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ABSTRACT

We present a new high-throughput assay for screening photodynamic efficiency of nanodrugs in a microfluidic chip. Sur-
face engineered nanoparticles are applied to multiple cell lines for evaluating their specificity on target cancer cells. Using a
microfluidic gradient generation network in the fabricated prototype chip, photodynamic efficiency for various nanodrug dos-
es was simultaneously evaluated in one single screening. Temporal control of drug injection into the microfluidic channels
provides a precise control of drug treatment time on target cancer cells, which is one of critical parametersin PDT treatment.
Using the proposed microfluidic assays, we successfully demonstrated the nanodrug’ s photodynamic efficacy testing for dif-
ferent target cell types, drug doses and treatment protocols.
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INTRODUCTION

Photodynamic therapy (PDT) is rapidly expanding its applications from dermatological cancer treatment to other cancers
including brain, prostate, cervix, etc[1]. Besides various clinical trials, development of next-generation photosensitizers (PS),
including targeted nano-fabrication of PS[2], has been major research focus [3]. Microfluidic technologies have been brought
into this application in order to benefit from low cost, high throughput and well-controlled microenvironments [4-5]. Al-
though some of the previous work demonstrated powerful screening capability for general PDTs, more customized features
are required for nanodrugs according to its cytotoxicity mechanism. Here we report our recent work on photodynamic assays
for tumor-targeted nanoparticular (NP) photosensitizers. Two main features of our approach include: (1) simultaneous screen-
ing of multiple cell types for targeted delivery of functionalized NPs and (2) temporal control of drug feeding for evaluating
NP drug delivery to cancer cells.

DEVICE DESIGN
Figure 1 shows the proposed multi-layer PDMS chip com-

posed of three layers: a fluidic layer (at the center for cell cul-  Nano 9% 02 _ Cancer
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brication processes of the prototype chip were reported in [5].  light filter ‘- ‘.L

In this work, we modified the fluidic layer according to the need
for screening multiple cell lines in different nanodrugs. We im-
plemented parallel culture channels which are isolated from
each other and having individual inlets and outlets to load different cell lines in the same chip. We also adjusted the channel
length and flow resistance in order to provide different drug incubation time for the loaded cells, from O to over 75mins, de-
pending on their position in the culture channel.

Figure 1. Cross-section view of a typical microfluidic
chip we used in this work for PDT assays.

NANOPARTICLE PREPARATION

Methylene blue (MB)-conjugated polyacrylamide (PAA) nanoparticles were prepared by a reverse microemulsion polyme-
rization method. A monomer solution containing acrylamide (610 mg), co-monomer N-(3-aminopropyl) methacrylamide hy-
drochloride (APMA) (45 mg), MB succinimidyl ester (MB-SE) solution (60uL, 50 mg/mL in DM SO), and Fluorescein iso-
thiocyanate (FITC) solution (10 pL, 100 mg/mL in DMSO) were dissolved in a phosphate buffered saline solution (1.4 mL)
and stirred for 2 hr at 37°C. Crosslinker 3-(acryloyloxy)-2-hydroxypropylmethacrylate (AHM, 225mL) was added into the
mixture later. The dye labeled monomer solution was added to a deoxygenated hexane (36 mL) with surfactants, sodium dioc-
tyl sulfosuccinate (AOT, 1.3 g) and Brij 30 (3.2 mL). Then, radical initiator anmoniumpersulfate (APS, 10% w/v, 100 mL)
and N,N,N’,N’ -tetramethyl ethylenediamine (TEMED, 100mL) were added to the mixture solution to trigger radical polymeri-
zation and run for 2 hrs. Produced NPs were purified by several washing procedures and recovered in powder.

The surface of prepared NPs were further modified for targeted binding for specific cancer cells. 50 mg NPs were dis-
solved with 4 mg bifunctional PEG crosslinker (SCM-PEG-MAL) in 2.5 mL PBS (pH 7.4). After 30 min reaction with stir-
ring, PEG conjugated NPs were purified by centrifugal filtration (100 kDa) for removing unconjugated bifunction PEG. Then,
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11 mg of F3 peptide (cancer targeting moie-
ty) was added into the NP solution and the

conjugation reaction was run for an over- . 4 A.H_,JL

night and the reaction mixture was treated ! g

with L-cystein (1.74 mg) for additional 2 hrs. Sreranrl oyl

The final product was recovered after wash- - * ‘H’:::f T
ing five times by centrifugal filtration (100 i for, A

kDa) and kept frozen until use. Figure 2(a) _';4'*’ .2 J,r“’-“"‘:{:* 3 Ll‘r

shows schematic of PAA NPs covalently in- L

corporating a photosensitizer (Methylene X, OF

Blue (MB)) and fluorescent dye (FITC) in- &__m:‘m!’tzp -
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ic targeting tumor cells. NPs have an aver-
age diameter of 20-30nm (Figure 2(b)).

EXPERIMENTAL AND RESULTS

Figure 2. (a) Schematic of the functionalized nanoparticles. (b)SEM images
of the MB-loaded fluorescent nanoparticles.

Rat C6 gliomatumor cells and DI TNCL1 cells were used for targeted NP delivery test. Both cells were introduced into the
chip with a concentration of ~2.0x10° cells/ml, and cultured in culture media (DMEM+5%FBS+0.5%penicillin) for 24h to
form amonolayer. After that, Img/ml NP in DMEM solution was introduced into the chip, cultured with both cellsfor 1h and
washed away. For PDT activation, cells were exposed to an uniform illumination from ared LED array (with a peak output at
660nm) for 30 mins (total dose of 42.8mJ/cm?). Then, cells were cultured for 20mins, and stained with Calcein AM (10uM,
live, green) and Ethidium homodimer-1 (10uM, dead, red) for PDT efficiency evaluation. Figure 3(a) shows the adjacent cul-
ture channels loaded with DI TNC and C6 cells, respectively, and filled with the same concentration of FITC fluorescence NP

solution (pseudo-colored blue displaying similar fluorescence inten-

sity). NPs were selectively attached on C6 cells. This can be verified D| TNC -

by blue fluorescence observed only for C6 cells in the bottom chan- | cells - |

nel after washing the channels (Figure 3(b)). As aresult, C6 cells can -

be “selectively” killed during the following PDT treatment, while DI =~ §

TNC cells can be unharmed. Figure 3(c) shows the cell viability re- == = - =

sults and confirms the drug specificity. ;r-gﬁ,fe' Is- ~ v
Photodynamic efficiency under different NP concentrations were g{’?’ = g 7 =

also investigated for C6 cells as atarget cancer. C6 cells were loaded  ==—5- : ‘7 ’ ]

into the chip and the monolayer was formed in the same way as de-
scribed previousy. Two different culture media (DMEM and
DMEM mixed with Img/ml NPs) were introduced to the fluidic layer
using a gravity flow generated from the liquid height difference be-
tween inlets and outlets. An optimized pressure difference of ~200Pa
was applied to guarantee the complete mixing in the microfluidic

gradient generation network. After 1h’s incubation with NP solutions,

both inlets were refilled with fresh DMEM, which washed away any
unbounded NPs in the culture channels in the same way they were
introduced. This allows the same incubation time for NPs for all the
cells in the channel. After that, cells were exposed under the same
LED array light source for 30mins, continuoudly cultured for 20min,
and evaluated for viability using the live/dead staining. Statistical
analysis of cell viability were performed by counting the ratio of live
(green) cells to the total number of cells using ImageJ software. Fig-
ure 4(a) shows the gravity flow setup with the elevated inlet reser-
voirs. FITC fluorescence image was captured in the serpentine chan-
nel area where two different NP concentration solutions were mixed.
As shown in Figure 4(b), fluorescence intensity gradually become
homogeneous along the channel, indicating complete mixing of two
concentrations. Figure 4(c) shows the variation of fluorescence inten-
sity in the culture channels. Different NP concentrations can be
loaded for incubation (left), and the corresponding image after un-
bounded NPs are washed away with fresh media (right). Figure 4(d)
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Figure3. (a) DI TNC1 cells (upper) and C6 cells
(bottom) after incubated with the same NPs (fluo-
rescence pseudo-colored with blue) solution, (b)
Cell images after NP solution is washed away,
and (c) Cell viability results after 42.8mJ/cm? ex-

posure treatment (Green: live cells, red: dead

cells).
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Figure4.(a) Gravity flow setup, (b) Fluorescent image of ~ FigureS.(a) Time lapse images of NP solutions

NP mixing in the chip, (c) NP incubation with a gradient ~ flowing through the cell incubation channels, (b)

(Ieft) and after being washed away (right), (d) C6 cell via-  Cell viability changes according to different incu-

bilitv as a function of different NP concentration. bation time along the channel.
shows the cell viability as a function of NP concentration, ranging from Omg/ml to 1Img/ml, showing a gradual viability drop
as the NP concentration increases.

We tested PDT efficiency under different durations of incubation time. If the NP solution slowly injected through the
channel by a gravity flow, the cells in upstream and downstream would have experienced a different incubation time. As
shown in Figure 5(a), NP solution is gradually covering the whole culture channel within 75 mins. After 75 mins, the whole
culture channel was refreshed with pure DMEM within 1min by a pressure-driven flow. Figure 5(b) shows that cell viability
drops gradually as the incubation time increases. This implies a minimum incubation time is required to ensure all the NPs be
attached to target cancer cells and acquire a sufficient molar ratio for effective PDT treatment.

CONCLUSION

We implemented a microfluidic technology to investigate photodynamic efficiency of specific tumor-targeted nanoparticu-
lar photosensitizers. Custom-designed chips successfully screened NP related factors affecting PDT efficiency including se-
lective targeting to specific cancer cells, optimal incubation time for NP attachment, and effects of NP concentration on cell
viability. The prototype devices can be applied for high-throughput nanodrug development and clinical therapy optimization.
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