these functionalised magnetic nanoparticles was then immobilized between the two

magnets in the microchannel for flow-through enzymatic digestion with off-chip analysis.

Activity and reaction kinetics of the immobilized enzyme in bulk and on-chip were

determined by monitoring the hydrolysis of Succinyl-Ala-Ala-Ala-paranitroanilide, a

molecule that absorbs at 405 nm when digested by PK. This study showed a 40 fold

increase in digestion rate on chip as compared to digestion in bulk, because the micrometer-

sized pores between the columns dramatically reduce the diffusion length .

The device was then applied to the digestion of mice brain homogenates over-expressing

the normal prion protein of sheep. The extent of proteolysis was studied by changing the

flow rates in order to vary the residence time, revealing the time necessary for complete

proteolysis on-chip. The analysis of digestion fragments by Western Blot is presented in

figure 2. Those results unsurprisingly indicate that decreasing the flow rate increases the

efficiency of the digestion, and that the protein is totally digested under a threshold flow

rate of 12.5 µl/h.

Future work will apply this device to detect the abnormal form of prion for diagnosis

application.
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Figure 2. Picture of Western Blot of fragments from prion protein digestion. The flow rate

is varying from 200 µL/h to 12.5 µL/h. The blotting uses an antibody specific of the C-

terminal domain of the protein. We detect the presence of the prion protein with the

appearance of three stripes corresponding to the three forms of prion: biglycosylated (4),

monoglycosylated (3) and no glycosylated (2). The last stripe at the botton of the scan (1)

corresponds to peptides arising from the C-terminal domai.. At a flow-rate smaller than

12.5µL/h, prion protein is not detectable meaning that the digestion is roughly complete.
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A POLYMER-BASED MEMS SENSOR FOR 
BIOCALORIMETRIC MEASUREMENTS 

Li Wang and Qiao Lin
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ABSTRACT
This paper presents a polymer-based MEMS differential scanning calorimetric sensor

with integrated microfluidics for measuring conformational transitions of biomolecules in
solution. The device features two identical thermally-isolated polymeric freestanding
membranes and a low-noise bimetallic thermopile differential temperature sensor between
the two membranes. Integrated with PDMS microfluidic channels and measurement
chambers, the sensor allows measurement of small volumes (~1 l) of liquid samples.
Measurements of protein denaturation at ~20 mg/ml concentrations are demonstrated.

Keywords: Polymer-based MEMS sensor, Biocalorimetric measurements, Protein
denaturation

1. INTRODUCTION
Biocalorimetry concerns measurement of heat in biomolecular transitions [1]. Existing

MEMS calorimetric sensors, generally lacking adequate integration with microfluidics, are
either limited to gas- or solid-phase measurements or require large amounts of liquid
samples [2-4]. Recent work on integrating MEMS calorimetry with microfluidics is based
on silicon nitride and polysilicon [5,6]. These devices require high-temperature processing
and have limited sensitivity due to large noise in polysilicon sensors. Here we report a
MEMS differential scanning calorimetric sensor (DSC) featuring integrated polymer
thermal and microfluidic structures, and low-noise metal thermopile sensors. The device
allows differential measurements of small volumes (~1 l) of liquid samples with a roughly
20-fold improvement in detection limits compared to polysilicon-based sensors [5, 6].
Measurements of protein denaturation at one-order-of-magnitude lower protein
concentrations are demonstrated [5].

2. PRINCIPLE AND DESIGN
DSC monitors the heat capacity difference between the sample and reference materials

in two matched calorimetric chambers while the chamber temperatures are scanned at a
specified rate over a continuous chosen range. Because of the heat capacity difference, the
temperatures of the sample (Ts) and reference (Tr) chambers differ slightly. The temperature

difference, T=Ts-Tr, is measured in terms of
thermopile output voltage U and reflects the
differential power P=Ps-Pr, where Ps and Pr are
power generated in the sample and reference
chambers. This allows the determination of the
differential heat capacity Cp=Cps-Cpr, where Cps
and Cpr are the heat capacities of the sample and
reference materials. Then,

/ ( / )p
P UC

dT dt S dT dt
(1)

where dT/dt is the scanning rate of the chamber
temperature [7]. Here, S is the sensitivity, i.e., the

thermopile output voltage resulting from unit differential power in the chambers. When the
differential calorimetric chambers are scanned over a certain temperature range, Cp is

Reference
chamber

On-chip
heater

Metal
thermopile

Inlet

Sample
chamber

Access
channels

Outlet

A

B C

Fig. 1. Schematic of the MEMS
calorimetric sensor with integrated
microfluidic chambers (top view).
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obtained as a function of temperature (Ts), and provides quantitative information about
biomolecular thermodynamic properties over the temperature range.

3. FABRICATION
The device consists of two microfluidic

chambers (Fig. 1). Each chamber contains a
freestanding polymeric membrane on which a
thermopile and resistive heater is integrated.
During measurement, one chamber is filled
with a biomolecular sample and the other a
reference buffer. The sample and buffer
temperatures are linearly ramped using an
external furnace. The small differential
temperature between the sample and buffer
reflects biomolecular structural changes and
is measured by the thermopile. The device was fabricated by first depositing and patterning
chromium (0.5 µm) and nickel (0.2 µm) on patterned silicon oxide wafer (Fig. 2a) and then
etching the backside by TMAH until approximately a 50-µm silicon membrane was left. A
5 m SU-8 film was then spin coated and patterned. After wafer dicing, the SU-8
membranes (2×2 mm2) were released with XeF2 etching (Fig. 2b). A PDMS sheet with 200
m thick microfluidic features was bonded to the chip’s frontside (Fig. 2c). An image of the
calorimetric sensor chip is shown in Fig. 3.
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Fig. 3. Microscopic image of a MEMS
calorimeter chip.

Fig. 4. Denaturation of protein lysozyme
(concentration: 20mg/ml; temperature
ramping rate: 5 C/min).
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Fig. 5. Denaturation of protein RNase A
(concentration: 18mg/ml; temperature
ramping rate: 5 C/min).

Fig. 6. Denaturation of salmon sperm
DNA (concentration: 4.06 mM;
temperature ramping rate: 10 C/min).

4. EXPERIMENT AND RESULTS
The device was calibrated using the on-chip heaters. A device time constant (0.56 s)

was measured with chambers filled with buffer, which is adequate for measuring
biomolecular structural transitions [1]. The differential temperature between the sample and
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Fig. 2. Fabrication of the MEMS
calorimetric sensor. See Fig. 1 for locations
of the cross sections A-B and B-C.
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reference chambers was also measured and found to be linear in the differential power, with
a slope (i.e., calorimetric sensitivity) of 1.2 mV/mW. The device was applied to measure
thermally induced protein denaturation, a phenomenon in which a protein loses its three-
dimensional structure [1]. First, both chambers were filled with buffer and the baseline of
the instrument over the entire temperature range required was obtained by recording the
thermopile output voltage. The baseline was subtracted from the measured voltages to
calculate the differential heat capacity. After filling the chamber with the sample solution,
the chamber temperature was scanned at 5 C/min and the thermopile output voltage was
monitored. Figs. 4 and 5 present results on differential heat capacity for denaturation of the
proteins lysozyme and ribonuclease A (RNase A) computed from measured thermopile
output using the calibrated sensitivity and Eqn. 1. The protein concentrations used (20
mg/ml for lysozyme and 18 mg/ml for RNase A) are an order of magnitude lower than
those used in an earlier device [5]. At sufficiently high temperatures, the endothermic
protein denaturation process causes a sharp decrease in the differential heat capacity. The
melting temperature, corresponding to the maximum differential heat capacity, was found
to be 68.1 C and 62.8 C, in agreement with the literature values of 66.2 C and 61.9 C for
lysozyme and RNase A, respectively [1]. We have also applied our device to the
denaturation of DNA, and the endothermic nature of the DNA denaturation process can be
clearly seen from the measurement results (Fig. 6). More quantitative characterization of
this phenomenon is expected to be addressed with devices that are based on improved
designs and fabrication techniques, which are currently under investigation.

5. CONCLUSIONS
A polymer-based MEMS differential scanning calorimetric sensor integrated with

microfluidics has been developed to measure structural transitions of biomolecules in
solution. The device features thermally-isolated polymeric freestanding membranes and a
low-noise bimetallic thermopile fabricated on a silicon chip, which is bonded with PDMS
microfluidic structures. The device allows differential measurement of small volumes (~1
l) of liquid samples. The device has been applied to measure the denaturation of the
protein lysozyme and RNase A at concentrations of an order of magnitude lower than those
used in an earlier device, yielding melting temperatures in agreement with the literature
values. Preliminary characterization of DNA denaturation has been also demonstrated.
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PERMEATION DRIVEN FLOWS IN PDMS

MICROFLUIDIC DEVICES
P.S. Doyle and G.C. Randall

Massachusetts Institute of Technology, USA

ABSTRACT

Much of the burst of activity in microfluidics can be attributed to the ability to rapidly
and economically fabricate microfluidic channels in poly(dimethylsiloxane) (PDMS) via
micromolding [1]. PDMS has been widely used in the field of pervaporation [2] where it is
known that a small amount of water can permeate thin membranes. We present here an
experimental and theoretical study of permeation driven flows which can result when using
small fluidic PDMS channels. Our results show fast flows can be created (~50 microns/sec).
We demonstrate that permeation flow can be used to passively pump fluids or assemble
colloids, and we present a method to eliminate the flow.

Keywords: PDMS, permeation, pumping

1. INTRODUCTION

Much of the growth in microfluidics research over the past ten years can be attributed to
the pioneering work of Whitesides [1] and Effenhauser [3] who showed that inexpensive
fluidic devices could be easily fabricated in PDMS by replica molding. Consequently,
PDMS has become the material of choice for making many microfluidic devices. While the
use of PDMS in microfluidics is still relatively new, this material has been used extensively
in applications which require gas or vapor permeable membranes [2]. PDMS is highly
permeable to organic solvents, making solvent-PDMS compatibility one of the main
drawbacks of using PDMS for fluidic devices. Permeation of solvent into the PDMS
channel walls becomes increasingly more important as device size decreases because the
surface area to volume ratio increases. Current research on cells and single molecules
requires creation of devices which are only a few microns to hundreds of nanometers in

Figure 1. Schematic of the problem geometry. A: Microchannel side view. B: PDMS top view.
C: Conformal map geometry for theory.
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height. The resulting microfluidic flow from the permeation flux will be important in these
thin devices [4], but it has not been widely cited nor well studied.

2. EXPERIMENTAL

We microfabricated rectangular channels in PDMS which are then placed on a glass
slide. The channels have a high aspect ratio (width ‘w’ much greater than height ‘h’) and
the channel is much smaller than the bounding PDMS piece (Fig.1). Flux of fluid ‘J’
through the PDMS drives a symmetric flow towards the channel center. The channel is
mounted on a microscope and we measure the height-averaged velocity by tracking
fluorescent colloids.

3. RESULTS AND DISCUSSION

The geometry and timescales of the problem allow us to use a lubrication analysis for the
resulting fluid flow (given a flux J). This theory predicts that the velocity increases linearly
from the channel center and scales with channel height as h

-1
which agrees with our

experiments (Fig. 2). By placing different sizes of colloids in the reservoirs at various times

Figure 2. A: Mean steady state
fluid velocity as a function of
position in channel (channel
center is x=0). B: Mean velocity
as a function of channel height
and predicted scaling from our
theory

Figure 3. A: Permeation velocity as a
function of time and PDMS thickness R
(see Legend) in microchannels with width

of 50 m and height of 2 m. Lines are the

predicted steady state velocities for each R
(moving down, R=1.5, 4, 5, and 7 mm). B:
Transient permeation velocity for different

channel widths with height of 2 m. Lines

are the predicted transient velocities.
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we can passively pack semi-crystalline arrays with sharp grain boundaries (Fig. 4). To solve
for the mass transport in the PDMS, we use a conformal mapping technique (shown
schematically in Fig. 1C). The flux from this theory provides the boundary condition J(t)
needed to solve for the velocity evolution. This theory is in excellent agreement with our
experiments for a wide range of channel sizes and time scales (Fig. 3). We have also shown
that we can stop this process by presoaking the PDMS in water.

4. CONCLUSIONS

Our work demonstrates the need to account for permeation driven flows as researchers
begin to build smaller devices in PDMS. Our predictive model shows that this will occur
when channel height approaches 10 microns. This troublesome flow can be an advantage if
one uses the theory we developed to engineer-in a steady flow to passively pump liquids for
hours (Fig. 3), to aid in self-assembly of particles (Fig. 4), or to concentrate samples. Futher
details of this study will be published in a separate publication [5].
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ABSTRACT
This paper reports a novel distillation method in microchannel. For gas-liquid separator

at evaporation part, hydrophilic-hydrophobic patterned microchannel structure was utilized.
In order to control condensation of the evaporated vapor, nanopillar structures were
fabricated after the separator. In the nanopillars, vapor pressure is lower than that at flat
liquid surface, which is so-called capillary condensation. An aqueous solution of 10%
ethanol was used as a model sample, and clear gas-liquid separation and condensation in
the nanopillar were observed.

Keywords: Distillation, capillarity restricted modirication method, capillary
condensation, nanopillars

1. INTRODUCTION
We have investigated continuous flow chemical processings CFCP on microchips

utilizing micro unit operations (MUOs). Most of conventional MUOs are operations for
liquid phase process [1]. Although gas-liquid two-phase flow system is required for wider
application of microchips, there have been few operations for the gas-liquid flow system.
The gas-liquid flow systems have difficulties in operating in a micrometer-sized restricted
space because the phase transition from liquid to gas or from gas to liquid is accompanied
by a very large volume change. In addition, gas phase flow is compressive flow while
liquid phase flow can be treated as incompressible flow, and viscosity of gas flow is two or
three orders lower than that of liquid flow. Recently, we have reported capillarity restricted
modification method (CARM) for hydrophobic-hydrophilic patterning of a microchannel
[2,3]. By utilizing the patterning, some gas-liquid flow processes such as bubble purge,
and degassing have been demonstrated. In this report, a novel distillation method in
microfluidic system is investigated.

2. THEORY AND EXPERIMENTAL
Figure 1 illustrates master conception of the distillation method in a microchip. The

black and gray lines on the microchip correspond to hydrophilic and hydrophobic channel.
The hydrophilic and hydrophobic channels contact each other at the evaporation and gas-
liquid separation part. When mixed solvents are introduced to the hydrophilic channel, the
liquid does not leak to the hydrophobic channel because of Laplace pressure [2,3]. Only
evaporated vapor of the liquid intrudes to the hydrophobic channel and flows to the
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condensation part. In the condensation part, nano pillars are fabricated. The vapor
pressure in the nano pillars is slightly smaller than that at the flat surface. Therefore, the
vapor begins to condensate in the nano pillar area.
The relationship between the pillar spacing and vapor pressure can be predicted from well-
known thermodynamics relationship, Kelvin’s equation. Figure 2 shows the relationship
between the spacing and water vapor pressure at 300 K. The vapor pressure is gradually
reduced below r=10-6 m, and, therefore, the nano pillar having a spacing in the order of
100 nm is effective for condensation control.

Figure 1  Master conception of micro distillation system. In the evaporation and gas-liquid 
separation part, hydrophobic and hydrophilic selective modification is utilized.  In the 
condensation part, capillary condensation phenomenon is utilized. 

Figure 2  Vapor pressure of water at 300 K in the nano pillars.  The pressure is calculated by well-
known thermodynamics relationship, Kelvin’s equation. 



9th International Conference on Miniaturized Systems for Chemistry and Life Sciences
October 9-13, 2005, Boston, Massachusetts, USA

1563

3. RESULTS AND DISCUSSION 
 In order to confirm the principle, an aqueous solution of 10% ethanol was introduced to 
the distillation microchip.  Figure 3 shows observation of condensation process, where the 
nanopillars having a spacing of 300 nm and height of 250 nm were fabricated.  While no 
condensation is observed before the nano pillar area, condensation is observed just after the 
nano pillar area.  Although quantitative evaluation has not been performed, we have 
demonstrated the demonstration based on new conception shown in Figure 1 

Figure 3  (a) Observation area.  (b) Micrograph of condensation at the nanopillar area.  Nanopollars 
having 300-nm spacing and 200-nm height were fabricated on fused silica microchip. 

REFERENCES
[1] M. Tokeshi, T. Minagawa, K. Uchiyama, A. Hibara, K. Sato, H. Hisamoto, T. 

Kitamori, Continuous-Flow Chemical Processing on a Microchip by Combining 
Microunit Operations and a Multiphase Flow Network, Analytical Chemistry, 74, 
1565-1571 (2002). 

[2] A. Hibara, S. Iwayama, M. Ueno, Y. Kikutani, M. Tokeshi, T, Kitamori , Capillarity-
restricted modification method for gas/liquid separation and gas bubble purge in 
microchannels, Proceedings of Micro Total Analysis Systems 2004, 557-559 (2004). 

[3] A. Hibara S. Iwayama, S. Matsuoka, M. Ueno, Y. Kikutani, M. Tokeshi, T, Kitamori, 
Surface Modification Method of Microchannels for Gas-Liquid Two Phase Flow in 
Microchips, Analytical Chemistry, 76, 943-947 (2005). 

Takehiko Kitamori, Department of Applied Chemistry, School of Engineering, University 
of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-8656, Japan, kitamori@icl.t.u-
tokyo.ac.jp 



TRANSPORTING MICROSCALE LOADS WITH

MICROORGANISMS
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ABSTRACT

There have been a number of efforts made to capture the mechanical energy of biological
motors ex vivo. The most successful approaches have used protein engineering and the
reconstitution of motor proteins in vitro. This paper presents a method for harnessing the
power produced by biological motors using intact cells. The unicellular, biflagellated algae
Chlamydomonas reinhardtii serve as “microoxen” and transport microscale loads (1-5 µm
diameter beads) at velocities of ~100-200 µm sec

-1
over distances as large as 20 cm [1].

Surface chemistry is used to attach loads to cells, phototaxis to steer swimming cells, and
photochemistry to release loads.

Keywords: Algae, microfluidics, microorganisms, motor proteins

1. INTRODUCTION

There are many examples of nanometer-scale motors in nature. Within the cell, linear
motors, including DNA and RNA polymerase, dyneins, kinesins, and myosin play a critical
role in transcription, mitosis, meiosis, muscle contraction, and in transporting organelles
and synaptic vesicles [2]. In eukaryotic mitochondria, a rotary motor -- ATP synthase --
produces ATP by harnessing the flow of protons down an electrochemical proton gradient.
Outside of the cell, ciliary dyneins drive the beating of eukaryotic flagella and cilia. In
bacteria, a complex of approximately 20 proteins makes up the remarkable rotary motor
that powers the motion of flagella [2].

Interest in biological motors is based both on their transduction of energy and on their
small size, and hence their possible relevance to micro/nanotechnology.

Here we harness the work produced by biological motors intact, in cells that use flagella.
An advantage of this strategy over that using isolated motors is its simplicity: it i) avoids
purification and reconstitution of individual motors proteins; ii) takes advantage of ATP
and ion gradients generated by the cells, and allows sensors already present in the cell (or
introduced through genetic engineering) to be used; iii) makes it practical to use complex
organelles (e.g. cilia), and integrated motions. By using the intact organism to transport
objects, taking advantage of appropriate stimuli to guide them, and using chemistry to
attach and detach the loads, we have constructed what we consider a micron-scale analog of
an ox -- that is, a microscale beast of burden.

2. EXPERIMENTAL

A description of the techniques used in this paper have been described recently [1].

3. RESULTS AND DISCUSSION

We chose the unicellular photosynthetic algae CR to transport microscale loads. This
organism is easy to culture and relatively insensitive to the details of its environment. CR
cells are approximately spherical in shape and 10 !m in diameter; they use two flagella
(~12 !m long) for locomotion. The flagella of CR are several hundred nanometers in
diameter and when beaten synchronously -- in a motion reminiscent of the breaststroke, in
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swimming -- at a frequency of ~40-60 Hz, are capable of generating enough power to
propel a cell through water at a velocity of ~ 100-200 !m sec

-1
(Figure 1A) [3]; swimming

cells rotate counterclockwise around their longitudinal axis at a frequency of 2 Hz and trace
out a helical path [3]. Cells of CR display chemotactic, phototactic, geotactic, and
gyrotactic behavior; in principle all of these phenotypes can be used to guide the movement
of cells [4]. We used the phototropism ofCR to control the direction in which motile cells
transported loads.

We found that polystyrene (PS) beads decorated with synthetic 4-hydroxyproline-rich
polypeptides (HPP) bound to the outer cell wall of CR via interactions that we presume are
non-covalent; unfunctionalized PS beads did not bind to cells (Figure 1B). Incorporation of
a photocleavable group, 4-[4-(1-aminoethyl)-2-methoxy-5-nitrophenoxy]-butanoic acid
(NPOP) into the peptide allowed detachment of loads from cells by irradiation with UV
light (!, 365 nm). Remarkably, cells modified with beads frequently traveled at velocities
approaching that of unmodified cells (~100-200 µm sec

-1
). The position of the bead on the

cell influenced the velocity with which it swam – beads attached on or close to the flagella
typically impeded swimming, while beads located farther away did not.

Figure 1. This figure was adapted from reference [1]. (A) A cartoon depicting the movement of the
flagella of CR during a beat sequence. The starting position is labeled 1. (B) An image of a PS bead

(3 µm diameter) attached to a cell of CR acquired using bright field microscopy; the bead is attached

to the top of the cell and appears slightly out of focus (magnification, 100x).

Beads remained attached to swimming cells and did not dislodge when the bead was
bumped into the walls of the channel or another cell. HPP-NPOP-coated PS beads
containing superparamagnetic cores provided another tool for manipulating CR . An
external magnet could be used to drag cells attached to these beads through the medium at
velocities of < 250 µm sec

-1
; beads could not be separated from cells. We assume that the

strong interaction between beads and cells is a product of many non-covalent interactions.
Phototaxis provided a way to steer CR carrying loads in microfluidic systems. The

action spectrum for phototaxis in CR is bimodal, with a maximum response at 505 nm, and
a secondary peak at 443 nm [3]; CR is phototactic over a range of intensity from 10

11
– 10

15

quanta cm
-2

sec
-1

at !=500 nm [3]. We fabricated microfluidic channels (50 µm wide x 50
µm tall) with LEDs imbedded in the PDMS at both ends of the channels to investigate the
phototactic behavior of CR; the LEDs had a diameter of 5 mm, an emission maximum
centered at !=505 nm, and a cutoff for emission at !=450 and!=575 nm. Cells had a rapid
phototactic response (< 1 sec) and could be switched between random swimming, positive,
and negative modes of phototaxis by varying the intensity of the LEDs. In microfluidic
channels that were 2-3 cm long, the intensity of the LED could be adjusted so that
phototaxis (both positive and negative) persisted over the entire length of the channel
without readjusting the LED. When the LEDs at each end of a microfluidic channel were
turned on and off, cells carrying PS beads (3 µm diameter) swam back and forth repeatedly
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along channels for 2-3 hrs. Cells with beads attached routinely traversed distances of 16-20
cm at an average velocity of ~ 100 µm sec

-1
before adhering to other cells, beads, or debris

in the channels.
Irradiating cells transporting beads with UV light released the loads. The beads we used

contained a spacer, NPOP, between the bead and the 4-HPP sequence; the NPOP group
cleaves on exposure to light with !=365 nm (80 W, 60 sec), and releases the bead. After
removing beads by photocleavage, cells swam away and could still be guided by
phototaxis; cells exposed to UV light still replicated and could be used to seed new liquid
cultures. Using a photochemical procedure to drop the load from the cell is particularly
useful since the area of a channel photoirradiated can be small, leaving other beads in the
channel free to be picked up by cells. In principle, this method should be capable of
guiding a cell to pick up and drop off individual loads repeatedly.

4. CONCLUSIONS

We have demonstrated a method of using the power generated by biological motors to
transport microscale loads, while leaving these motors intact in cells. This approach has
several attractive features: i) no genetic engineering or protein purification is required; ii)
motors do not have to be reconstituted in vitro – they are already intact; iii) using the whole
cells provides a surface – the cell wall – upon which objects can be attached; iv) phenotypes
can be exploited to “steer” the movement of swimming cells; v) the cell provides the
power; vi) the entire system is easily replicated, simply by growing the organism (CR can
be easily grown to a density of ~10

7
cells L

-1
); vii) the procedure is not limited to PS beads,

and the attachment does not require manipulating the motor itself; viii) the “fuel” for the
motor is generated by the cell. A whole-cell approach does have the limitation that it is not
applicable if the overall system – motor and load – must be nanoscale in size. We believe
that using biological nanomotors intact, in living cells, may be a more practical strategy for
their exploitation in many applications in biotechnology than separating them from the cell
and using them in isolation.

ACKNOWLEDGEMENTS
We wish to thank Michael Mayer, Willow DiLuzio, and Jen Seto for technical assistance

and helpful discussions. This research was supported by the DoE (DE-FG02-OOER45852)
and NIH (GM065364), and used the MRSEC shared facilities supported by the NSF under
award No. DMR-0213805.

REFERENCES

[1] D.B. Weibel, P. Garstecki, D. Ryan, W.R. DiLuzio, M. Mayer, J.E. Seto, and G.M.
Whitesides, Microoxen:Microorganisms to Move Microscale Loads, Proc. Natl. Acad.
Sci. U.S.A., In Press, (2005).

[2] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Molecular Biology
of the Cell, Garland Science, New York (2002).

[3] K.W. Foster and R.D. Smyth, Light Antennas in Phototactic Algae, Microbiol. Rev.,
44, pp. 572-630 (1980).

[4] H.E. Harris, Ed., The Chlamydomonas Sourcebook, Academic Press, San Diego, pp.
67-216 (1989).



A-1

Author Index 
 
A
Abgrall, P. ..................................... 687
Abhyankar, V. ............................... 148
Abo, M. ....................................... 1392
Abonnenc, M. ............................... 370
Aborn, J.H. ........................ 1303, 1361
Abraham, S. ................................ 1440
Abrams, W.R. ..................... 791, 1297
Acero, M.C. .................................... 76
Aebersold, R. ................................ 274
Aflatooni, N. ..................................... 7
Agarwal, A.K. ............................. 1161
Agasid, E. ...................................... 527
Agatsuma, S. ................................. 436
Aghdam, N. ................................... 379
Ahn, C.H. ................. 22, 43, 684, 776,
................................. 1203, 1306, 1346
Ajdari, A. ...... 31, 100, 560, 611, 1121
Akaba, S. ..................................... 1321
Akagi, T. ............. 322, 373, 681, 1343
Akimoto, H. ................................ 1476
Akimoto, Y. .................................. 331
Albrecht, J. .................................. 1537
Al-Haq, M.I. .................................. 277
Alivisatos, A.P. ................... 921, 1513
Allen, M.G. ................................... 205
Almqvist, M. ....................... 515, 1428
Altomare, L. .................................. 370
Aluru, N.R. ................................... 733
Amarie, D. .................................... 742
Amin, Y. ..................................... 1051
Ananthnarayan, S. ......................... 298
Andersen, R.A. .............................. 675
Anderson, E.H. .............................. 788
Andersson, H. ............ 400, 915, 1006,
................................. 1288, 1395, 1416
Andrén, P. ................................... 1501
Angelouch, A. ............................... 509
Ankoné, B. .................................. 1221
Anselmetti, D. ....................... 340, 406
Anwar, M. ..................................... 755
Aoki, H. ................................ 304, 650
Aono, T. ...................................... 1186
Aota, A. ......................................... 118
Aoyama, S. .................................... 976

Applegate, R. .............................. 1419
Arai, F. ................................ 727, 1422
Arai, K.I. ............................... 436, 942
Arakawa, T. ........................ 638, 1440
Arata, H. ............................... 229, 785
Araz, M.K. .................................... 349
Arscott, S. ................. 241, 1189, 1504
Ashcroft, A. .................................. 241
Astle, A. ...................................... 1173
Atencia, J. ....................................... 73
Attia, R. ........................................ 268
Aubin, K.L. ................................... 226
Auerswald, J. .............................. 1054
Auner, G.W. ................................. 909
Auroux, P.A. ....................... 283, 1291
Ayi, T.C. ............................... 464, 536
Aytur, T. ....................................... 755

B
Baba, Y. ....................... 334, 736, 752,
................................... 942, 1012, 1294
Backhouse, C.J. ............................ 145
Bae, B. .......................................... 660
Baek, J.Y. ..................................... 190
Baek, K. ........................................ 154
Baldi, L. ........................................ 394
Balic, M. ....................................... 874
Balss, K.M. ................................. 1022
Banér, J. ...................................... 1057
Bang, D.D. .................................... 820
Bang, H. ........................................ 103
Bang, O. ........................................ 964
Bansal, T. .................................... 1333
Barbier, V. .................................. 1128
Bargiel, S. ................................... 1364
Barker, V. ..................................... 527
Barrett, L.M. ............... 82, 1087, 1404
Barron, A.E. ................................ 1246
Bashir, R. ...................................... 696
Basu, A.S. ..................................... 131
Bau, H. ........................................ 1543
Bau, H.H. .................... 289, 791, 1297
Baygents, J.C. ............................... 764
Beatty, P.R. ................................... 755
Beaucage, G. ................................... 43



A-2

Becker, C. ..................................... 826
Bedair, M. ................................... 1045
Beebe, D.J. ..................... 73, 135, 148,
..................................... 295, 802, 1161
Benazzi, G. .................................... 892
Benninger, R.K.P ............................ 16
Bentley, S. ..................................... 578
Berdat, D. ...................................... 169
Berendsen, C. ................................ 820
Bergaud, C. ................................... 785
Bergquist, J. ...................... 1270, 1501
Bergström, S. .............................. 1501
Bergveld, P. ................................... 470
Berkowski, K. ............................... 295
Bernal, L.P. ................................. 1173
Berthier, J. ..................................... 412
Besselink, G.A.J. ......................... 1337
Beusink, B. .................................... 151
Bharadwaj, R. ............................... 617
Bhattacharyya, A. ....................... 1167
Bienvenue, J.M. .................. 794, 1519
Bird, C.A. ...................................... 782
Birecki, H. ..................................... 773
Biswal, S. ...................................... 773
Biyani, M. ..................................... 322
Bize, V. ......................................... 906
Blattert, C. ................................... 1352
Blicharz, T. ....................................... 4
Blom, M. ....................................... 988
Boccazzi, P. ................................. 1410
Boedicker, J.Q. .............................. 503
Boger, D.V. ................................. 1115
Boisen, A. ..................................... 178
Bolivar, J.G. ................................ 1261
Bomer, J.G. ................................. 1258
Bontoux, N. ......................... 100, 1516
Borenstein, J. ................................. 886
Bornens, M. ................................... 545
Boser, B. ....................................... 755
Bossche, A. ......................... 841, 1111
Bottausci, F. ................................ 1227
Bowe Ellis, C.R. ............................ 445
Bouaidat, S. ................................... 820
Boutet, J. ......................................... 58
Brachet, A.-G. ......................... 58, 292
Bradley, D.D.C. ............................ 455
Branch, D.W. .................................. 19
Braschler, T. .................................. 403

Brazhnik, K.P. .............................. 690
Brazzle, J.D. ................................. 705
Brefka, T. ...................................... 796
Brennan, J.P. ............................... 1042
Brennen, R. ................................... 274
Brenner, T. ........................ 1, 193, 796
Brewer, S.H. ............................... 1464
Brismar, H. ......................... 915, 1416
Brivio, M. ..................................... 927
Brookes, A.J. .............................. 1006
Brunet, E. .................................... 1522
Bruus, H. ....................................... 560
Brzozka, Z. ........................ 211, 1279
Buchaillot, L. ...................... 241, 1189
Buguin, A. .................................. 1090
Bumgarner, J. ............................. 1195
Bundgaard, F. ............................. 1200
Burdick, J.W. ................................ 675
Burg, T. ........................................ 238
Bynum, M.A. ................................ 461

C
Cabrera, L.M. ............................. 1386
Cadwallader, K. ............................ 262
Camart, J.-C. ....................... 599, 1189
Carlson, R. .............................. 64, 672
Castracane, J. ................................ 663
Cerrina, F. ............................. 138, 415
Certa, U. ..................................... 1267
Cesar, C. ..................................... 1051
Cha, J.M. ...................................... 587
Chabert, M. ................................... 115
Chabrol, C. ............................. 58, 412
Chaiken, A. ................................... 773
Chakrabarty, K. ............................ 566
Cham, J.G. .................................... 675
Chan, E.M. .................................... 921
Chan, Y.C. .................................... 337
Chang, C.-H. ............................... 1312
Chang, C.M. ................................. 859
Chang, D.C. .................................. 382
Chang, H.-Y. .............................. 1368
Chang, J.K. ................................... 103
Chang, P.-Z. .................................. 957
Chang, S.-I. ................................... 449
Chang, S.-T. .................................. 518
Chang, W.-J. ................................. 696
Chao, S. ........................................ 109



A-3

Charles, R. ...................................... 58
Chatelain, F. .......... 223, 292, 352, 370
Chatterjee, A.N. ............................ 733
Chatterjee, D. ........................ 500, 782
Chaudhary, A. ............................. 1195
Chaw, K.C. ................................... 424
Chemnitz, S. ........................ 654, 1134
Chen, C.C. ..................................... 909
Chen, C.S. ............................. 509, 871
Chen, D. ........................................ 503
Chen, F.F. ................................... 1513
Chen, G. ...................................... 1261
Chen, H. ........................................ 128
Chen, J. ............................... 948, 1510
Chen, J.C. ........................................ 41
Chen, P. ........................................... 49
Chen, P.-J. ..................................... 181
Chen, R. ...................................... 1081
Chen, S.-H. ................................... 761
Chen, X. .......................................... 97
Chen, Y. ........................ 85, 545, 1516
Chen, Z. ...................... 289, 791, 1297
Cheng, L.-J. ................................... 518
Cheng, X. ...................................... 669
Chiesl, T.N. ................................. 1246
Cho, D. ........................................ 1177
Cho, K.C. ...................................... 103
Cho, Y.-H. ..................................... 307
Choban, E.R. ............................... 1431
Choi, S. ....................................... 1525
Choi, H.M. .................................. 1177
Choi, J.-W. .................................... 939
Choi, K. ......................................... 979
Choi, K.Y. ..................................... 799
Choi, S.K. ..................................... 767
Choi, S.-O. .................................... 205
Choi, W.-K. ................................... 277
Choi, Y.-H. ................................... 316
Chollet, F.A. .................................. 623
Chou, C.-K. ................................... 244
Chou, W.L. ................................... 823
Chow, E. ....................................... 461
Chow, P.Y. .................................. 1467
Christensen, T.B. .......................... 820
Chu, K.-L. ..................................... 770
Chu, L.L. ............................... 138, 415
Chuda, K. .............................. 599, 687
Chudy, M. ........................... 211, 1279

Chun, K. ....................................... 979
Chung, C. ...................................... 103
Chung, D.S. .................................. 979
Chung, Y.-C. .............................. 1371
Claes, P. ........................................ 988
Clark, R.L. .................................. 1180
Clarkson, J. ................................... 814
Cleland, A.N. .............................. 1507
Clementz, P. ................................... 58
Clerkson, B. ................................ 1051
Clicq, D. ....................................... 106
Cloitre, M. .................................... 611
Colas, G. ....................................... 903
Cooper, J.M. ................................. 814
Cooper-White, J.J. .............. 124, 1115
Coqueret, X. ......................... 599, 687
Corstjens, P.L.A.M. ...................... 791
Cote, R.J. ...................................... 874
Craighead, H.G. ...... 19, 226, 718, 829
Crane, B.L. ................................... 141
Cran-McGreehin, S. .................... 1358
Cross, J. ........................................ 829
Cruz-Rivera, L.J. .......................... 364
Cui, H. .......................................... 551
Culbertson, C.T. ........................... 259
Cummings, E.B. ............ 82, 705, 748,
................................. 1087, 1146, 1404
Czaplewski, D. ............................. 112

D
Dadic, D. ....................................... 811
Dahan, E. ...................................... 906
Dahl, F. ....................................... 1057
Dan, B. ........................................ 1258
Dane, K.Y. .................................. 1507
Daridon, A. ......................... 298, 1051
Dasaka, R.K. ................................. 488
Datar, R. ....................................... 874
Daub, M. ............................. 328, 1267
Daugherty, P.S. ........................... 1507
Dauphinot, L. .............................. 1516
Dausch, D.E. ............................... 1180
Davalos, R.V. ....... 445, 705, 748, 856
Davis, C. ..................................... 1297
Davis, R.W. .................................. 724
Day, P.J.R. .......................... 283, 1291
de A. Costa, R.C. .......................... 542
de Heij, B. ................................... 1267



A-4

de Jong, J. ................................... 1221
deLambert, B. ............................... 268
De Malsche, W. ............................ 106
deMello, A.J. ........... 16, 208, 418, 455
deMello, J.C. ................................. 455
De Pra, M. ..................................... 838
de Rooij, N.F. .............................. 1054
Degré, G. ............................. 611, 1522
Delamarche, E. ............. 250, 539, 578,
............................................. 596, 1048
Delapierre, G. ................................ 292
Demierre, N. ................................. 403
Demirci, U. ................................... 669
Denison, G.M. ....................... 220, 593
Denoual, M. .................................... 88
Dentinger, P.M. ............................. 445
Dernick, G. .................................. 1267
Dérouard, J. ................................... 903
Descatoire, C. ................................ 241
DeSimone, J.M. .................... 220, 593
Desmet, G. ............................ 106, 838
Detemple, P. .................................. 699
Devitt, A.J. ........................................ 7
DeVoe, D.L. .................................. 482
Dholakia, K. ................................ 1358
Di Blas, A. .................................... 912
Di Carlo, D. ........................... 379, 912
DiCesare, C. ...................................... 4
Dittrich, P.S. .................................. 936
Dixon, M. ...................................... 669
Do, J. ......................................... 22, 43
Dodge, A. .................................... 1522
Doffing, F. .......................... 811, 1458
Doi, S. ........................................... 439
Domansky, K. ............................... 853
Doms, M. ............................ 476, 1158
Dong, L. ...................................... 1161
Dorfman, K.D. .................... 115, 1009
Dougherty, G.M. ................... 779, 817
Douglas, E.S. ................................ 391
Doyle, P. ..................................... 1558
Dragnea, B. ................................... 742
Dragoljic, J. ................................. 1243
Drese, K.S. .................. 811, 850, 1458
Druon, C. ...................................... 599
Dube, M. ....................................... 328
Dubois, Ph. .................................... 412
Duch, M. ......................................... 76

Ducrée, J. .......... 1, 193, 328, 635, 796
Dufva, M. ..................................... 745
Duong, T.T. .......................... 340, 406
Dupont, R. .................................... 292
Dybko, A. ........................... 211, 1279
Dyer, R.B. ................................... 1464
Dziuban, J. .................................. 1364

E
Easley, C. ................................ 55, 794
Ebara, M. .................................... 1276
Edel, J. .......................................... 718
Edura, T. ....................................... 739
Edwards, G. .................................. 814
Eghbali, H. .................................... 106
Ehrlich, D.J. ...................... 1303, 1361
Ehses, S. ....................................... 654
Eichhorn, R. .................................. 340
Eijkel, J.C.T. ............................... 1258
El-Ali, J. ................................. 10, 388
El-Difrawy, S.A. ............... 1303, 1361
Elejalde, N. ................................... 814
Emery, T. .................................... 1540
Emmelkamp, J. ............................. 400
Emoto, T. ...................................... 991
Enculescu, I. ................................. 157
Enderle, B. .................................... 301
Eng, G. .......................................... 886
Engbers, G.H.M. ........................... 151
Engel, J. ........................................ 948
Erickson, D. ...................... 1028, 1540
Esteve, J. ......................................... 76
Euliss, L. ....................................... 220
Ezoe, M. ..................................... 1102

F
Facer, G.R. .......................... 298, 1051
Fager, C.-M. ............................... 1164
Fahlen, T. ...................................... 527
Fang, C.-S. .................................. 1425
Fang, Q. ........................................ 128
Fang, Z.-L. .................................... 128
Farokhzad, O. ............................... 886
Fasching, R. ................................ 1491
Fattinger, C. ................................ 1267
Fedder, G.K. ................................. 247
Fendt, S.-M. ................................ 1377
Ferko, S.M. ................................... 705



A-5

Ferrance, J.P. ....................... 794, 1519
Fiechtner, G.J. ............. 82, 1087, 1404
Fielden, P.R. ................................ 1291
Finnskog, D. .................. 256, 280, 826
Fintschenko, Y. ..................... 705, 748
Fischetti, A. ................................... 292
Flower, S.E. .................................. 814
Foley, J. ............................... 755, 1510
Foley, J.O. ........................... 250, 1000
Forest, C.R. ................................... 141
Foret, F. ......................................... 985
Forry, S.P. ................................... 1398
Fortt, R. ......................................... 208
Fouillet, Y. .............................. 58, 412
Fouqué, B. ..................................... 292
Fournier, J.-B. ............................... 611
Fowler, B. ................................... 1051
Frank, Th. ...................................... 121
Franssila, S. ............... 982, 1164, 1349
Franzke, J. ................................... 1534
Frazier, A.B. ................ 364, 897, 1374
Freida, D. ...................................... 370
French, P.M.W. ............................... 16
Frey, O. ........................................... 79
Frisk, T. ............................... 915, 1416
Fu, E. ................................... 485, 1510
Fu, J. ............................................ 1531
Fuchs, A. ....................... 223, 370, 903
Fuji, S. ........................................... 325
Fujii, S.-I. .................................... 1392
Fujii, T. ....... 202, 271, 361, 629, 1240
Fujikado, T. ................................... 430
Fujioka, H. .................................... 889
Fujita, H. ....... 175, 229, 521, 739, 785
Fujiwara, N. ................................ 1183
Fukuda, H. .................................. 1343
Fukuda, T. ........................... 727, 1422
Fukuzawa, T. ......................... 967, 970
Funakoshi, K. ................................ 951
Funano, S.-I. .................................... 52
Fütterer, C. .................................... 355

G
Gaitan, M. ........................... 657, 1398
Galambos, P. ................................. 112
Galas, J.C. ....................................... 85
Ganesan, K. ................................. 1464
Gao, C. .................................. 43, 1203

Garcia, E. .................................... 1443
Gardeniers, H. ............................... 106
Gardeniers, J.G.E. ................. 400, 838
Garini, Y. ...................................... 841
Garrell, R.L. .......................... 500, 782
Garstecki, P. ............................... 1564
Gaudet, M. .................................. 1189
Gaudet, S. ........................... 388, 1537
Gaugiran, S. .................................. 903
Geba, D.A. .................................... 605
Gel, M. .......................................... 739
Gennis, R.B. ............................... 1464
Georganopoulou, D.G. ............... 1246
Gerion, D. ................................... 1513
Gervais, T. ...................................... 10
Geschke, O. ............. 964, 1155, 1200,
................................. 1224, 1377, 1410
Getin, S. ........................................ 903
Ghenim, L. .................................... 223
Ghodssi, R. ................................... 644
Gianchandani, Y.B. ...................... 131
Giannobile, W.V. ........................ 1042
Gijs, M.A.M. ................ 169, 394, 906
Gilchrist, K.H. ............................ 1180
Giselbrecht, S. .............................. 376
Gismondi, E.A. ................. 1303, 1361
Glass, J.D. ................................... 1374
Glass, S. ...................................... 1152
Go, J.S. ....................................... 1440
Goddard, N.J. .................... 1291, 1473
Goedecke, N. .................... 1303, 1361
Golonka, L. ................................... 211
Goluch, E.D. .............. 163, 948, 1063,
........................................... 1192, 1246
Gómez, E. ....................................... 76
Göransson, J. ...................... 712, 1057
Górecka-Drzazga, A. .................. 1364
Goto, M. ..................................... 1282
Gottschlich, N. .............................. 193
Gottwald, E. .................................. 376
Goubault, C. ................................. 355
Gouda, S. ...................................... 172
Goulpeau, J. ........................ 319, 1121
Grabowska, I. ............................... 211
Gracias, A. .................................... 663
Gransee, R. ................................. 1458
Gray, J.W. ................................... 1513
Greaves, E.D. .............................. 1461



A-6

Green, D.R. ................................... 877
Green, N.G. ..................................... 46
Griffith, L.G. ................................. 853
Griffiths, S. ................................... 235
Grigoras, K. ................................. 1164
Grimm, R. ..................................... 274
Gronewold, T.M.A. ........... 1152, 1546
Grosh, K. ....................................... 666
Groß, G.A. ............................ 121, 918
Grot, A. ......................................... 461
Grotberg, J.B. ................................ 889
Grover, W.H. ................................ 214
Grumann, M. ..................... 1, 328, 796
Grym, J. ........................................ 985
Gu, W. ......................................... 1386
Guber, A.E. ................................... 184
Guðnason, H. ................................ 820
Gué, A.M. ..................................... 687
Gueit, A. ........................................ 199
Guerrieri, R. ................ 370, 409, 1093
Guillo, C. .................................... 1519
Gulari, E. ......................................... 61
Gulari, M. ...................................... 154
Gulati, S. ....................................... 620
Gullberg, M. ................................ 1057
Günther, P.M. ........................ 121, 918
Guo, L.J. ....................................... 518
Gustafsdottir, S. .......................... 1057
Gutmann, O. ........................ 328, 1267

H
Haasl, S. ...................................... 1006
Habgood, M. ................................. 208
Hachiya, H. ................................... 632
Haeberle, S. ................................... 635
Haefliger, D. ................................. 178
Hagiwara, N. ................................. 942
Haguet, V. ..................................... 352
Hahn, Y.K. ...................................... 25
Han, A. .......................................... 364
Han, D.-C. ..................................... 103
Han, G.Y. ...................................... 799
Han, J. ......................... 43, 1203, 1346
Han, J. ............... 238, 678, 1025, 1531
Han, J. ........................................... 660
Hansen, T.P. .................................. 964
Hara, R. ....................................... 1321
Hara, T. ......................................... 304

Harada, M. .................................. 1449
Harada, T. ..................................... 638
Hardt, S. .......................... 67, 581, 850
Hardy, B.S. ................................. 1078
Harnett, C.K. .......................... 82, 445
Harris, C.J. .................................. 1180
Harrison, D.J. .... 316, 494, 1243, 1549
Harter, J. ........................................... 1
Hasenbank, M.S. .......................... 485
Hashiguchi, G. .............................. 521
Hashimoto, M. ............................ 1309
Hashioka, S. ........................ 730, 1012
Hasselbrink, Jr., E.F. .......... 524,1233,
........................................... 1355, 1485
Haswell, S.J. ............................... 1437
Hata, H. ...................................... 1108
Hatch, A. ..................................... 1042
Hattori, A. ............................. 467, 967
Hauschild, J.-P. ................... 476, 1158
Hayes, M. ..................................... 286
Hayman, R. ....................................... 4
He, H. ........................................... 382
Heid, C. ........................................ 298
Heimark, R.L. ............................... 764
Hellmich, W. ................................ 406
Heng, X. ..................................... 1028
Henriksson, S. ............................. 1057
Heo, Y.S. .................................... 1386
Herr, A.E. ................................... 1042
Herrera, F. ..................................... 169
Herrmann, M. ............................... 811
Hetayothin, B. ............................... 500
Heymann, M. .............................. 1134
Hibara, A. ............ 118, 232, 452, 991,
...................... 1035, 1140, 1143, 1255,
...................... 1273, 1282, 1488, 1561,
Hierlemann, A. ........... 79, 1137, 1170
Higuchi, T. .......................... 277, 1072
Hiki, S. .......................................... 452
Hill, T.F. ......................................... 82
Hines, J.W. ................................... 527
Hirano, K. ..................................... 752
Hiratsuka, Y. ............................... 1206
Hirst, L.S. ..................................... 945
Hisamoto, H. ......................... 52, 1312
Hisatomi, S.I. ................................ 436
Hjort, K. ........................................ 157
Ho, C.-T. ..................................... 1368



A-7

Ho, Y.L. ...................................... 1131
Ho, Y.-P. ..................................... 1330
Hoebel, S.J. ................................. 1022
Hoffman, A.S. ............................. 1276
Hoffman, J.M. ............................. 1276
Hoffmann, W. ............................... 184
Hofmann, O. ........................... 16, 455
Hoiby, P.E. .................................... 964
Holl, M.R. ..................................... 109
Holmes, D. .................................... 892
Holwerda, M. .............................. 1149
Honda, M. ................................... 1482
Hong, S. ........................................ 973
Horiike, S. ..................................... 721
Horiike, Y. ........ 730, 736, 1012, 1312 
Horisberger, J.-D. .......................... 906
Horsman, K.M. ........................... 1519
Hoshina, S. .................................... 650
Hosoda, K. .................................. 1143
Hosoi, Y. ....................................... 322
Hosokawa, K. .................. 94, 847, 997
Hotokezaka, H. ........................... 1449
Houjou, H. .................................. 1212
Howell, M. .................................. 1057
Hsieh, A.T.-H. ................... 1218, 1327
Hsieh, Y.-Y. .................................. 761
Hsiung, S.K. .................................. 859
Hu, J. ............................................... 41
Hua, Z. ............................................ 61
Huang, J. ..................................... 1051
Huang, J.-G. .................................. 957
Huang, K.-S. ............................... 1425
Huang, S.-H. ................................... 70
Huang, S.H.-Y. ........................... 1032
Huh, D. .......................................... 889
Hui, W.C. ...................................... 933
Hukari, K.W. ................................. 709
Humble, P.H. ................................ 196
Hung, C.-Y. ................................. 1425
Hung, L.-H. ....................... 1218, 1327
Hung, M.-C. .................................. 244
Hung, P.J. .............. 41, 379, 442, 1413
Hunt, A.J. ...................................... 524
Hunter, I.W. .................................. 141
Hunter, M.C. ......................... 705, 748
Hunziker, P. .................................. 578
Husny, J. ....................................... 124
Hutchison, J.B. .............................. 690

Hwang, K.S. ................................. 799

I
Ichikawa, A. ................................. 727
Ichikawa, N. ................................. 961
Ichiki, T. ............. 322, 373, 681, 1343
Idota, N. ...................................... 1264
Igel, G. ........................................ 1093
Iiduka, A. ...................................... 427
Ikeda, Y. ..................................... 1449
Ikemoto, T. ................................. 1140
Iles, A. .......................................... 208
Ilic, B.R. ....................................... 226
Inman, W. ..................................... 853
Inoue, A. ....................................... 847
Inoue, H. ....................................... 590
Inui, H. .......................................... 361
Ionescu-Zanetti, C. .............. 641, 856,
............................................. 912, 1081
Irie, T. ........................................... 572
Irimia, D. .... 397, 533, 605, 669, 1315
Ishiguro, T. ................................... 942
Ishihara, K. ................................... 253
Ishikawa, M. ................................. 752
Ishiyama, K. ................................. 436
Ishizuka, K. ......................... 785, 1102
Ishizuka, M. ...................... 1212, 1340
Ismagilov, R.F. ............................. 503
Ito, T. ............................................ 847

J
Jacob, P. ...................................... 1461
Jacobs, P. ...................................... 699
Jacobson, S.C. .............................. 742
Jäderblom, T. ................................ 157
Jalava, J. ....................................... 292
Janasek, D. .................................. 1534
Jang, L. ......................................... 109
Jarvius, J. .................... 712, 895, 1057
Jarvius, M. .................................. 1057
Jary, D. ........................................... 58
Jayaraman, A. ............................... 533
Jellema, L.-C. ............................. 1149
Jenkins, A.T.A. ............................. 814
Jenkins, G. .................................. 1479
Jensen, J.B. ................................... 964
Jensen, K.F. ................... 10, 265, 388,
................................. 1155, 1410, 1537



A-8

Jensen, N. ...................................... 406
Jeong, E.H. .................................. 1440
Jeong, H. ..................................... 1243
Jeong, M.-J. ................................. 1177
Jeong, O.C. ................................... 202
Jeong, Y.W. .................................. 979
Jerrell, J. ........................................ 262
Jia, C.-P. ...................................... 1318
Jiang, H. ...................................... 1161
Jin, Q.-H. ............................. 835, 1318
Jing, N. .......................................... 244
Jing, Y. ........................................ 1482
Joanicot, M. ..................................... 31
Jobst, G. ........................................ 301
Johann, R. ..................................... 403
Johansson, H. .............. 712, 895, 1057
Johansson, L. ....................... 515, 1428
Johansson, S. ....................... 515, 1428
Johnson, E. .................................... 295
Jones, B.J. ........................... 286, 1022
Joo, H.-S. .................................... 1498
Joseph, P. ...................................... 611
Joseph, S. ...................................... 733
Josse, F. ....................................... 1170
Joyce, G.F. ...................................... 28
Juchniewicz, M. .......................... 1279
Jünger, M. ........................... 654, 1134
Juncker, D. .................. 578, 596, 1048
Jung, B. ......................................... 617
Jurischka, R. ................................ 1352

K
Kabata, H. ..................................... 715
Kaczor, M. .................................... 473
Kai, J. ...................................... 43, 776
Kaji, H. ................................ 886, 1309
Kaji, N. ................................ 736, 1012
Kaler, K.V.I.S. .............................. 145
Kam, D.H. ................................... 1485
Kamali, M. .................................. 1057
Kamavaram, M. ............................ 488
Kamei, T. ...................................... 458
Kameoka, J. ................................... 244
Kanai, M. ...................................... 557
Kanda, K. ...................................... 614
Kane, B.J. ...................................... 421
Kane, C. ...................................... 1431
Kaneda, S. ..................................... 629

Kang, I.S. ...................................... 563
Kang, J.H. ....................................... 25
Kang, K.H. .................................... 563
Kang, K.-K. .................................. 479
Kang, S.K. .................................... 973
Kang, T. ........................................ 973
Kanno, I. .................... 160, 433, 1075,
........................................... 1108, 1183
Kanouff, M.P. ............................. 1087
Kao, M.-T. .................................. 1234
Karlinsey, J. ............................ 55, 794
Karp, J. ......................................... 886
Karst, U. ....................................... 927
Kasagi, N. ..................................... 868
Kasdan, H.L. ................................. 385
Kase, H. ........................ 304, 650, 994
Katayama, T. .............................. 1446
Katragadda, R. ............................ 1209
Kawaguchi, K. ............................ 1446
Kawano, S. ....................... 1075, 1108
Kawata, E. .................................... 313
Ke, K. ........................................... 524
Keay, R.W. ................................... 814
Kelly, R.T. .................................... 196
Kenis, P.J.A. ..................... 1431, 1464
Kentsch, J. .................................... 473
Kerth, P. ...................................... 1352
Ketola, R.A. ........................ 982, 1349
Khademhosseini, A. .............. 767, 886
Khalid, W. .................................. 1209
Khan, S. ........................................ 265
Khine, M. .............................. 641, 856
Kieninger, J. ............................... 1093
Kikuchi, A. ................................. 1264
Kikuchi, K. ................................... 883
Kikutani, Y. .................. 647, 970, 991
Killeen, K. .................................... 274
Kim, B.-G. .................. 479, 584, 1498
Kim, B.K. ..................... 587, 767, 979
Kim, B.M. ................................... 1543
Kim, C.-J. ..................................... 782
Kim, C.-S. ..................................... 954
Kim, D. ......................... 569, 767, 802
Kim, D.J. .................... 190, 702, 1084
Kim, D.S. ............................ 684, 1306
Kim, H. ....................................... 1173
Kim, H.-B. ................ 232, 1096, 1273
Kim, H.C. ..................................... 979



A-9

Kim, I. ......................................... 1440
Kim, I.C. ....................................... 587
Kim, J. ....................... 979, 1230, 1285
Kim, J.M. ...................................... 626
Kim, K.C. ...................... 13, 626, 1440
Kim, K.S. ........................................ 25
Kim, L.Y. ...................................... 530
Kim, M.-S. .................................. 1498
Kim, P. .......................................... 767
Kim, S. .......................................... 172
Kim, S.-G. ..................................... 172
Kim, S.H. ...................................... 702
Kim, S.J. ....................................... 563
Kim, S.J. ....................................... 569
Kim, S.J. ..................................... 1177
Kim, S.M. ................................... 1355
Kim, S.R. ...................................... 190
Kim, T.S. ..................................... 1234
Kim, T.S. ....................................... 799
Kim, Y.-K. .......................... 584, 1498
King, D.J. ...................................... 500
King, K.R. ..................................... 533
Kinoshita, H. ................................. 629
Kirita, Y. ..................................... 1340
Kishimoto, J. ................................. 976
Kitagawa, F. .................................. 331
Kitagawa, F. .......................... 467, 844
Kitahara, M. .................................. 930
Kitamori, T. .......... 118, 232, 452, 602,
.............. 632, 647, 883, 924, 930, 967,
...... 970, 991, 1035, 1096, 1140, 1143,
.. 1186, 1255, 1273, 1282, 1321, 1324,
... 1434, 1446, 1449, 1488, 1495, 1561
Kitaoka, M. .......... 602, 632, 647, 970,
................................. 1324, 1446, 1495
Klapperich, C. ............................. 1167
Knapp, H.F. ................................. 1054
Knebel, G. ..................................... 193
Kobayashi, J. ............................... 1264
Kobayashi, K. ............................... 942
Kobayashi, T. ................................ 808
Kobayashi, Y. ............................. 1446
Koch, K. .............................. 924, 1434
Koch, M. ..................................... 1152
Kogure, T. ..................................... 313
Kohara, Y. ..................................... 808
Köhler, J.M. .......................... 121, 918
Kohlheyer, D. .............................. 1337

Koide, A. .................................... 1186
Kok, W.T. ..................................... 838
Kondo, I. ....................................... 650
Kondratovich, M. .......................... 226
Konishi, S. .................................... 202
Koo, K. ....................................... 1177
Koo, Y.-M. ................................... 696
Korivi, N.S. .................................. 939
Korpisalo, I. ................................ 1349
Koschwanez, J. ............................. 672
Koser, H. ....................................... 607
Koshizuka, S. ................................ 638
Koster, S. .................................... 1383
Kostiainen, R. ..................... 982, 1349
Kotera, H. .................. 160, 433, 1075,
................................. 1108, 1183, 1401
Kotiaho, T. .......................... 982, 1349
Kovarik, M.L. ............................... 742
Koyama, R. ................................. 1324
Krafcik, K.L. ................................ 748
Kraus, T. ....................................... 539
Krauss, T. ................................... 1358
Krühne, U. .................................. 1377
Kumar, R.S. .................................. 933
Kumemura, M. ............................. 521
Kung, M.C. ................................. 1330
Kuo, C.-W. ..................................... 49
Kuribayashi , K. .......................... 1455
Kurita, R. ...................................... 310
Kurosawa, O. .............................. 1401
Kutchoukov, V.G. ......................... 841
Kutter, J.P. ................... 542, 745, 850,
........................................... 1155, 1224
Kuwata, M. ................................... 602
Kwon, G.H. .......................... 190, 702
Kwon, T.H. ......................... 684, 1306

L
Lagally, E.T. ............................... 1407
Lal, A. ..................................... 97, 349
Lal, R. ........................................... 693
Lam, R. ....................................... 1303
Lammertink, R.G.H. ................... 1221
Landegren, U. ............. 712, 895, 1057
Landers, J.P. ................. 55, 794, 1519
Langer, R.S ........................... 767, 886
LaPlaca, M. ................................... 897
Larsson, C. .................................. 1057



A-10

Larsson, R. .................................. 1270
Lassemono, S. ............................... 623
Lau, A. .................................. 442, 856
Laurell, T. .................... 256, 280, 515,
..................................... 575, 826, 1428
Lauro, D. ......................................... 58
Layreyn, W. .................................. 699
Le Clerre, D. ................................. 319
Le Gac, S. ................. 877, 1288, 1504
Le Nel, A. ................................... 1552
Lebrasseur, E. ............................... 277
Lee, A. ........................................ 1177
Lee, A.P. ................. 1131, 1218, 1327
Lee, C. ......................................... 1237
Lee, C.-K. ..................................... 957
Lee, C.-L. ...................................... 957
Lee, C.-S. .............................. 479, 584
Lee, D.W. ...................................... 307
Lee, E.S. ................................ 445, 856
Lee, G.B. ....................................... 859
Lee, H.L.T ....................................... 34
Lee, H.S. ....................................... 684
Lee, H.-Y. ..................................... 530
Lee, J.A. ........................................ 217
Lee, J.H. ........................................ 587
Lee, J.H. .........................................799
Lee, J.Y. ................................ 43, 1306
Lee, K.B. ..................................... 1467
Lee, K.-C. ..................................... 217
Lee, L.M. ...................................... 764
Lee, L.P. ................ 41, 379, 442, 641,
.................. 788, 856, 912, 1003, 1081,
............. 1215, 1230, 1285, 1413, 1513
Lee, M.L. ...................................... 196
Lee, P.J. ................................. 41, 1413
Lee, S. ............................................. 43
Lee, S.H. ............................... 43, 1306
Lee, S.H. ............................... 190, 702
Lee, S.H. ....................................... 524
Lee, S.-H. ...............................584, 767
Lee, S.-H. .......................... 1407, 1507
Lee, S.S. .............................. 217, 1084
Lee, S.-S. ....................................... 957
Lee, S.W. ............................ 202, 1240
Lee, Y.-K. ............................. 337, 382
Leffhalm, K. .................................. 406
Legendre, L.A. .................... 794, 1519
Lehnert, T. ............................ 394, 906

Lehtiniemi, R. ............................. 1164
Lehto, M. ...................................... 157
Leng, J. ........................................... 31
Lepioufle, B. ................................... 88
Lerouge, S. ................................... 611
Leuchowius, K.-J. ....................... 1057
Levine, L. ..................................... 527
Li, B. ............................. 187, 199, 862
Li, C. ........................................... 1203
Li, L. ............................................. 503
Li, M.-H. ....................................... 415
Li, P.C.H. ...................................... 823
Li, X. ............................................ 274
Li, X.H. ......................................... 551
Li, Y. ............................................ 154
Li, Y. ............................................ 718
Li, Y. .......................................... 1170
Li, Z. ............................................. 551
Liang, X.J. .................................... 464
Lichtenberg, J. ............ 79, 1137, 1170
Liddle, J.A. ................................... 788
Liepmann, D. ...................... 620, 1066
Liesner, A. .................................... 927
Lilja, H. ........................................ 826
Lilliehorn, T. ....................... 515, 1428
Lim, J.-M. ................................... 1177
Lim, K.S. ...................................... 696
Lim, T.M. ..................................... 933
Lin, C.-W. ..................................... 957
Lin, D.M. ...................................... 226
Lin, H. .......................................... 617
Lin, H. .......................................... 874
Lin, P.-C. .................................... 1368
Lin, Q. .................... 1118, 1209, 1555
Lin, W.-C. ................................... 1371
Lin, Y.-C. .................................... 1425
Lindberg, P. ................................ 1501
Linderholm, P. .............................. 403
Lindvall, M. .................................. 515
Linke, S. ....................................... 473
Liu, A.Q. ............................... 464, 536
Liu, C. ..... 163, 948, 1063, 1192, 1246
Liu, C.-H. .................................... 1368
Liu, G.L. .................. 788, 1003, 1230,
........................................... 1285, 1513
Liu, J. ................................ 1063, 1318
Liu, K.-D ............................ 835, 1318
Liu, R.H. ....................................... 325



A-11

Liu, S.-Y. ...................................... 397
Liw, S.S.I. ..................................... 933
Lo, L.-W. .................................... 1032
Lo, S.-W. ..................................... 1032
Locascio, L.E. ............. 286, 690, 1398
Löhndorf, M. ..................... 1152, 1546
Loh, N. .............................................. 7
Lohmueller, T. .............................. 473
Lonetti, B. ............................. 31, 1121
Loo, J.A. ....................................... 782
Loo, R.R.O. ................................... 782
Loverich, J.J. ......................... 160, 433
Lu, Y. ...................... 1063, 1230, 1285
Luck, D. ........................................ 112
Luo, D. .......................................... 718
Luttge, R. .......................... 1288, 1395
Lutz, B. ......................................... 512
Lutz, S. .......................................... 328

M
Macaskill, A. ............................... 1291
MacDonald, N.C. ................ 945, 1227
Maeda, M. ....................... 94, 847, 997
Maeda, R. ...................................... 961
Maeke, T. ............................ 654, 1134
Maharbiz, M. ............................... 1333
Majumdar, A. ................................ 773
Makamba, H. ................................. 761
Makino, K. .................................... 847
Malamud, D. ....................... 791, 1297
Malaquin, L. .................................. 539
Malavé, A. .................................. 1546
Malecha, K. ................................... 211
Mali, P. .......................................... 693
Malliaris, C. ................................ 1022
Malm, J. ........................................ 826
Man, A. ......................................... 805
Manalis, S. .............................. 10, 238
Manaresi, N. ................ 370, 409, 1093
Mancinelli, R. ............................... 527
Manimaran, M. ............................. 424
Manninen, J. ................................ 1164
Mansfield, C. ................................. 805
Manz, A. .................... 283, 936, 1019,
................................. 1461, 1479, 1534
Mao, L. .......................................... 607
Mao, P. .......................................... 678
Marcel, F. ...................................... 292

Marchand, G. ................................ 412
Marcus, S. ................................... 1243
Markesteijn, A.P. .......................... 841
Marko-Varga, G. .......... 256, 280, 826
Marr, D.W.M. ............................. 1419
Marttila, S. .................................. 1164
Maruo, S. ............................ 590, 1206
Maruyama, H. ..................... 727, 1422
Masel, R.I. .................... 262, 660, 770
Mashadi-Hossein, A. .................. 1000
Mastrangelo, C.H. ....................... 1124
Mathias, P. .......................... 163, 1192
Mathies, R.A. ................ 214, 391, 921
Matsue, T. ................................... 1309
Matsumoto, H. .............................. 427
Matsumoto, S. ............................... 961
Matsuno, T. ................................... 313
Matsuoka, S. ..................... 1143, 1401
Matsushita, T. ............................... 976
Mauk, M.G. ................ 289, 791, 1297
Mawatari, K. .............. 452, 970, 1035,
................................. 1140, 1488, 1561
Maynor, B. .................................... 220
McBride, L.J. .............................. 1051
McCarley, R.L. ........................... 1261
McCaskill, J.S. .................... 654, 1134
McClain, M. ................................. 897
McCormick, F. ............................. 298
McGinty, J. ..................................... 16
McGraw, G.J. ....................... 705, 748
McKenna, B.K. ................. 1303, 1361
McKinley, G.H. .......................... 1115
Medoro, G. ................. 370, 409, 1093
Meier, D. ....................................... 482
Meinhart, C.D. ............................ 1069
Mejia, Y.X. ................................. 1230
Meldrum, D.R. ........ 64, 109, 512, 672
Melin, J. ...................... 712, 895, 1057
Metref, L. ...................................... 169
Meyer, G.D. .................................... 19
Meyhöfer, E. ............................... 1234
Meyvantsson, I. ............................ 135
Mezic, I. ...................................... 1227
Mikado, H. .................................... 557
Miki, S. ......................................... 942
Min, J.Y. ....................................... 569
Minamino, A. ............................... 681
Minc, N. ............................ 1009, 1552



A-12

Mirkarimi, L. ................................. 461
Mirkin, C.A. ...................... 1063, 1246
Mittal, B.M. .................................. 705
Mittmann, K. ................................. 328
Miwa, J. ........................................ 868
Miyahara, Y. ....................... 730, 1380
Miyake, R. .................................. 1186
Miyamura, K. .............................. 1495
Mizuno, J. ......... 331, 361, 1212, 1340
Mizutani, F. ................................... 310
Mogami, K. ................................... 994
Mogensen, K.B. ............................ 542
Mohammadi, B. ............................ 617
Mohr, S. ...................................... 1291
Molema, G. ................................. 1383
Mollinger, J. ................................ 1111
Momma, T. ................................. 1212
Monbuquette, H.G. ..................... 1237
Montgomery, C. ............................ 482
Moon, H. ....................................... 782
Moon, J. ........................................ 973
Moore, J.S. ............................ 295, 802
Moorthy, J. ............................ 295, 802
Morales, A.M. ............................... 748
Moran-Mirabal, J.M. ............... 19, 226
Morgan, H. .................... 46, 892, 1249
Morgan, J.E. ................................ 1464
Morishima, K. ....................... 602, 647
Moser, I. ........................................ 301
Motokawa, S. .............................. 1212
Mowlem, M. ................................. 892
Mueller, C. .................................... 193
Mueller, M. ................................... 641
Mueller-Falcke, C. ........................ 172
Muenchow, G. ............................... 850
Mühlberger, H. .............................. 184
Mulder, P. ................................... 1383
Müller, J. ............................. 476, 1158
Muller, S.J. .......................... 620, 1066
Müller, U. ...................................... 473
Münchow, G. ................................ 811
Munoz, C.M. ................................. 445
Munoz-Pinedo, C. ......................... 877
Munro, I. ......................................... 16
Murakami, Y. ................................ 602
Murphy, Jr., K.P. ........................... 388
Murthy, S. ................................... 1315

N
Naberhuis, S. ................................ 773
Nagai, H. ............................... 572, 844
Nagai, M. .................................... 1312
Nagai, T. ....................................... 883
Nagamune, T. ....................... 304, 650
Nagao, M. ..................................... 458
Nagarajan, R. ................................ 933
Nagata, H. ............................. 752, 942
Nagrath, S. .................................. 1315
Najafi, K. .................................... 1173
Nakabayashi, H. ......................... 1482
Nakamura, H. ............................... 361
Nakamura, K. ............................. 1476
Nakamura, M. ............................... 976
Nakamura, Y. ............................... 304
Nakanishi, H. ................................ 557
Nakano, K. .................................... 991
Nam, J.-M. ........................ 1063, 1246
Namkoong, K. .............................. 554
Narovlyansky, M. ......................... 491
Neil, M.A.A. ................................... 16
Nelson, K. ................................... 1000
Nemoto, N. ................................... 322
Nenadic, Z. ................................... 675
Neugebauer, S. ............................. 473
Nevin, J. .......................................... 43
Nguyen, D.M.T. ........................... 394
Nguyen, N.T. ................................ 623
Nguyen, T. .................................... 325
Ni, Z. ............................................ 262
Niehaus, K. ................................... 406
Nielsen, U.B. ................................ 388
Nieuwland, P.J. ................... 924, 1434
Nikolajeff, F. .. 712, 1057, 1270, 1501
Nilson, R. ...................................... 235
Nilsson, A. .................................... 575
Nilsson, J. ........................... 515, 1428
Nilsson, M. .......................... 515, 712,
................................... 895, 1057, 1428
Nisch, W. ...................................... 473
Nishi, T. ...................................... 1340
Nishida, T. .................................. 1476
Nishida, Y. .................................... 991
Nishii, J. ........................................ 844
Nishikawa, T. ............................... 976
Nishimoto, T. ................................ 721
Nishimura, M. ............................. 1072



A-13

Nishino, T. .................................... 930
Nishizawa, M. ............................. 1309
Niwa, O. ........................................ 310
Noda, H. ........................................ 808
Noda, K. ........................................ 313
Noji, H. ... 229, 785, 1015, 1240, 1300
Noma, A. ..................................... 1401
Nonaka, N. .................................... 758
Nonogi, M. .................................. 1273
Northrup, M.A. ................................. 7

O
Oakey, J. ..................................... 1419
Oana, H. .............................. 715, 1401
O'Donohue, S. ............................... 988
Ogawa, H. ................................... 1312
Ogawa, R. ................... 730, 736, 1012
Oh, H.J. ......................................... 702
Oh, K.W. ....................................... 554
Oh, S. ............................................ 973
Oh, S.-H. ..................................... 1507
Oh, S.J. ........................................ 1177
Ohmori, H. .................................... 650
Ohta, J. .......................................... 430
Oikawa, Y. .................................... 721
Okada, H. ...................................... 334
Okano, T. .................................... 1264
Okayama, N. ............................... 1324
Oki, A. .............. 730, 736, 1012, 1312
Oku, Y. ........................................ 1321
Oleschuk, R. ........................ 832, 1045
Olesen, L. ...................................... 560
Olthuis, W. .................................... 470
Omata, M. ....................................... 94
Ono, K. .......................................... 271
Oosterbroek, R.E. .......................... 927
Osaka, T. ..................................... 1212
Oshima, M. ................................... 629
Ostrovidov, S. ............................... 361
Oswell, D. ..................................... 527
Otev el, M. .................................... 985
Otsuka, K. ..................... 331, 467, 844
Ou, Y.-C. ..................................... 1371
Ozawa, M. ............................. 430, 883

P
Paegel, B.M. .................................... 28
Paik, P. .......................................... 566

Paik, S.-J. .................................... 1177
Pallandre, A. ................................. 268
Palutke, T. ........................... 654, 1134
Pamme, N. .................................. 1389
Pamula, V. .................................... 566
Pang, C. ........................................ 675
Pannu, S. ....................................... 817
Pantelis, D. ................................... 724
Parameswaran, A.M. .................... 823
Parikesit, G.O.F. ........................... 841
Park, C. ......................................... 554
Park, J.-H. ..................................... 205
Park, J.J. ........................................ 644
Park, J.K. .............................. 25, 1525
Park, J.Y. ...................................... 587
Park, S. ............................... 979, 1177
Park, S.I. ....................................... 217
Park, S.M. ..................................... 226
Parker, E.R. .................................. 945
Patel, K.D. .................................... 709
Patel, N. ........................................ 641
Pease, F. ........................................ 724
Pedersen, L.H. .............................. 964
Pellegrin, S.M. .............................. 488
Peng, X.Y. .................................... 823
Penn, S. ......................................... 817
Pennathur, S. ................................. 497
Pépin, A. ....................................... 545
Peponnet, C. ........................... 58, 412
Pérez-Castillejos, R. ....................... 76
Perozziello, G. 1155, 1200, 1224, 1410
Peter, L.M. .................................... 814
Petersen, N.J. .............................. 1252
Peterson, K.A. .............................. 709
Petersson, F. ................................. 575
Pettersson Dahlin, A. .................. 1501
Peyrin, J.-M. ............................... 1552
Peyvan, K. .................................... 325
Piciu, O. ........................................ 841
Picollet D'hahan, N. .............. 223, 352
Pijanowska, D.G. .......................... 470
Pilarski, L.M ................................. 145
Ping, G. ....................................... 1294
Piskur, J. ....................................... 515
Plaza, J.A. ....................................... 76
Plecis, A. ..................................... 1038
Plunkett, K. ................................... 295
Pohl, K. ......................................... 112



A-14

Polk, B.J. ............................. 657, 1398
Pollack, M. .................................... 566
Porterfield, D.M. ........................... 954
Portney, N. .................................. 1218
Potier, M.C. ................................. 1516
Poulikakos, D. ............................. 1137
Poulsen, C.R. ................................ 880
Pourahmadi, F. .................................. 7
Poznansky, M. ............................... 397
Prakash, A.R. ................................ 145
Prinz, F.B. ................................... 1491
Psaltis, D. .......................... 1028, 1540
Psichari, E. .................................... 268
Psychari, E. ................................... 355
Pudda, C. ....................................... 223

Q
Quan, E. .............................. 298, 1051

R
Ram, R.J. ......................................... 34
Ramakrishnan, R. ........................ 1051
Ramasamy, L. ................................. 43
Ramsey, J.M. ............ 880, 1105, 1252
Randall, G. .................................. 1558
Rao, M.P. .................................... 1227
Rao, M.V. ..................................... 657
Rao, V.M. ....................................... 41
Raorane, D.A. ............................... 773
Ravula, S.K. ................................ 1374
Rawlinson, N.D. ............................ 742
Rector, K.D. ................................ 1464
Regtmeier, J. ................................. 340
Reich, D.H. ................................... 509
Reichmuth, D.S. .......................... 1146
Reimann, P. ................................... 340
Reinecke, H. ........................ 193, 1352
Reinhoudt, D.N. ............................ 927
Renaud, P. ................... 352, 403, 1038
Renaudin, A. ................................. 599
Requejo-Isidro, J. ............................ 16
Ressine, A. .................... 256, 280, 826
Reyes, D.R. ......................... 657, 1398
Rhee, H.-K. ................................... 479
Ricco, A.J. ..................................... 527
Richard, F. .................................... 319
Ricks, R. ........................................ 527
Riegger, L. ........................ 1, 328, 796

Rindorf, L. .................................... 964
Rissin, D. .......................................... 4
Rivera, F. ...................................... 352
Robinson, D. ................................. 445
Rockwood, T. ............................. 1540
Rodd, L. ...................................... 1115
Rodger, D. .................................... 181
Rodriguez, W.R. ........................... 669
Rognlien, J.L. ............................... 445
Roguszczak, H. ............................. 211
Rolando, C. ................................. 1504
Rolland, J.P. .......................... 220, 593
Roman, G.T. ................................. 259
Romani, A. ................................... 370
Romera-Guereca, G. ................... 1137
Ronaghi, M. .................................. 724
Rondelez, Y. ................................. 785
Ronzano, K. .................................. 527
Roper, M.G. .................................. 794
Ros, A. .................................. 340, 406
Rose, K. ................................ 779, 817
Ross, D. ...................................... 1022
Rossau, R. ..................................... 699
Rossier, J. ................................... 1516
Rubloff, G.W. ............................... 644
Russom, A. ................................. 1006
Rutjes, F.P.J.T. ................... 924, 1434
Ryan, D. ...................................... 1564
Rydholm, S. ........................ 915, 1416
Ryu, K. ... 163, 948, 1063, 1192, 1246

S
Sabounchi, P. .............................. 1081
Saeki, S. ...................................... 1476
Safinya, C.R. ................................ 945
Sai, Y. ........................................... 346
Saif, T. .......................................... 900
Saito, T. ...................................... 1476
Sakai, K. ..................................... 1264
Sakai, Y. ....................................... 361
Sakakihara, S. ............................... 785
Sakamoto, K. ................................ 602
Sakata, M. ..................................... 313
Sakata, T. .................................... 1380
Salas, A. .......................................... 76
Saliba, A.-E. ................................. 355
Samadani, A. ................................ 397
Samiee, K. ............................ 718, 829



A-15

Sanchez, J. .................................. 1270
Sandison, M. ............................... 1249
Santiago, J.G. ................ 497, 617, 779
Sapelnikova, S. ........................... 1243
Sarkar, A. ...................................... 693
Sasaki, N. .................................... 1096
Sato, K. .......................... 94, 847, 883,
................................... 997, 1282, 1392
Sato, K. ......................................... 883
Sato, Y. ................................. 310, 997
Sauter, F. ....................................... 223
Schaich, W.L. ................................ 742
Schallmeiner, E. .......................... 1057
Schasfoort, R.B.M .............. 151, 1337
Scherer, A. .................................. 1540
Schilling, M. ............................... 1534
Schlautmann, S. .................. 151, 1337
Schlecht, U. ................................. 1546
Schlingloff, G. ............................... 376
Schmid, H. .. 250, 539, 578, 596, 1048
Schober, A. ................................... 376
Schoch, R.B. ............................... 1038
Schoenmakers, P.J. ....................... 838
Schönfeld, F. ................. 67, 581, 1458
Schoth, A. ................................... 1352
Schuhmann, W. ............................. 473
Schwarzkopf, K. ........................... 325
Seaward, K. ................................... 274
Seger, U. ............................... 352, 403
Seki, M. ..... 346, 439, 758, 1452, 1528
Sekulovic, A. ................................. 820
Semancik, S. ................................. 482
Sendoh, M. .................................... 436
Seo, J. .......................... 641, 856, 1215
Serdy, J. ........................................ 853
Sethu, P. ........................................ 358
Sha, M. .......................................... 817
Shaikh, K.A. ........................ 163, 948,
................................. 1063, 1192, 1246
Shannon, M.A. .............. 262, 660, 770
Sharon, A. ............................. 199, 862
Shaw, R.A. .................................... 805
Sheu, F.S. ...................................... 933
Shibata, K. .................................... 187
Shigematsu, E. ............................ 1452
Shih, C.-Y. .................................... 343
Shimoide, K. ............................... 1324
Shimomura, T. ............................ 1099

Shinohara, E. ................................ 277
Shinohara, H. .................... 1212, 1340
Shintaku, H. ...................... 1075, 1108
Shionoya, M. .................................. 37
Shiu, J.-Y. ....................................... 49
Shoji, S. ....................... 331, 557, 638,
................................. 1212, 1340, 1440
Short, R.T. .................................. 1195
Sibarani, J. .................................... 253
Sigalas, M. .................................... 461
Sigrist, A. .................................... 1054
Sigurdson, M.C. .......................... 1069
Sikanen, T. .......................... 982, 1349
Silberzan, P. ................................ 1090
Simmons, B.A. ... 445, 705, 748, 1087
Simon, A. ...................................... 223
Singh, A.K. ............. 1042, 1087, 1404
Sinskey, A.J. ............................... 1410
Sischka, A. .................................... 406
Skulan, A.J. ................ 82, 1087, 1404
Slovakova, M. ..................... 355, 1552
Smadja, C. .................................. 1552
Smith, G.D. ................................. 1386
Snakenborg, D. ................. 1155, 1224
Sniadecki, N.J. ...................... 509, 871
Söderberg, O. .............................. 1057
Soh, H.T. .......................... 1407, 1507
Solgaard, O. .................................. 909
Sommer, G.J. .............................. 1355
Son, S.U. ..................................... 1084
Song, Y. ...................................... 1025
Soper, S.A. .................................. 1261
Spatz, J. ........................................ 473
Spencer, N.D. ............................... 539
Sp šný, M. .................................... 985
Sprenkels, A.J ............................... 470
Sprogies, T. ................................... 121
Squier, J. ..................................... 1419
Squires, D. .................................... 527
Squires, T.M. ................................ 491
Sridharamurthy, S.S. ................... 1161
Srivannavit, O. ................................ 61
Stadnik, D. .......................... 211, 1279
Stangegaard, M. ............................ 745
Staubli, T. ................................... 1054
Stavis, S. ....................................... 718
Stayton, P.S. ............................... 1276
Steigert, J. ......................... 1, 328, 796



A-16

Steinert, C.P. ....................... 796, 1267
Stelzle, M. ..................................... 473
Stemme, G. ............... 915, 1006, 1416
Stenberg, J. .................................. 1057
Stöckli, T. .................................... 1054
Stoeber, B. .................................. 1066
Stoeva, S.I. .................................. 1246
Stone, H.A. ................................... 100
Storment, C. .................................. 527
Stoyanov, I. ................................. 1152
Studer, V. .................................... 1516
Stutz, R. ........................................ 250
Subramanian, R. ............................ 770
Subrebost, G. ................................. 247
Sudarsan, A.P. ............................. 1060
Sudo, H. ........................................ 602
Sueyoshi, K. .......................... 467, 844
Suh, K. .......................................... 767
Suls, J. ........................................... 699
Sun, Y. .......................................... 536
Sundaresan, S.G. ........................... 657
Sung, W.-C. .................................. 761
Suto, K. ......................................... 808
Suzuki, H. ........................... 951, 1300
Suzuki, M. ................................... 1482
Suzuki, T. ......................... 1075, 1108,
................................. 1183, 1212, 1340
Suzuki, Y. ............................. 638, 868
Swaiss, G. ..................................... 527
Szita, N. ............................ 1377, 1410

T
Tabata, K.V. ........................ 785, 1300
Tabeling, P. ................... 31, 319, 611,
................................. 1121, 1128, 1522
Tabourier, P. ................................. 599
Tabuchi, M. ........................... 752, 942
Taff, B. .......................................... 865
Tahhan, I. .................................... 1352
Tai, Y.-C. ...... 181, 343, 385, 675, 874
Tajima, A. ..................................... 650
Takahashi, K. ...... 322, 373, 681, 1343
Takai, M. ............................. 253, 1312
Takamura, Y. ...................... 427, 1099
Takayama, S. ....................... 889, 1386
Takei, G. ..................................... 1273
Takeuchi, S. ................. 506, 785, 951,
........................................... 1300, 1455

Talasaz, A.H. ................................ 724
Talini, L. ....................................... 319
Tamaki, E. ............................ 232, 991
Tamiya, E. .......................... 427, 1099
Tamura, K. .................................... 521
Tan, J.L. ........................................ 509
Tan, W.H. ..................................... 506
Tan, Y.-C. ................................... 1131
Tang, Y. ........................................ 660
Tangen, U. .......................... 654, 1134
Tano, Y. ........................................ 430
Tao, Y. ........................................ 1491
Tarhan, M.C. ................................ 175
Tartagni, M. ................ 370, 409, 1093
Taverna, M. ................................ 1552
Tay , E.H. ..................................... 424
Tazaki, G. ................................... 1340
Tepp, W. ....................................... 295
ter Braak, P.M. ........................... 1288
Terabe, S. ........................................ 52
Terao, K. ....................................... 715
Terasawa, Y. ................................. 430
Tewes, M. ......................... 1152, 1546
Thariani, R. ................................. 1470
Tharp, W. ...................................... 397
Théry, M. ...................................... 545
Thorslund, S. .................... 1270, 1501
Throckmorton, D.J. ..................... 1042
Timucin, L. ................................... 527
Tixier-Mita, A. ............................. 175
Toepke, M.W. ............................. 1464
Tojo, M. ........................................ 304
Tok, J.B.-H. .................................. 817
Tokeshi, M. .......... 452, 632, 930, 967,
......................... 970, 1035, 1321, 1449
Tokida, A. ..................................... 313
Tokuda, T. .......................... 430, 1183
Tokuyama, T. ............................. 1392
Tomita, F. ..................................... 942
Toner, M. ..................... 358, 397, 421,
............................. 533, 605, 669, 1315
Tong, G. ...................................... 1297
Tönsing, K. ................................... 406
Toriello, N.M. ............................... 391
Torii, T. ........................................ 277
Torres, J. ......................................... 85
Toshin, K. ................................... 1561
Troadec, D. ................................... 241



A-17

Trouchet, D. .................................. 319
Truckenmüller, R. ......................... 376
Tsai, P.-J. .................................... 1032
Tsau, C. ................................... 10, 238
Tsaur, J. ......................................... 961
Tseng, F.-G. .................................... 70
Tsuji, K. ........................................ 991
Tsukada, N. ................................. 1072
Tsukahara, T. ............ 232, 1255, 1561
Tsukidate, K. ............................... 1309
Tsuneka, T. ........................... 331, 467
Tsutsumimoto, K. ......................... 991
Tüdös, A.J. .......................... 151, 1337
Tuomikoski, S. .................... 982, 1349
Turmezei, P. ................................ 1111
Tzedakis, T. ................................. 1431

U
Uchiyama, K. ................................ 467
Udoh, U. ........................................ 527
Uehara, A. ..................................... 430
Ueno, M. ................... 924, 1143, 1434
Ugaz, V.M. .................................. 1060
Ui, H. .......................................... 1392
Umeda, M. .................................. 1321
Unger, M.A. ........................ 298, 1051
Unnikrishnan, S. ......................... 1337
Urban, G. ............................ 301, 1093

V
Valentine, T.M. ............................. 644
Valero, A. .................................... 1395
Vallés, E. ......................................... 76
van Amerom, F.H.W. .................. 1195
van den Berg, A. .. 106, 400, 877, 927,
......................... 988, 1258, 1288, 1395
van den Berg, R.J.F. ...................... 924
van der Linden, H.J. .......... 1149, 1383
van Hest, J.C.M. .................. 924, 1434
van Hoof, C. .................................. 699
van Nieuwkasteele, J.W. ............. 1395
van Reybroeck, G. ........................ 699
van Uitert, I. .................................. 370
van't Oever, R. .............................. 988
Van ura, C. .................................. 1170
Vaultier, M. ................................... 412
Verboom, W. ................................. 927
Vermes, I. .................................... 1288

Verneuil, E. ................................. 1090
Verpoorte, E. .................... 1149, 1383
Vervoort, N. .................................. 106
Vestad, T. ................................... 1419
Viernes, N.O.L. ............................ 802
Vinas, M. .......................................... 7
Viovy, J.-L. .................. 115, 268, 355,
........................................... 1009, 1552
Voldman, J. ........................... 530, 865
Vreeland, W.N. ........................... 1022
Vu, D. ......................................... 1464
Vulto, P. ...................................... 1093

W
Wada, T. ....................................... 458
Wada, Y. ....................................... 739
Wagler, P.F. ........................ 654, 1134
Wagner, J. ..................................... 918
Wake, Y. ..................................... 1401
Wakida, S. ............................ 572, 844
Wallow, T.I. .................................. 748
Walt, D.R. ......................................... 4
Walter, G. ..................................... 418
Wang , X. .................................... 1192
Wang, C.-H. .................................. 957
Wang, D. ..................................... 1069
Wang, H.-M. ............................... 1318
Wang, J. ............ 289, 791, 1237, 1297
Wang, J.-M. ................................ 1371
Wang, L. ............................. 823, 1555
Wang, L.-P. .................................. 912
Wang, M. ...................................... 244
Wang, S. ....................................... 533
Wang, S.-K. .................................... 70
Wang, T.-H. ................................ 1330
Wang, W.-S. ................................. 957
Wang, X. ....................................... 455
Wang, Y.-C. .................................. 238
Wang, Y.-M. ............................... 1371
Wang, Z. ............................. 745, 1549
Wapelhorst, E. .............................. 476
Washabaugh, P.D. ...................... 1173
Washizu, M. ............. 715, 1183, 1401
Wasylycia, J.R. ........................... 1243
Watts, P. ..................................... 1437
Wazawa, T. ................................... 976
Weibel, D.B. ............................... 1564
Weibezahn, K.F. ........................... 376



A-18

Welle, A. ....................................... 376
Welle, R.P. .................................. 1078
Werner, M. .................................. 1377
Wessling, M. ............................... 1221
Westerweel, J. ............................... 841
Wheeler, A.R. ....................... 500, 782
White, R.D. ................................... 666
Whitesides, G.M. ................ 491, 1564
Widmer, D. ................................. 1054
Wiles, C. ..................................... 1437
Wiley, B. ..................................... 1510
Wilhelm, C. ................................. 1389
Willaime, H. ........................ 611, 1128
Willmore, S.J. ................................. 46
Wilson, C.G. ................................. 488
Winkle, R. ..................................... 418
Winslow, F. ................................. 1297
Wise, K.D. .................................... 154
Wolbers, F. .................................. 1288
Wolf, H. ........................................ 539
Wolff, A. ............................... 745, 820
Wong, M. ...................................... 337
Wood, D.K. ................................. 1507
Woodruff, W.H. .......................... 1464
Woolley, A.T. ............................... 196
Wootton, R. ........................... 208, 418
Wu, X. ........................................... 205

X
Xia, Y. ................................... 61, 1510
Xiao, D. ....................................... 1105
Xie, R. ........................................... 832
Xu, B. ............................................ 663
Xu, Y. .......................................... 1209

Y
Yager, P. ............................ 485, 1000,
................................. 1443, 1470, 1510
Yamada, M. .................. 346, 439, 758,
........................................... 1452, 1528
Yamagata, Y. ................ 304, 650, 994
Yamaguchi, J. ............................... 967
Yamamoto, A. ............................. 1072
Yamamoto, H. ............................. 1183
Yamamoto, M. .............................. 758
Yamamoto, T. ..................... 202, 1240
Yamamoto, T. ............................... 427
Yamashita, H. ............................... 976

Yamato, M. ................................. 1282
Yamauchi, M. ............................. 1035
Yamazaki, A. ................................ 436
Yamazaki, H. ................................ 277
Yang, B. ...................................... 1118
Yang, C. .............................. 623, 1028
Yang, C.-H. ................................ 1425
Yang, C.-S. ................................. 1032
Yang, D.H. .................................... 461
Yang, L. ........................................ 364
Yang, L.-J. .......................... 957, 1371
Yang, M. ....................................... 367
Yang, M. ....................................... 614
Yang, M.-S. ........................ 835, 1318
Yang, M.T. ................................... 871
Yang, N. ....................................... 316
Yang, S. ........................................ 900
Yang, X. ..................................... 1019
Yang, Y.-J. .................................... 957
Yang, Z. ........................................ 961
Yap, P.H. .............................. 464, 536
Yarmush, M.L. ..................... 421, 533
Yasuda, M. ......... 346, 439, 758, 1452
Yasuda, T. ................................... 1102
Yeh, J. ........................................... 886
Yeom, J. ........................................ 660
Yi, J. ............................................. 973
Yi, S. ............................................. 307
Yin, H. .......................................... 274
Yin, Y. ........................................ 1513
Yobas, L. ...................................... 933
Yoon, B.J. ..................................... 563
Yoon, D.-K. .................................... 91
Yoon, D.S. .................................... 799
Yoon, E.S. .............................. 91, 569
Yoon, H.S. .................................... 464
Yoon, J.-B. .................................... 449
Yoon, S.K. .................................. 1431
Yoon, S.Y. .............................. 13, 626
Yoon, Y.-K. .................................. 205
Yoshikawa, K. .............................. 727
Yost, B. ......................................... 527
Young, I.T. ................................... 841
Yousef, H. ..................................... 157
Yu, H. ................................... 187, 862
Yu, H.-Z. ...................................... 823
Yu, X. ........................................... 551
Yuan, R. ............................................ 7



A-19

Yuen, P.K. ................................... 1124
Yun, H. .......................................... 103
Yun, J.Y. ....................................... 217
Yun, K.-S. ....................................... 91
Yun, M. ....................................... 1237

Z
Zamir, L. ....................................... 669
Zeng, Y. ........................................ 494
Zengerle, R. ...................... 1, 193, 328,
..................................... 635, 796, 1267
Zhang, D. ...................................... 551
Zhang, H. ...................................... 274
Zhang, V. ...................................... 599
Zhang, X. .............. 166, 187, 367, 862
Zhang, X.M. .................................. 464
Zhang, Y.T. ................................. 1227
Zhang, Z. ........................... 1155, 1410

Zhao, J.-L. .......................... 835, 1318
Zhao, L. .............................. 933, 1051
Zhao, Y. ........................................ 166
Zhao, Y. ........................................ 205
Zhao, Y. ...................................... 1209
Zheng, B. ...................................... 503
Zheng, S. ............................... 385, 874
Zhong, M. ..................................... 316
Zhu, J. ........................................... 933
Zhu, L. .......................................... 482
Zhuang, G.-S. ..................... 835, 1318
Zimmermann, M. .......................... 578
Zinner, M.J. .................................. 421
Zohar, Y. ............................... 337, 764
Zou, Z.Q. ...................................... 835
Zourob, M.M. ............................. 1473
Zuiderwijk, M. .............................. 791



A-20

Keyword Index 
 
A
Acoustic Effects ............................. 666

Particle Separation ................... 575
Streaming ................................... 97
Trapping ......................... 515, 1428

Active Control ............................. 1234
Active Mixer ............................... 1096
Actuator ...................... 169, 862, 1128
Adhesion ..................... 247, 539, 1054
Adsorption .............................. 10, 283
Aerodynamic Focusing ................. 985
Affinity Assay ............................. 1054
Affinity-Based Sensor ................... 461
AFP ............................................... 979
Agarose ....................................... 1537
Agglutination .............................. 1522
Alcohol Sensor................................... 1
Algae ................................... 892, 1564
Amino Acids ............................... 1022
Anhydrous Digital Fluidics ........... 121
Animal Breeding ........................... 883
Anisotropic Etching ...................... 175
Anodic Bonding .......................... 1227
Anodization ................................. 1102
Antibiotics ................................... 1473
Antibody Arrays ........................... 388
Antibody Binding ....................... 1180
Antigen/Antibody Interaction ....... 868
Apheresis ...................................... 358
Apolipoprotein A1 ........................ 930
Apoptosis ...................................... 877
Assisted Reproductive Technology 361
Artificial Cell ...................... 654, 1134
Assays, Cell Based ........................ 853
Asymmetric Flow ....................... 1416
Atom Transfer Radical

Polymerization ......................... 1264
Atomic Emission Spectrometry .... 427
Atomic Force Microscopy ............ 223
Atomization ................................ 1072
ATP ..................................... 313, 1243
Automated Image Analysis ........... 912
Automatic Flow ............................ 596
Automation ................................. 7, 28
Avian Leukosis Virus ................... 957

B
Bacteria ............................... 712, 1407

Counting .................................. 313
Band Broadening .......................... 838
Bead(s) ..... 808, 832, 979, 1006, 1054

Array of ..................................... 415
Beta Particle Detection ................. 488
Bi-Directional Flow ...................... 961
Bifunctionalization ..................... 1267
Bioanalysis ......................... 190, 1428
Bioarray .............................. 151, 1392
Bio-Bar-Code Assay ................... 1246
Biocalorimetric Measurements ... 1555
Biocatalysis ........................ 924, 1431
Biochemical Analysis ....... 1063, 1516

Screening ............................... 1452
Synthesis .................................... 61

Biocompatible ............................ 1270
Biofouling ..................................... 748
Biofuel Cell .................................. 939
Bioluminescence .......................... 313
Biomarker ............................. 274, 826
BioMEMS ................... 301, 518, 644,
............................. 755, 886, 900, 1368
Biomimetic ............................... 41, 88
Biomolecular Interaction .............. 151
Biomolecular Motor(s) ....... 229, 1234
Biosensor(s) ......... 223, 226, 817, 964,
............... 976, 1152, 1330, 1546, 1209
Blastocyte ..................................... 883
Block Copolymer ....................... 1264
Blood Analysis ................. 1324, 1340
Blood Filtration .. 385, 811, 874, 1352
Blood Typing Microfluidic

Biochip .................................... 1306
Blood Urea Nitrogen (BUN) ...... 1312
Bone Strain ................................... 433
Braille Displays .......................... 1386
Breast Cancer ..................... 364, 1327
Brownian Motion .................. 340, 614
B-Type Natriuretic Peptide ........... 310
Bubble Formation ......................... 623
Bubble-Free Priming .................... 796
Bubble Growth ........................... 1137
Bubble Jet ..................................... 909



A-21

C
Calibration Methods ..................... 470
Cancer Diagnostic ......... 298, 364, 794
Cantilever ............................ 226, 739,
.............................. 99, 1170,208, 1504
Capillary Effects .............. 596, 796, 59
Capillary Electrophoresis ..... 141, 145, 
................ 184, 6,468, 617, 1361, 1498
Capillary Lithography ................... 767
Capillary-Assembled Microchip ..... 52
Capillary-Immunoassay ................ 301
Cardiac Myocyte(s) ........ 166, 367,587
Cardiovascular Monitor .............. 1203
Catalysis ........................................ 208
Cell(s) ........................ 355, 409, 515,
......................... 545, 1215, 1401, 1404

Adhesion ........................ 767, 1380
Alignment ................................ 166
Analysis ................. 557, 681, 1099
Arrays ...... 316, 379, 530, 865, 895
Capture ..................................... 391
Chip ........................................ 1482
Cilium .................................... 1416
Contractility ..................... 509, 871
Counter .................................... 307
Culture .............. 49, 205, 376, 527,
......................... 533, 745, 915, 930,
......... 1343, 1371, 1392,1382, 1413
Encapsulation ........................... 702
Handling ................. 403, 903, 1398
Impedance .............................. 1507
Lysis ......................................... 388
Membrane Charge .................. 1380
Membrane Model ..................... 951
Morphology ................. 1282, 1383
Patterning ........... 1309, 1343, 1368
Printing .................................... 352
Separation ...................... 385, 1528
Signaling .................................. 388
Sorting ..... 370, 536, 859, 868, 909,
............................. 1028 1389, 1419
Transfection ........................... 1395
Trapping ................................... 512
Typing ...................................... 373

Centrifugal Microfluidics ......... 1, 328,
..............................635, 796, 823, 1352
Ceramic - PDMS Bonding ............ 211
Cerebral Ischemia ....................... 1032

Chaotic Micromixer .................... 1306
Charge Conversion Nanoparticles 488
Charge Induction .......................... 581
Charge-Selectivity ...................... 1038
Chemical Compatible ..................... 61
Chemical Deposition .................... 672
Chemical Sensor ......................... 1170
Chemical Structure ....................... 202
Chemical Synthesis ...................... 593
Chemiluminescence ..... 776, 808,1391 
Chemotaxis ........................... 397, 605
Chip Interface ............................... 647
Chromatography ........................... 349
Circular Chromatography ........... 1019
Circular Dichroism Spectroscopy 1035
Circulation Flow ........................... 629
Clinical Diagnostics .................... 1324
CMOS Technology 370, 430, 979,1169
Coalescence .................................. 115
Coating ............................... 942, 1149
Cochlea ......................................... 666
Co-Culture ............................ 361, 421
Cofactor Regeneration ................ 1431
Collapse-Free Thermal Bonding .. 684
Colloidal Templating .................... 494
Colocalization ............................. 1330
Colorimetric Assay ........................... 1
Combinatorial Chemistry ............... 67
Compartmented Cultures ............ 1374
Complex Fluids ............................ 611
Concentration Effects .............. 31,614,
................. 705, 1087, 11211354, 1404
Confined Liquids ........................ 1255
Confocal Imaging ......................... 877
Confocal Microscopy ................... 109
Confocal Scanner .......................... 629
Conformational Change ................ 994
Connector, Microfluidic ............... 647
Contact Angle ............................... 745
Contact Line Pinning .................... 563
Contactless Conductivity Detection 184
Continuous Free-Flow

Electrophoresis ........................ 1534
Controllable Nano Gap ................. 739
Controlled Evaporation .................. 31
Core-Shell Nanoparticle ................ 265
Corner Flow ................................ 1258
Coulter Counter ................ 1495, 1507



A-22

Creatine ....................................... 1312
Crossing Flow ............................... 632
Crystallisation ................ 31, 503,1089
Curved Channels ......................... 1060
Curved Surfaces ............................ 948
Cycloolefin Polymer ..................... 331
Cytokines ...................................... 533
Cytometer ......................... 1111, 1507
Cytoskeleton Proteins ................... 945

D
Defocusing Method ......................... 13
Delay Loops .................................... 67
Delivery Vector ............................. 220
Density Functional Theory ........... 235
Diaphragm .................................. 1186
Dielectric Elastomer ...................... 160
Dielectrophoresis ......... 367, 370, 409,
...... 500, 865, 1054, 1075, 1087, 1093,
............. 1368, 1398, 1404, 1407, 1525
Differential Extraction ...................... 7
Diffuser Lithography .................... 449
Diffusion ............................. 148, 1333
Diffusion Barrier ........................... 915
Diffusion Potential ...................... 1025
Digital Detection ........................... 712
Digital Microfluidics ..................... 566
Digital Particle Image

Velocimetry (DPIV) ................... 620
Dilution ........................................... 28
Dioxin ......................................... 1446
Direction Sensitivity ................... 1416
Direct-Wire Fabrication ................ 693
Dispenser ............................ 602, 1458
Dispersion Prism ......................... 1470
Disposable Integrated

Lab-on-a-Chip .......................... 1306
Disposable Pump .......................... 436
Distillation .................................. 1561
Division ......................................... 545
DNA ..................... 494, 654, 715, 721,
................................... 727, 1009, 1209

Bases ...................................... 1003
Binding Protein Detection ........ 217
Chip .......................................... 319
Computing ............................... 214
Detection .......... 292, 699, 847, 997
Electrophoresis ....................... 1012

Extraction ................................ 794
Hybridization ........................... 788
Isolation ................................... 141
Kinetics .................................... 337
Melting .................................... 773
Microarray ....................... 820, 823
Precipitation ............................. 131
Separation .............................. 1012
Sequencing ............................ 1303
Synthesis .................................. 415
Transport ................................. 620
Trapping .......................... 521, 730

Double Electrode Particle 
 Detector ..................................... 307
Double Inclined UV

Lithography ............................. 1183
Drag Force .................................... 961
DRIE (Deep Reactive Ion Etching) 681
Droplet(s) ..... 115, 124, 412, 503, 506,
............................ 629, 635, 921, 1128,
............. 1134, 1146, 1291, 1419, 1440

Microfluidics ................... 500, 782
Breakup ................................... 439
Formation ........................ 623, 638
Manipulation ............................. 58
Separation .............................. 1099

Drug Delivery ..................... 154, 1440
Drug Discovery ............ 421,929, 933,
............................................. 936, 1443
Drying ......................................... 1258
Dye Laser ....................................... 85
Dynamic Allele-Specific

Hybridization ........................... 1006
Dynamic Coating .................. 334, 748
Dynamic Mode ............................. 799
Dynamic Passivation .................... 283
Dynamic Pulsatile Pressure ........ 1346
Dynamic SDS-Coating ................. 752

E
Early Detection of Cancer .......... 1315
Ejector .......................................... 112
Elastomer .......................... 41, 64, 124
Electrorotation .............................. 779
Elecrtrofusion ............................... 506
Electoosmosis ................................. 67
Electric Field Gradient Focusing .. 196
Electric Fields ............................. 1234



A-23

Electrical Assisted Patterning ....... 367
Electrocapillary ............................... 49
Electrochemical actuator................ 169
Electrochemical Sensing....... 22, 1491
......... 301, 470, 473, 814, 1309, 1312

Electrochromatography ............... 1105
Electrodes, Three-Dimensional ... 1212
Electrokinetic(s) ............. 82, 560, 581,
................ 841, 1069, 1087,1226, 1437

Alternating Current (AC) .......... 46,
...........................................70, 1096
Flow Nanochannels................... 235
Focusing ................................. 1337
Injection ................................... 491
Trapping ................................... 238

Electron Beam Lithography .......... 693
Electron Source ............................. 476
Electron-Beam Lithography ........ 1282
Electronic Components ................. 672
Electro-Orientation ..................... 1111
Electroosmotic Flow ..... 268, 715, 733
................................... 752, 1337, 1349
Electroosmotic Pump .................... 569
Electropermeabilization ................ 445
Electrophoretic Mobility ............... 373 
Electrophoresis ..... 337, 491, 494, 497,
...................... 524, 542, 779, 847, 850,
....................... 1009, 1349, 1355, 1425
Electro-Polymerization ................. 217
Electroporation ........... 382, 856, 1395, 
........................................... 1401, 1425
Electrospinning ............................. 244
Electrospray ........ 241, 985, 994, 1504

Deposition ....................... 304, 650
Ionization ............ 982, 1498, 1501

Electrostatic .............. 761, 1173, 1192
Actuation .......................... 277, 739
Peristaltic Pump ......................... 64

Electrowetting ................ 58, 412, 500,
..................................... 566, 782, 1333
ELISA ......................................... 1392
Embedded Channel ............... 181, 343
Embryo ......................................... 361
Embryonic Stem Cells .................. 530
Emulsion ....................................... 439
Enantioselective ............................ 924
Endothelial Cells ......................... 1383
Energy Conversion ..................... 1467

Energy Harvesting ........................ 433
Energy Storage ............................... 55
Enrichment ................................... 835
Entropic Barrier and Trap.............. 829
Environmental Analysis ............... 427
Enzyme Digestion ........................ 782

Activity ................................... 880
Immunoassay .......................... 485
Inhibition .............................. 1443
Kinetics ................................... 379
Reaction ................ 322, 506, 1261
Synthesis ................................. 924

Evanescent Wave Sensor .... 964, 1446
Evaporation .......................... 563, 578
Expansion Channel ....................... 103
Explosive Vaporization .............. 1137
Extensional Flow ........................ 1115
External Cavity Laser ................... 464

F
F1-ATPase .......................... 229, 1240
Faradaic Currents .......................... 560
Fast Cell Lysis .............................. 880
Fast Kinetics ............................... 1081
Fast Solution Exchange .............. 1081
Femtoliter Chamber ...................... 785
Femtosecond Pulsed Laser ........... 524
Ferrofluid .............................. 554, 607
Fiber Optics ................ 211, 271, 1032
Field Constriction ....................... 1401
Field Effect Device ..................... 1380
Field Induced Fluid Flow ............... 46
Filter(ing) .................... 666, 874, 1075
Flow 

Control .................... 346, 439, 578,
............................ 1075, 1090, 1118
Cytometry ................ 880, 892, 909
Field Characterization ............. 109
Injection Analysis .................... 602
Scanner .................................... 557
Sensor .............................. 961, 970
Stabilization .......................... 1118

Fluid Control .............................. 1273
Fluid Dynamics ............................ 638
Fluid Handling ................................ 79
Fluid Injection .............................. 157
Fluidic Capacitor ............................ 55
Fluidic Connection ..................... 1410



A-24

Fluidic Networks ......................... 1124
Fluidic Processor ............................. 58
Fluorescence

Detection ......................... 455, 967,
............................... 718, 1470, 1485
Imaging ...................................... 16
Spectroscopy ............................ 936

Fluoropolymers ............................. 593
Focal Length Tuning ................... 1161
Focused Ion Beam ........................ 241
Force Measurement ....................... 166
Force Sensor Array ............... 509, 871
Forensic DNA Analysis .......................
Forensics Applications ................ 1519
Formic Acid .................................. 770
Fraction Collection ....................... 141
Fractionator ................................. 1549
Free Flow Electrophoresis .......... 1537
Freeze-Stop Sampling ................. 1377
Fuel Cell ........................................ 770
Fuel Sources ................................ 1243
Functionalized Parylene ................ 868

G
Gas Actuated ................................. 551
Gas Sensor .................................... 482
Gas-Liquid .................................... 632
Gel Electrophoresis ..................... 1042
Gelatin ......................................... 1371
Gene Expression .................. 325, 527,
........................................... 1051, 1516
Genomics ................ 1303, 1407, 1425
Geometrical Effect ........................ 973
GFP Reporters ............................... 533
Glow Discharge .......................... 1479
Glucose ......................................... 939
Glutaraldehyde ............................ 1371
Gold Electrode .............................. 521
Gold Nanoparticles ....................... 997
Gradient ................ 148, 397, 605, 915
Gradient Microfluidics .................. 654
Grin Microlens .............................. 970

H
Haplotyping .................................. 214
Healthcare Chip .......................... 1312
Hematocrit .................................... 796
Hemolysis ..................................... 912

Heparin ....................................... 1270
Hepatocyte(s) ........................ 421, 533
HepG2 .......................................... 930
High Aspect Ratio ......... 106, 181, 678
High Pressure ............................... 709
High

Selectivity PCR ......................... 298
High Sensitive Detection ...... 427, 844
High Temperature ......................... 709
High Throughput .................................
High Throughput Screening 135, 277,
..................... 352, 415, 503, 886, 1443
High Throughput PCR ................ 1051
HIV Diagnostics ........... 536, 669, 791 
HL60 Cells ................................. 1288
Holed Pressure Equalizing Plate ... 684
Hollow Metallic Microneedle ....... 187
Hot Embossing ....... 1152, 1212, 1340
HPLC ............................................ 343
Hybrid System .............................. 587
Hybridization ........................ 319, 730
Hydraulic Flow Control .............. 1324
Hydrodynamics .......................... 1087
Hydrodynamic Dispersion .. 100, 1121
Hydrodynamic Filtration ............ 1528
Hydrogel ..................... 295, 403, 1161
Hydrogen Silsesquioxane (HSQ) .. 518
Hydrogenated Amorphous Si ....... 458
Hydrogenation .............................. 208
Hydrophilic Interaction ................. 761
Hydrophobic Coating ..........................
Hydrophobic Interaction .............. 334,
................................. 1264, 1267, 1279
Hydroxyl Radical .......................... 286
Hyrdrodynamic Flow

Confinement ............................ 1048

I
Imaging ....................................... 1028
Imaging Fiber-Optic ......................... 4
Immobilization ......... 826, 1237, 1321
Immunoassay ........... 10, 94, 250, 310,
.................... 328, 650, 791, 808, 1000,
............. 1042, 1069, 1321, 1446, 1522
Immunoglobulin ............................. 94
Immunosensor ...................... 755, 979
Impedance .......................... 403, 1491

Sensors ................................... 1546



A-25

Spectroscopy .................... 364, 892
In Vitro Production ....................... 883
In Vivo Implantable Microdevice 1032
Induced Space Charge ................... 238
Induced-Charge Electroosmosis ...... 82
Inertio-Elastic Instabilities .......... 1115
Infared Spectroscopy .......... 1164, 805
Injection Molding ....... 193, 712, 1306 
Injection System ........................... 106
Injector ............................................ 34
In-Line Monitoring ....................... 418
In-Situ Synthesis ........................... 325
Insulative Dielectrophroesis .. 705, 748
Integrated Electromechanical 
 Circuit .......................................... 64
Integrated Fluorescence Detector .. 458
Integrated Microdevice ................. 794
Integrated Micropump .................... 79
Integrated Sample Processing ..... 1519
Integration ................... 325, 455, 1224
Interconnect .................................. 138
Interdigitated Electrodes ............... 699
Interface Chip ............................... 467
Interface Conductivity ................ 1252
Interfacial Fabrication ................... 802
Interfacial Tension ........................ 623
Intermediates ................................. 418
Intracellular ................................... 400
Intra-Particle Coupling ................ 1285
Ion Channel(s) ............. 933, 951, 1215
Ionic Liquids ................................. 412
Ion Trap Mass
Spectrometer Arrays .................... 1195
Ionic Transport Numbers ............ 1252
IR Absorption ............................. 970
Isoelectric Focusing .................... 1537
Isoenzymes .................................. 1318
Isolation ........................................ 289
Isotachophoresis .................. 617, 1534

K
Kainic Acid ................................. 1177
Kinetics ....................................... 1464

L
Lab Automation ............................ 641
Label-Free ................................... 1230

Label-Free Protein Detection ........ 406
Lab-on-a-Chip ......... 43, 85, 289, 292,
...................... 470, 599, 605, 776, 791,
....................... 1152, 1189, 1288, 1422
Laboratory Animal ....................... 304
Lactate Dehydrogenase .............. 1318
Laminar Flow ...................... 805,1430
Laminar Flow-Patterning ............ 1337
Laminate Technology ................... 301
Langmuir-Blodgett ....................... 223
Laplace Pressure Valve .............. 1273
Laser

Bonding ................................. 1200
Desorption / Ionization ............ 479
Direct Writing .......................... 199
Interferometer .......................... 961
Screening Manipulation ......... 1206
Spectroscopy ......................... 1140
Two Color Induced Fluorescence, 

 Leukapheresis .......................... 358
Lipid Bilayer.............. 951, 1249, 1455
Lipoprotein ................................. 1294
Liposome(s) ........................ 445, 1455
Liquid Chromatography ....... 274, 838
Liquid Confinement ...................... 596
Liquid Interface .......................... 1140
Liquid Junction Potential ............ 1025
Liquid-Liquid Extraction .............. 128
Liquid-Liquid Interface ................ 118
Local Field Enhancement ........... 1285
Low Temperature Cofired

Ceramics .................................... 709
Low-Cost Devices ........................ 184
Low-Melting-Point Agarose ......... 764
LTCC (Low Temperature Cofired

Ceramics) ................................... 211
LTCC Laminated Tape ................. 709
Luekocytes .................................... 811
Lumped-Parameter Model .......... 1118
Lung Injury ................................... 889
Lysis ..................................... 289, 811

M
Macro-to-Micro Interface ............. 135
Magnetic Actuation ........................ 76
Magnetic Bead(s) ................... 22, 322,
................................. 1230, 1343, 1552

Cell Trap .................................. 672



A-26

Force ...................................... 1422
Immunoassay ............................. 22
Micromachine .......................... 436
Nanoparticles ................. 355, 1389
Particles .................................. 1522
Seal .......................................... 138

Magnetophoresis ................... 25, 1389
MALDI-TOF MS .......................... 280
Mass Spectrometry ....... 274, 479,584,
......... 982, 985,1044, 1195,1497, 1501
Mass Transfer ................................. 10
Master Tools ................................. 193
Material Properies ......................... 202
Maxwell's Stress ........................... 160
Mechanical Behavior .................... 900
Mechanical Stress ......................... 889
Mechano-Chemical Method .......... 994
Membrane ............................. 802, 942

Permeability ............................. 912
Protein .................................... 1300
Transport .................................. 951
Valve ........................................ 346

MEMS ......................... 172, 663, 1507
Metabolism Inactivation ............. 1377
Metal Array ..................................... 37

Complex ..................................... 37
Micropattern ..................... 205, 696

Metastasis ..................................... 424
Micellar Electrokinetic

Chromatography ................ 467, 844
Micro

Actuator ........................... 160, 190
Cavity Sensor ........................... 461
Chamber ......................... 684, 1015
Detection .................................. 967
Dialysis .......................... 470, 1032
Dispenser ....................... 352, 1452
Droplet ..................... 131, 352, 626
Electrode ............ 1096, 1177, 1491
Flow Cytometer ....................... 859
Funnel ...................................... 394
Gas chromatograph ........... 262, 660
Gradients ................................ 1333
Heater . 229, 785, 1006, 1084, 1137
Jet Pump ................................... 551
Lens................................. 449, 1410
Mass Spectrometer ................... 476
Milling ................................... 1200

Needle Array ........................... 157
Optics ............................... 85, 1224
Orifice .................................... 1401
PCR ........................................... 79
Perfusion .................................. 897
PIV ................ 611, 626, 629, 1108
Plasma ............................. 427, 476
Power Supply ........................... 433
Posts ...... 509, 660, 838, 871, 1315

Microalbuminuria ......................... 455
Microarray(s) ................. 19, 325, 328,
.............. 1009, 1267,1336, 1473, 1482
Microbioreactor ........ 853, 1377, 1410
Microbubble ................................. 862
Microcantilever(s) ...... 217, 773, 1180
Microcapsule ...................... 702, 1440
Microcavity ................................ 1137
Microchannel(s) ... 100, 439, 626, 632,
........................... 663,758, 1177, 1183,
........................ 1189, 1309, 1340,1382
Microchannel Coating ................ 1279
Microchip ................. 617, 1105, 1449
Microchip Capillary

Electrophoresis ...................... 1318
Electrophoresis ................ 331, 844
Flowcytometer ......................... 103

Microcontact Printing ................... 250
Microenvironment ........................ 530
Microfabrication .................. 208, 539,
..................................... 542, 770, 1221
Microfluidic(s) ......... 7, 13, 34, 43, 76,
.................. 85, 88, 103, 109, 118, 148,
.............. 151, 154, 163, 169, 199, 250,
.............. 265, 274, 304, 328, 349, 355,
.............. 358, 391, 403, 406, 424, 464,
............... 482, 512, 515, 536, 551,575,
....... 578, 593, 614, 620, 623, 635, 644,
....... 657,663, 669, 788, 802, 805, 853,
............ 886, 906, 909, 933, 945, 1045,
............ 1057, 1060, 1066, 1078, 1084,
.... 1124, 1152, 1164, 1167, 1215,1239,
... 1249, 1297, 1315, 1327, 1358, 1413, 
.... 1416, 1431, 1464, 1476, 1528, 1564 
Microfluidic

Breadboard ............................ 1063
Cell Culture ............................. 889
Chip .......................... 25, 128, 584,
........................................ 835, 1525



A-27

Connector ................................... 73
Device .................. 650, 1294, 1498
Dispenser Array ..................... 1452
Droplet ................................... 1218
Patterning ................................. 948
Probe .............................. 596, 1048
Separations ............................. 1349

Micromachining .. 400, 458, 602, 1227
Micromanipulation .............. 871, 1206
Micromilling ............................... 1224
Micromixing .. 46, 67, 581, 918, 1060,
................................. 1066, 1069, 1096
Microparticles ............. 779, 903, 1422 
Micro-Patterned Scaffold Chips .. 1343
Micropump(s) ........ 73, 436, 560, 587,
.......... 590, 607, 859, 1173, 1099,1185
Microreactor ................. 322,419, 506,
...................................... 921, 927,1436
Microreactor Array ..............................
Microstrip ..................................... 190
Microstructured Channel .............. 340
Microthermoforming ..................... 376
Microtiter Plate ............................. 376
Microtubule ........................ 1234,1242
Microvalve(s) ....... 43, 61, 76, 91, 154,
................... 554, 572, 602, 1102, 1146
Microvortex .................................... 70
Microwave Heating ....................... 657
Micro-Well .................................... 141
Migration ...................................... 424
Miniaturization ............................ 1195
Mixer ....................................................
Mixing ..................... 34, 70, 131,1071,
....................... 1124, 1327, 1361, 1485
Model ............................................ 605
Modeling ..................................... 1009
Modular System .......................... 1063
Molecular Beacon ....................... 1407

Dynamics ................................. 733
Force Spectroscopy ................ 1180
Interaction .............................. 1546
Manipulation ............................ 715
Motion ........................................ 37
Motors .......................... 1015, 1243
Sensors ..................................... 724
Tools ...................................... 1057

Monolith ............................. 181, 1105
Motor Proteins ............................ 1564

mRNA Display ............................. 322
Multi-Analyte ............................... 776

Channels .................................. 991
Chip ......................................... 430
Electrode Array ..................... 1374
Layer Bonding ......................... 202
Phase Flow ... 924, 1134,1145,1433

Multiphenotype Cell Arrays ......... 886
Multiple Reaction ......................... 584
Multiple Reconstruction ............. 1300 
Multiplex Immunoassay ............... 817
Multiplex Microarray ....................... 4
Multiplexer Channel ................... 1495
Multiplexing ............................... 1246
Multisample DNA Hybridization . 823
Multiscale ..................................... 733
Multi-Wavelenght Detection ........ 859
Multiwell Cell-Culture Plate Format 853

N
Nano

Barcode .................................... 718
Crecents ................................. 1230
Crystal ..................................... 921
Droplets ........ 277, 599, 1131,1451
Electrospray ........................... 1045
Engineering ........................... 1540
ESI-MS .................................... 927
Gap .................................. 730, 739
Structure ................................ 1282

Nanochannel(s) .... 106, 232, 244, 497,
................................... 569, 1252, 1255
Nanofabrication ................ 1261, 1546
Nanofluidic(s) ........ 10, 232, 235, 241,
.............. 400, 497, 524, 690, 718, 736,
............... 841, 1038, 1258, 1540, 1543
Nanofluidic Channel(s) 518, 678, 829

Filter .............................. 238, 1531
Membranes .............................. 678

Nanoimprint .................................. 518
Nanolithography ................... 721, 742
Nanomechanics ............................ 799
Nanomolding .............................. 1003
Nanoneedles ................................. 400
Nanoparticle(s) ............ 220, 265, 918,
.......................... 973,1130, 1246, 1513
Nanophotonics ............................ 1540
Nanopillar(s) ........................ 223, 736,



A-28

................................. 1012, 1261, 1561
Nanopore ....... 223, 473, 479, 494, 724
Nanoporous Films ......................... 724
Nanoporous Silicon ....................... 770
Nanorod ........................................ 817
Nanoscale Aperatures ................... 742
Nanoscanning Probe ..................... 172
Nanosphere ................................. 1218
Nanosphere-Lithography .............. 473
Nanotechnology .................. 241, 1543
Nanotopography ............................ 767
Nanotube ..................................... 1543
Nanowire(s) ................ 509, 788, 1237
Negative Tone Photoresist ............ 742
NEMS ........................................... 226
Network ........................................ 900
Neural Probe ................................. 675
Neural Prosthesis .......................... 675
Neural Stimulation ........................ 430
Neuronal Microneedle ................ 1177
Neurons ....................................... 1374
Neuroprosthesis ............................ 154
Neuroscience ................................. 897
Neutron Detection ......................... 488
Neutrophil ..................................... 397
NMR ........................................... 1255
Non Equilibrium ........................... 340
Non-Fluorescent Molecules ........ 1035
Non-Labeled Biomolecules .......... 452
Nonradiative Relaxation ............. 1488
Nonspecific Binding ....................... 19
Nozzle ........................................... 112
Nuclease ...................................... 1513
Nucleic Acids ................... 1167, 1513
Numerical Analysis ....................... 638

O
Octanol ........................................ 1149
Ogston Sieving ............................ 1531
OLED .................................. 455, 1473
On-Chip CE .................................. 271

Electrophoresis ......................... 373
PCR .......................................... 814
Separator ................................ 1346

One Touch Connection ................. 647
On-Line Sample Preconcentration 844
Oocyte Culture .............................. 883
Open Access ................................. 442

Open Microfluidic ...................... 1048
Optical

Breakdown ............................... 524
Characterization ....................... 964
Connection ............................. 1410
Detection ................ 449, 817, 892,
....................................... 1155, 1473
Emission Detection ................ 1479
Interconnection ...................... 1155
Trap(ing)........................ 590, 1206,
............................ 1358, 1398, 1419

Optical Tweezer(s) ....... 715, 727, 903
Waveguide ............................... 903

Optimization ....................... 569, 1108
Optofluidic(s) ................... 1028, 1540
Organic Solvents .......................... 500
Organo-Phosphate ...................... 1479
Outer Space .................................. 527
Oxygen ............................... 954, 1482

P
Package ......................................... 644
Packed Beads .............................. 1537
Palladium ...................................... 939
Paraffin Acutator .......................... 157
Paraffin Wax ................................. 554
Parallel Synthesis ......................... 412
Particle .................. 539,758, 575,1494

Concentration Sensor ............... 307
Image Velocimetry (PIV)
.................... 13, 82, 109, 268, 1115
Manipulation ............................. 70
Separation ............ 346, 1525, 1528
Shape ..................................... 1111

Partition Coefficient ................... 1149
Partitioned Injection ..................... 491
Parylene ................. 61, 181, 343, 675,
................................. 1192, 1209, 1455
Passive Microfluidics ................... 135
Passive Stop Valve ....................... 847
Passive Valve ................................. 94
Patch Clamp ......... 394,443, 641, 681,
................................... 933, 1081, 1215
PCR ....................... 58, 115, 283, 289,
...................... 292, 785, 794, 820,1290
PCR-LF Detection ...................... 1297
PDMS .... 55, 103, 202, 319, 361, 654,
........................ 820, 1003, 1015, 1099,



A-29

............. 1121, 1270, 1386, 1501, 1558
PDMS Chip ............................. 52, 877
PDMS Micro-Channels ......... 79, 1090
Peltier .......................................... 1078
Peptide Cross-Linker .................... 295
Perfusion Culture .......................... 530
Peristaltic .................................... 1173
Permeation .................................. 1558
Pervaporation ......................... 31,1089
pH Control ...................................... 34
pH Responsive .............................. 702
Phase Change ................................ 554
Phase Diagrams ............................. 382
Phase Separation ....... 247, 1143, 1221
Phase-Change Valve ........... 791, 1297
Phaseguides ................................. 1093
Phosphosilicate Glass Reflow ....... 394
Photocatalyst ............................... 1273
Photo-Desorption .......................... 572
Photolithography ........................... 764
Photon Counting ........................... 829
Photonic Crystal Fiber .................. 964
Photonic Crystal Resonator ........... 461
Photopatterning ............................. 832
Photopolymerization ..... 295, 690, 702
Pico-Acutator .............................. 1458
Piezoelectric Cantilever .............. 1180 
 Stack Acutator ........................ 1186

Transducer ............................. 1428
Pinched Flow Fractionation .......... 346
Pipette Actuation ......................... 1093
Piston ............................................ 112
Planar Lipid Bilayer .................... 1300
Plasma ......................................... 1479
Plasma Patterning ......................... 672
Plasma Skimming ....................... 1352
Plasmapheresis .............................. 358
Plasmon Resonance ............ 788, 1513
Plasmonics .................................... 957
Plastic Lamination ...................... 1467

Micro DMFC ......................... 1212
Microchip ................................. 752
Microfluidic Systems ............... 684

Plastic Strain ................................. 178
PLGA .......................................... 1218
Plug-and-Play ................................ 271
Plug-Based Microfluidics ............. 503
Pluronic ....................................... 1066

PMMA ................................ 334, 1340
Point-of-Care ................................ 776
Point-of-Care Testing (POCT) ...... 43,
........................................... 1000, 1346
Polarity ......................................... 545
Poly (dimethylsiloxane) ........ 253,259,
..................................... 696, 761, 1149
Poly (N-Isopropylacrylamide) .... 1276
Polycycloolefin ........................... 1167
Polyether Ether Keton (PEEK) ..... 184
Polyethylene Glycol (PEG) .......... 767
Polyimide ...................................... 954
Polymer .................. 91, 178,247, 482,
..................................... 976, 988, 1458

Actuators ................................... 88
Biomaterials ............................. 253
MEMS Sensor ....................... 1555
Microchips ............................... 196
Microfabrication ...................... 166
Microfluidics ................... 693, 705
Microfluidics Integration ......... 699
Microlenses ........................... 1155
Nanoparticle ............................ 220
Technology ............................ 1221

Polymerase Chain Reaction .......... 145
Polymerization .............................. 918
Polypyrrole ................................. 1237
Polysaccaride Derivative .............. 334
Polysilicon .......................... 112, 1504
Porous

Monolith ................................ 1167
Poly (Dimethylsiloxane) ........ 1279
Silicon .............................. 256, 826
Silicon Dioxide ........................ 542
Silicon Nanovials .................... 280

Polymer Monolith .................. 1045
Power Source .............................. 1467
Power-Free Pumping ...... 94, 847, 997
Preconcentration .......... 131, 238, 262,
......................... 660, 1038, 1042, 1252
Preimplantation Embryo Culture 1386
Printed Circuit Board (PCB) ......... 566
Prion ........................................... 1552
Probe Array .................................. 808
Probe DNA ................................... 730
Probeless Imaging ........................ 742
Programmable Actuator ................ 190
Propidum Iodide ........................... 382



A-30

Protein ................... 19, 752, 835, 1549
Adsorption Resistance ............. 253
Affinity .................................... 599
Arrays ...................................... 388
Binding .................................... 755
Capture ................................... 1261
Crystallization .......................... 277
Denaturation ........................... 1555
Detection ........................ 799, 1246
Digestion ........................ 280, 1552
Interaction ................................ 994
Microarrays .............................. 826
Patterning .............. 755, 764, 1309
Separation .................... 1025, 1042

Proteomics .................... 280, 782, 942
Proximity Ligation ...................... 1057
Pulmonary Epithelial Cell ............. 889
Pulsatile Flow ............................. 1386
Pumping ...................... 49, 1158, 1558

Q
Quantitative Analysis .................. 1449
Quantitative Microscopy ............... 841
Quantitative Temperature

Measurement ............................ 1476
Quantum Charges ......................... 733
Quantum-Dots ............................. 1330
Quasi-Continuous Wave ............... 452

R
Radial Electroosmosis ................... 563
Radiation Pressure ...................... 1140
Raman ........................................... 418
Rapid Fabrication ........................ 1249
Reaction Kinetics .......................... 927
Real-Time ................................... 1291
Real-Time Monitoring .................. 927
Real-Time PCR ........................... 1519
Recirculation ................................. 214
Reconfigurable ............................ 1063
Recovery ..................................... 1093
Redox-Cycling .............................. 473
Refractive Index .................... 464, 957
Relaxation ................................... 1255
Replica Molding ........................... 205
Resonant Operation ..................... 1170
Resource Limiting Settings ........... 669
Retinal Prosthesis .......................... 430

Reusable Sealing .......................... 644
Reverse Transcription ................. 1516
Reversible Packaging ................. 1155
Rheology ...................................... 611
Rhizosphere .................................. 954
RNA Enzyme ................................. 28
Rotating Magnetic Field ............... 436
Row/Column Addressable ............ 865

S
Sacrificial Layers .......................... 196
Salivary Diagnostics ......................... 4
Salivary Testing .......................... 1000
Sample

Desalting ................................ 1501
Management ............................ 445
Preparation ............... 705, 721, 811
Pre-Treatment ........................ 1534
Stacking ................................... 617

Sandwich Immunoassay ................. 25
Satellite Droplet .......................... 1131
Scanning Laser Direct Writing ..... 187
Scintillator .................................... 488
Segmented Flow 121,635, 1143, 1146
Self-Assembled Monolayer(s) ..... 310,
...................................... 316,972, 1282
Self-Assembly ............... 37, 539, 690,
..................................... 724, 761, 1552
SELFOC Micro Lens .................... 967
Sensitive Detection ..................... 1035
Sensor(s) ....................... 163, 666, 948
Separation(s) ....... 100, 259, 340, 491,
.......................... 575, 850, 1022, 1038,
....................... 1352, 1355, 1364, 1404
Separation Column ....................... 542
Separation Systems ....................... 988
Serodiagnosis ................................ 304
SERS ................................ 1003, 1230
Serum ........................................... 805
Shadow Mask ....................... 175, 699
Shear ........................................... 1522
Shear-Driven Chromatography ..... 106
Shear-Driven Flow ..................... 1019
Sheath Flow ........................ 557, 1549
Sieving Matrix ............................ 1294
Signal Amplification .......... 485, 1510
Silica ........................................... 1105
Silicon ......................... 292, 349, 1164



A-31

Simulation ........................... 581, 1084
Single Cell .. 370, 391, 856, 900, 1516

Analysis .......................... 379, 406,
................................ 880, 906, 1081
Diagnosis ................................. 862
Enzymology ............................. 379
Lysis ......................................... 912
Manipulation .................. 865, 1395

Single DNA Molecule ................... 521
Single Layer Microstructures ........ 199
Single Mask ................................ 1183
Single Molecular Dynamics ........ 1240
Single Molecular Observation ...... 229
Single Molecule(s) ........ 718, 841, 936
Single Molecule Detection ........... 244,
............................ 712, 785,1014, 1057
Single Nucleotide Polymorphisms

(SNPs) .............................. 214, 1006
Single Copy PCR ................ 298, 1051
Single Particle Tracking ................ 736
Size-Effect .................................... 232
Slot .............................................. 1504
Small Molecule Analysis .............. 479
Smart Microcatheter .................... 1203
Smart Polymer ............................ 1276
SNP ..................................... 298, 1051
Sol-Gel .......................................... 259
Solid State Microelectrode ............ 211
Solid Support ................................ 415
Solid-Phase-Extraction ................. 832
Solvent Extraction ............... 118, 1218
Solvent Resistance ........................ 593
Sorting ......................... 355, 409, 1131
Spectroscopy ..................... 1464, 1470
Spent Nuclear Fuels .................... 1449
Spiral Microchannels .................... 823
Spirally-Rolled Polymer

Microtube ................................. 1203
Spotter ........................................... 226
Spray Coating ............................. 1212
Sputtering ...................................... 208
Square Capillary ............................. 52
Square Patterns ............................. 175
Squeeze Film ............................... 1118
Stacking ........................................ 895
Stainless-Steel ............................. 1186
Steady Flow .................................... 73
Steady Streaming .......................... 512

Stem Cell(s) ........................ 868, 1371
Stem Cell Differentiation .............. 376
Stirring ........................................ 1072
Stopped-Flow ............................... 128
SU-8 .................... 187, 663, 687, 745,
......................... 982, 1183, 1189, 1349
Sub-Micron Pillars ........................ 337
Suction Pressure ........................... 551
Super-Hydrophobic .... 256, 572, 1102
Superparamagnetic Nanoparticles .. 25
Supported Reactants ................... 1437
Surface Acoustic Wave(s) .. 599, 1072
Surface Modification(s) 247,253, 259,
...... 268, 687, 745, 748, 758, 835, 945,
.... 1143, 1270, 1276, 1294, 1398,1433
Surface Patterning ...................... 1048
Surface Plasmon Resonance 151, 310,
.................. 973, 976, 1000, 1285,1509
Surface Plasmon Resonance

Imaging .............................. 485, 997
Surface-Coating ............................ 265
Surface-Enhanced Raman

Scattering ................................. 1285
Surface-Tension .......................... 1333
Suspension Cells ........................... 877
Sweeping ...................................... 331
Switch ........................................... 397
Switchable Stiffness ..................... 172
Symmetrical Structures .............. 1195
Synthesis ..................................... 1434
Systems Biology ......................... 1413
Systems Nanobiology ................... 406

T
Taguchi Method ......................... 1425
Temperature ................................ 1428

Control ..................................... 657
Gradient Focusing ....... 1022, 1355

Thermal Field-Flow Fractionation 1364
Thermal Lens ................................ 967

Detection ............................... 1324
Effect ....................................... 970
Microscope ..................... 331, 452,
........... 467, 1035, 1321,1448, 1488

Thermally Reponsive Microvalve 1066
Thermoelectric .................. 1078, 1377
Thermography ............................ 1164
Thermoplastics ............................. 895



A-32

Thermopneumatic ....................... 1192
Thermoresponsive Polymer ........ 1264
Thermoresponsive Valve ................ 52
Thermoreversible Hydrogel .......... 727
Thin-Film Metals .......................... 948
Three Dimensional Flow Field

Measurement ................................ 13
Three Dimensional Manufacturing 199
Three-Dimensional (3D)

Microfabrication ................ 178, 687
Titanium Microfluidic
Channels ............................. 945, 1227
Titanium Dioxide .......................... 286
Titration ...................................... 1124
T-Lymphocyte Counting ............... 669
Tooling .......................................... 193
Topas(R) COC ............................ 1200
Toxicology .................................... 421
Toxin Enzymes Detection ............. 295
Trace Analysis ............................ 1488
Transient Adsorption .................. 1488
Transport ....................................... 100
Transverse IEF ............................ 1025
Trapezoidal Electrode Array ....... 1525 
Trapping ........................................ 515
Traveling Wave Micropump ....... 1108 
T-Sensor ...................................... 1443
Tumor Cell .................................... 874
Tunable Lens ............................... 1161
Two-Phase Flow ......... 850, 921, 1128
Two-Phase Microflow .................. 118
Two-Photon

Microstereolithography .... 590, 1206 
 
U
Ultrasonic ................................ 19, 349
Ultrasonic Horn ............................... 97
UV Pulsed Laser ........................... 452

UV Lithography ........................... 175
UV Polymerization ..................... 1276
UV-Light Source .......................... 476

V
Valve(s) ........................... 41, 64, 145,
................................... 178, 1078, 1192
Vapor Jet ..................................... 1158
Velocity Field Measurement ........ 626
Vesicle(s) ............................ 936, 1134
Viability ...................................... 1288
Viscoelasticity .................... 620, 1115
Viscosity Detector ................ 736, 988
Viscosity Mapping .......................... 16
Visualization ............................... 1476
Volatile Organic Compounds ....... 482
Voltage Clamp .............................. 906
Vortex ....................................... 82, 97

W
Wafer-Scale .................................. 205
Water Repellent ............................ 256
Water-Activated Battery ............. 1467
Waveguide(s) ....................... 957, 976,
................................. 1200, 1224, 1419
Waveguide Sensor ...................... 1446
Wedge Compression ..................... 138
Wettability ........................ 1258, 1273
Wetting/Non-Wetting Patterning .. 256
Whole Cell Analysis ..................... 364
World-To-Chip Interfacing ........... 641

X
Xenopus Oocytes .......................... 906
X-Ray on Chip............................. 1461
X-Ray Fluorescence ..................... 991


	Start
	How to Navigate the CD-ROM
	Cover
	Copyright
	Preface
	Program Committee
	Contributors and Exhibitors
	Program Schedule
	Papers
	Author Index
	Keyword Index
	----------------------------------------
	Acrobat Reader Help
	Search
	Print
	Exit



