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Abstract A microfluidic chip featuring laminar flow-
based parallel gradient-generating networks was designed
and fabricated. The microchip contains 5 gradient genera-
tors and 30 cell chambers where the resulting concentra-
tion gradients of drugs are delivered to stimulate on-chip
cultured cells. The microfluidics exploits the advantage of
lab-on-a-chip technology by integrating the generation of
drug concentration gradients and a series of cell opera-
tions including seeding, culture, stimulation and staining
into a chip. The microfluidic network was patterned on a
glass wafer, which was further bonded to a PDMS film. A
series of weir structures were fabricated on the cell culture
reservoir to facilitate cell positioning and seeding. Cell
injection and fluid delivery were controlled by a syringe
pump. Steady parallel concentration gradients were gen-
erated by flowing two fluids in each network. Over time
observation shows that the microchip was suitable for cell
seeding and culture. The microchip described above was
applied in studying the role of reduced glutathione (GSH)
in mediating chemotherapy sensitivity of MCF-7 cells.
MCF-7 cells were treated with concentration gradients
of As,O3 and N-acetyl cysteine (NAC) for GSH modu-
lation, followed by exposure to adriamycin. GSH levels
were down-regulated upon As,Oj3 treatment and up-regu-
lated upon NAC treatment. Suppression of intracellular
GSH by treatment with As,O3 has been shown to increase
sensitivity to adriamycin. Conversely, elevation of intra-
cellular GSH by treatment with NAC leads to increased
drug resistance. The integrated microfluidic chip is able to
perform multiparametric pharmacological profiling with
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easy operation, and thus holds great potential for extra-
polation to the cell based high-content drug screening.
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1 Introduction

Multiple chemical stimuli such as hormones, metabolites
and drugs mediate cellular activity in vivo. Investigation of
the interplay between the intensity of chemical stimula-
tions and corresponding cellular response may be helpful
to find the mechanisms regulating specific cellular activ-
ities and develop controlled microenvironments to pro-
duce desired cellular response. Since the common
paradigm in cell biology is the dose-dependent interaction
of mediators in determining cellular responses, the study
of cellular response typically includes exposing cells to a
gradient concentration of chemical stimulation and
observing the cellular response over time. As those studies
with conventional methods are usually labor intensive and
consumes reagents, systems that integrate those steps
would greatly simplify the operation.

Microfluidic technology is conceptually well suited for
the development of flexible and integrated in vitro systems
allowing high-throughput analysis of cells under large
numbers of conditions [1-3]. The Microfluidic chip has
many advantages over conventional systems, such as the
perfusion fluidic behavior and comparable size to the
capillary system that is suitable for cell culture with the
environments similar to that in vivo, integration of steps
for cell research to simplify the operation and realization
of high-throughput expression of cellular activity. In
recent studies, laminar flow-based linear gradient genera-
tion has been demonstrated as a feature of microfluidic
devices for studying cellular response to chemical stimu-
lation [1]. With these devices, it is possible to treat a cell
population with a controlled chemical gradient and
observe biochemical and morphological responses in
vitro. The continuously flowing streams of fluid provide
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precise control over the stability, gradient profile, concen-
tration range and slope of a chemical gradient.

Microfluidic channel has diameter ranging from tens to
hundreds of micrometers, in which liquids that flow
slowly follow predictable laminar paths characteristic of
low Reynolds numbers [4]. This character allows two or
more layers of fluid to flow next to each other without any
mixing other than by diffusion of their constituent
molecular and particulate components. By flowing two
or more fluids of flow each carrying different concentra-
tions of substances through microfluidic networks of
appropriately designed layout, complex gradients can
generate through controlled diffusive mixing of sub-
stances [5,6]. The flexibility of microfluidic chip enables
design and fabrication of complex microfluidic networks,
thus providing a way to simulate complex heterogeneities
in concentrations in vivo [7-9].

In this study, a microfluidic chip featuring parallel gra-
dient-generating networks was designed and fabricated.
This microfluidics integrated the generation of drug con-
centration gradients and a series of cell operations includ-
ing seeding, culture, stimulation and staining into a chip.
Such a microchip was investigated for generation of par-
allel gradients and was applied for generating gradients of
modulators to stimulate breast cancer MCF-7 cells for
studying the role of GSH in mediating chemotherapy
sensitivity of MCF-7 cells. The microfluidic chip-based
cellular response assay exploits advantages of lab-on-a-
chip technology, flexibility, integration and high through-
put.

2 Experimental

2.1 Instrument and reagents

Glass plate with positive photoresist (Shaoguang,
Changsha, Hunan, China) and PDMS film of 300 pm
thickness (HT6240, Rogers Corp., USA) were used for
the fabrication of the microfluidic chip. A syringe pump
(Kloehn, USA) and fluorescent microscope (BX41,
Olympus Inc., Tokyo, Japan) were used. The arsenic tri-
oxide (As,03), fluorescein sodium and N-acetyl cysteine
(NAC) were purchased from Sigma (St. Louis, Mo, USA).
Naphthalene-2, 3-dicarboxaldehyde (NDA) was pur-
chased from Molecular Probes (Eugene, OR, USA).
Acridine orange (AO) and ethidium bromide (EB)was
purchased from Amresco (Solon, Ohio, USA).
Adriamycin was purchased from Pharmacia-Upjohn
(Milan, Italy). Working solutions of fluorescent dye were
prepared with PBS solution. The concentration of NDA
working solution was 5 x 10~° mol/L, while that of AO
and EB was 2.5 pg/L. All reagents used were of at least
analytical grade and all solutions were prepared with dou-
ble-stilled water.
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2.2 Experimental procedures

2.2.1 Microfluidic design

The microfluidic chip comprises 5 networks organized
around a central outlet that serve as both cell injection
hole and common waste reservoir (Fig. 1a). Each network
comprises an up-stream gradient-generating module and a
down-stream cell culture module. Channels stretched
from cell chambers converge at the central outlet. The
central outlet connected to a syringe pump, which is
responsible for cell injection and fluids transport.
Chemical reagents of different concentrations are loaded
in two inlets of the gradient-generating module and driven
to flow through the microfluidic networks. The branched
microfluidic network serves to split, combine and mix
fluid streams, generating six concentrations spanning
two inlets at the terminals. Successive steps of diffusive
mixing between adjacent laminar flow streams occur in
the long channels to ensure complete mixing at the rel-
evant flow rates. The microfluidic networks are symmet-
ric, sizes of the horizontal part is 160 pm (width) x 30 pm
(depth), while that of the vertical part is 110 pm
(width) x 30 um (depth). The total length of the serpent-
ine channel is 53600 pm. At the end of the network,
streams carrying different concentrations of the chemical
reagent come into the adjacent cell culture chambers
(2.5 mm x 1.25 mm). A series of weir structures of arc
shape were designed at the cell chambers to facilitate cell
seeding through increasing contact area and slowing
down flow speed. Regions of weir structure were defined
as non-UV exposed areas thus were kept during the wet
etching. The weir structures are of arch figure with a hori-
zontal axis of 0.4 mm and a vertical axis of 0.12 mm. The
width of the weir walls was 20 pm, and the horizontal and
vertical distances between weirs were 0.2 mm and
0.45 mm, respectively.

2.2.2  Microfluidic device fabrication

The microfluidic chip is composed of a piece of glass plate
and a covered PDMS film. Standard photolithography
and wet etching method was used to fabricate the glass
layer of the microfluidic chip [10]. Briefly, the schematic of
microfluidic channels was drawn using the CAD software.
The image was reproduced on a plastic film that serves as
film mask for transferring microfluidic networks onto the
glass plate by UV exposure. The photoresist was then
developed to reveal the transferred image. Thus, all the
area defining the channels was exposed. After serially rins-
ing with distilled water and acetone, the exposed area was
etched with a diluted, stirred HF/HNOj5 solution at 0°C to
form channels. The etching rate in our experiment was
about 1 pum/min. The etched plate was then bonded to a
PDMS cover and kept at 80°C for 30 min. Holes of 3 mm
diameter were drilled on the PDMS film at inlets and out-
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lets. Plastic rings were affixed to the PDMS film with
epoxy at inlet holes for cell culture medium loading. A
circular silicone elastomer cover of 1 cm diameter and
6 mm height was sealed at the outlet, which was con-
nected to a syringe pump through a Teflon tube.

2.2.3 Cell seeding, culture and stimulation on the
microchip

Cells cultured in flask were harvested after treatment with
2.5% trypsin for 2 min at 37°C and centrifuge at 1000 r/
min for 5 min. After the sediment was suspended in
500 pL fresh medium, the number of cell in a drop of
suspension was counted on a cell counting plate. Based
on the count, the cell suspension was diluted to a concen-
tration of 10° cell/mL. Cell suspension was injected to the
microchip through the outlet at a flow rate of 0.2 pL/s.
Before fresh cell culture medium was added, cells were
allowed to settle under static conditions for 6 h. Then,
the cells were perfused with culture medium at a flow rate
of 20 pL/h overnight.

In each microfluidic network, cell culture medium con-
taining chemical stimuli was added to one inlet, while
blank medium was added to the other one. Cell culture
medium containing 4 pmol/L. As,O; was introduced to
networks 1 and 2, while medium containing 5 mmol/L
NAC was introduced to networks 3, 4, and network 5 with
blank medium as a control group. The entire microfluidic
device was moved to a cell culture incubator (37°C and 5%
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(b)

(a) Layout of the microfluidic chip with 5 parallel gradient generators; (b) Schematic demonstration of the structure of the

CO»), and then the fluid flow was driven by the syringe
pump with negative pressure at a flow rate of 20 pL/h.
After 10 h stimulation, the chemical stimulation was
removed. Networks 2 and 4 were further treated with
culture medium containing 10 pg/mL adriamycin for
another 8 h, while the other networks were perfused with
blank medium for the same period of time.

2.2.4 Cell staining and image analysis

The remaining cell culture medium was removed after
stimulation and then fluorescent dye was added to both
inlets. The intracellular GSH was labeled with NDA,
which diffuses rapidly through the cell membrane and
reacts with the intracellular thiol groups of GSH to form
fluorescent products. An AO/EB morphological test was
used to assess cell viability. AO is a vital dye that stains
both live and dead cells, while EB stains only cells that
have lost membrane integrity. Live cells will appear uni-
formly green, whereas necrotic cells will stain orange.
Therefore, living cell rates can be calculated by the mor-
phological assessment. High living rates indicate low
chemotherapy sensitivity and vice versa. Cells treated with
As;03 (network 1) or NAC (network 3) were labeled with
NDA to reflect the modulation of GSH level, and those
further exposed to adriamycin (network 2 and 4) were
labeled with AO/EB for viability tests. The cell array free
of stimulation (network 5) were also labeled with AO/EB
as a control group in which living cell rates higher than
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95% are necessary. The cell chambers were serially treated
with fluorescent dye for 15 min and cold PBS (4°C) for
5 min. After staining, cellular fluorescence was viewed on
the fluorescent microscope.

Fluorescent images were analyzed using the WCIF
ImageJ 1.37a software. The average fluorescence of each
cell region was corrected for medium and device fluor-
escence as well as illumination fluctuations and non-uni-
formities by subtracting the average local background
fluorescence. For NDA labeled cells, the result was scaled
by the region area and divided by the number of cells in
the region to determine average fluorescence density per
cell in the region. For AO/EB labeled cells, cell viabilities
were judged by the color of intracellular fluorescence.

3 Results and discussion

3.1 Laminar flow based concentration gradients
generating microfluidic networks

The Reynolds number serves to measure the ratio of the
inertial forces to the viscous forces. This ratio may be
written as Re = dup/u, where d, u, p, and pu are, the dia-
meter of capillary, fluid speed, density and viscosity,
respectively. On the basis of Reynolds number, flow pat-
terns are usually classified into one of two kinds, turbulent
and laminar flow. Laminar flow occurs at low Reynolds
numbers (Re < 2000). The fluid dynamics are dominated
by viscous drag rather than by inertia. In microfluidic
channel with a width ranging from tens to hundreds of
micrometers, the fluid flow that gives low Reynolds num-
ber has the characteristics of laminar flow. Therefore, the
flow streams from different inlets run parallel to each
other in the main channel. While flowing through micro-
fluidic networks, the splitting, combining and mixing of
flow streams generate a range of concentrations.

Figure 1(b) shows a photograph of a microfluidic net-
work used for generating gradients. To calculate the con-
centration profiles at the outlets, it is necessary to know
the relative ratios at which the streams are mixed together
in the long serpentine channels. The mixing ratios are
governed by the splitting ratios of the streams at the
branching points in the network. To derive the equation
for the splitting ratios, we define the part of the network
that contains n vertical serpentine channels as a branched
system of nth order, B (Branch)=n. Within each
branched system of nth order, we label the vertical ser-
pentine channels (V) from the left to the right, starting
with V=0 and ending with V'=m, m = B— 1. The num-
ber of serpentine channels within a branched system
increases by one going from a branched system of order
n to a branched system of order (n+1).

In each microfluidic network, all serpentine channels
have the same sizes and thereby have the same resistance
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for the fluids. Since the fluidic resistance of the horizontal
channels connecting the serpentine channels (width,
160 pm; height, 30 pm; length, I mm) is negligible in com-
parison with that of the long, serpentine channels (width,
110 um, height, 30 pm, length, 13.5 mm), an equivalent
circuit for the mathematical analysis can be approximated
by taking into account the resistance of the serpentine
channels only. Furthermore, the resistance of the serpent-
ine channels is the same within each branched system.
This fact forces the incoming streams in one branched
system to distribute equally among the serpentine chan-
nels of the following branched system. As a result, the flux
of fluid through each serpentine channel of a branched
system is equal. The vertical mirror symmetry of the net-
work demands that the splitting ratios are symmetric with
respect to the axis of symmetry. By combining all of these
boundary conditions, the following recursive formula
governing the splitting ratios at the branching points are
derived.
The portion of the stream that turns left is given by

(B—Vm)/B (1)
The portion of the stream that turns right is given by
(Vm+1)/B (2)

As shown in Fig. 2, the two neighboring branched
channels at lower levels accept streams from three
channels at the upper level. Suppose concentrations
of the incoming streams are Cq, C. and Cy, and that
of the combining streams are Cj (left) and C, (right).
According to Eqs. (1) and (2), the ratios of splitting in
lower level channels were the left channel, (V4+1)/B
and (B — V,)/B, right channel, (V.+1)/B and (B — V;)/
B. The concentration of solution in lower level channels
were:

C C. ‘ C
J\ Vel | BoV. J\ vl Bk J\
B B B B
G Cr
Vil BV, Vel . BV
Cy* 5 C* B C* > C* 5

C=CHVADBIrCHB-VYB  Co=CHV.A)/BCHB-V)/B

Fig. 2 Schematic demonstrating application of the formulas
(1) and (2) calculating the splitting ratios at the branching
points [6]

The dotted lines indicate the boundary between the two com-
bined streams. The resulting concentrations can be calculated
by the formula: in the left channel Cp = Cy4 x (Vgq+1)/
B+ C. x (B—V.)/B, while in the right channel
Cr = Ce x (Vo+1)/B+C;y x (B— Vy)IB.
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Co=Cyx (Va+1)/B+Cex (B—Ve)/B (3)

Cr=Cex (Ve+1)/B+Cyx(B—V7)/B (4)

In this work, every microfluidic network has two inlets.
Suppose one inlet contains a solution of concentration C,
the other contains blank solution of concentration 0.
According to Egs. (3) and (4), the concentration in a seri-
als of six outlets at the terminals were: 0, 1/5 C, 2/5 C, 3/5
C, 4/5 C and C. As the parallel networks have the same
layout and size, the resistance of the networks is the same.
With the same kind of fluid flowing in the networks, the
income and flux of fluid through each network is equal.

3.2 Generation of parallel concentration gradients

Fluorescein sodium was used as an indicator to investigate
the gradient pattern. In each network, 10 pmol/L fluor-
escein sodium was added to one inlet and PBS was added
to the other one. The microfluidic networks were perfused
at 20 pL/h for 12 h. The final concentration entering
downstream cell chambers was monitored by fluorescence
microscopy to quantify the stimulus and was found to
remain steady throughout the experiment. The five dilu-
tion modules all generated concentration profiles of fluor-
escein sodium ranging from 0 to 10 pmol/L (Fig. 3). The
result demonstrates that the laminar flow based parallel
gradient generators provide precise control over the
stability, gradient profile and concentration range of
chemical gradient. The simultaneous gradient assay can
be conducted easily by flowing two fluids in each network.
The microfluidic device is able to generate parallel gra-
dient concentrations to simulate the downstream cell
arrays, by which morphological responses can be
observed in vitro through a gradient concentration stimu-
lation integrated assay. While these devices are robust and
provide excellent control over the chemical gradient char-
acteristics, they are suitable for addressing biological
questions, including dose-dependent cellular response.

3.3 On-chip cell seeding and culture

After transfer to the chip chambers, the shape of MCF-7
cells changed from circular to multi-angular in 3 h, and to
shuttle in 6 h. Through continuous observation, it was
found that cells were evenly positioned in the chambers
and adhere to the surface in 6 h (Fig. 4).

The suitability of the microchip for cell culture was
determined using the AO/EB cell viability measurements.
MCF-7 cells were seeded in the cell chambers and allowed
to grow under flow conditions for 48 h prior to viability
measurement. Cells are in good shape within 48 h on-chip
culture. The AO/EB test shows that more than 95% viab-
ility over cells cultured in micro-chambers, and cell divi-
sion was also routinely observed suggesting that the
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Fig. 3  Final fluorescein sodium concentration entering the
downstream cell chambers in a microfluidic network, and the
comparison of actual value and theoretic value of the concen-
tration gradients profile (o actual value, » theoretic value)

microfluidic device provided an environment conducive
to cell growth and proliferation. Cell viabilities under con-
ditions with chemical stimulation were also measured.
After a 12 h treatment with As,O3; and NAC, cell viabil-
ities are more than 90% in all chambers.

In our previous work using microchips without the weir
structure design, cells cannot be evenly distributed. Being
in close contact with each other, some cells hadn’t enough
space to spread properly for adhesion and were swept
away in the following perfusion process. This problem
was resolved by the design of a serial of weirs in the cham-
bers, since these structures reduce disturbance to cell and
increase contact area to the surface. Furthermore, cham-
bers with weir structures provide a three dimensional
space that suitable for cell growth.

3.4 Intracellular GSH levels upon chemical modulations

According to the theory of laminar flow based gradients
generation, the dilute modules generate a series of linear
concentration gradients spanning two inlets. Thus, the
effect of chemical stimuli can be determined through dose
dependent cellular responses. Upon As,O; treatment,
MCEF-7 cells show decreasing intracellular GSH level with
increasing As,O3 concentration; while upon NAC treat-
ment, the intracellular GSH level increased with increas-
ing NAC concentration (Fig. 5).

Arsenic is believed to exert some of its toxic effects
through interaction with protein sulphydryl groups and
the non-protein sulphydryl GSH [11,12]. Arsenite and
GSH can react to form an As(SG); complex, which
may contribute to the improved sensitivity to anticancer
therapy by depletion of intracellular GSH. The GSH
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Fig. 4 Over time observation of MCF-7 cells cultured in the microchip for 48 h (20 x)
Cells were in circle shape when transferred to the chamber, and showed change of shape in 3 h, properly stretched in 6 h. In a
continuous observation, cells were found morphologically healthy within 48 h.
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Fig. 5 Intracellular GSH level and cell viabilities upon treat-

ment with gradient concentration of As;O3; and NAC

(m GSH fluorescence with As,Oj5 treatment; o cell viability with
As,0O5 treatment; A GSH fluorescence with NAC treatment; &
cell viability with NAC treatment; o cell viability in control
chambers)

precursor NAC was converted intracellular to the rate
limiting substrate for GSH synthesis, by which GSH
concentrations was augmented [13].

3.5 Relationship between chemotherapy sensitivity and
intracellular GSH level

GSH is the most abundant intracellular thiol, serving as
a critical cellular antioxidant. The reduction-oxidation
(redox) status of a cell is largely determined by the bal-
ance between reactive oxygen species (ROS) generated
and endogenous expression of thiol buffers such as GSH
[14]. As the preferred substrates of multi-drug resistance
related proteinl (MRP1) transporter are GSH-conju-
gates, GSH can similarly detoxify many exogenous tox-
ins with positive charge, including chemotherapeutic
drug, through the formation of GSH adducts. Several
studies suggest that GSH is involved in resistance to

cytotoxic drugs through the formation of GSH adducts
[15-17].

In this work, the chemotherapy sensitivity of MCF-7 cells
shows a dose-dependent relationships with cellular GSH
level that are modulated by the on-chip gradient concentra-
tion chemical stimulation. As shown in Fig. 5, chemother-
apy sensitivity is correlated to intracellular GSH level.
Suppression of intracellular GSH by treatment with
As>05 has been shown to increase chemotherapy sensitivity.
Conversely, elevation of GSH production by treatment
with NAC leads to increased drug resistance. These results
indicate that total cellular GSH content is an important
determinant of chemotherapeutic drug resistance. One
explanation for arsenic induced drug resistant reversal is
the inhibition of the activity of GSH S-transferase [18], in
which the decreased activity of GSH S-transferase has been
associated with incapacity to catalyze the coupling of GSH
to multiple reactive substrates. The results of this work
indicate that besides the activity of GSH S-transferase, total
cellular GSH content is also an important determinant of
chemotherapeutic drug resistance.

4 Conclusion

A microfluidic chip featuring parallel gradient generating
networks was developed and applied for the study of drug
resistance of MCF-7 cells. The results show that the
microchip was suitable for cell culture and gradient con-
centration chemical stimulation. Intracellular GSH level
and drug sensitivity of MCF-7 cells show dose-dependent
relationships with concentrations of chemical stimulus.
The microfluidic chip offers an opportunity to integrate
the whole procedure of cell-based pharmacological profil-
ing, including cell seeding, cell culture, concentration gra-
dients generation, drug stimulation, molecule labeling and
cellular responses monitoring. The microchip based assay
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enables multifactor and multiparametric analysis, thus
holding great potential for extrapolation to high-content
drug screening.
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