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Multidrug  resistance  analysis  represents  a  great  challenge  in  cancer  chemotherapy,  drug  development
and  pathological  study.  In this  paper,  multifunctional  gradients-customizing  microfluidic  devices  were
developed  for high-throughput  single-cell  multidrug  resistance  (MDR)  analysis.  The  gradient  profile  was
determined  by  the  lengths  of the  distribution  microchannels  regardless  of  flow  rates  and  pressure,  which
provided  good  stability  and  remarkably  reduced  redundancy  of  microfluidic  architecture.  The  drug  of
gradient  concentrations  consecutively  stimulate  upon  the  cells  in the downstreaming  cell cultivation
chamber.  Time-dependent  drug  efflux  kinetics  of HepG2  cells  were  firstly  investigated  on our  device
using  both  the  different-single-cell  and  the  same-single-cell  strategies.  Furthermore,  hepatic  polarized
HepG2  cells,  which  collected  the secreted  cholephilic  substances  in  the  apical  vacuoles,  were  used as
model  to investigate  the inhibition  of MDR-associated  protein  with  secretion  inhibitor  cyclosporine  A

of  varied  concentrations  on single  organelle  level.  Finally,  a high-throughput  drug  screening  experiment
was  conducted  to examine  both  the  chemo-sensitizing  effect  and  the  cytotoxity  of  the  potential  chemo-
sensitizing  agents.  Conclusively,  the  results  confirmed  that  our  method  was  a  highly  efficient  way  to
analyze  multidrug  resistance  (MDR)  at single-cell  or even  single-organelle  level  with  advantages  of  high-
throughput,  flexibility,  stability  and  low  sample  consumption.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Multidrug resistance (MDR) is a serious condition that
isease-causing organisms such as bacteria, viruses or neoplastic
cancerous) cells exhibit resistance to distinct drugs or chemicals,
.g., antibiotics or chemotherapy drugs [1–3]. The mechanism of
DR  is complicated [4]. Many factors, including the increased efflux

f drug, enzymatic deactivation, decreased permeability, altered
inding-sites and alternate metabolic pathways, contribute to MDR
f cancer cells [4–7]. Among these factors, efflux mechanism is a
ignificant contributor for MDR  of neoplastic cells [1,8]. Thus, how
o block the efflux of drug is crucial in current cancer treatment

9,10]. It has been proved that MDR-associated proteins (e.g., MRP2,

 human conjugate export pump that transports anionic conju-
ates and certain amphiphilic anions across the apical membrane

∗ Corresponding author. Tel.: +86 27 87792203; fax: +86 27 87792170.
E-mail address: bfliu@mail.hust.edu.cn (B.-F. Liu).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.snb.2015.11.097
925-4005/© 2015 Elsevier B.V. All rights reserved.
of polarized cells) play a dominant role in the drug efflux [11,12].
These MDR-associated efflux pumps actively transport drugs out of
the cancer cell, which reduce the amount of intracellular drug to a
concentration lower than the drug’s cytotoxic threshold within the
cell [4].

Blocking the efflux is an efficient way to improve chemother-
apy sensitivity [13]. Combining inhibitors/modulators (such as
cyclosporine A, a broad spectrum multidrug resistance modulator)
of MDR-associated proteins with chemotherapy has been proved as
a novel treatment strategy [14–16]. To explore and investigate MDR
modulators or MDR-associated protein inhibitors, plate reader-
based and cytometry-based methods are widely used [17–19].
However, for these commonly used techniques, lack of real time
dynamic information at single cell resolution and large sample con-
sumption might be the two  major drawbacks in MDR  analysis.

Recently, microfluidic chips have been well developed for var-

ious biological analysis such as cytotoxicity analysis [20,21], DNA
damage analysis [22] and pathogen detection [23]. Benefiting from
its ability to well define the biochemical microenvironment in both
spatial and temporal resolution, cell-based or even tissue-based

dx.doi.org/10.1016/j.snb.2015.11.097
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.11.097&domain=pdf
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ssay on chip have been widely studied for pharmacological anal-
sis and drug screen [24]. More recently, Li’s group has combined
icrofluidic approach with the same-single-cell analysis to inves-

igate the modulation of MDR, manifested as the inhibition of drug
fflux [25,26]. A single MDR  cancer cell can be selected and retained
n a retention structure for MDR  investigation. This technique was
ble to record the dynamic information of drug efflux and reveal
eterogeneity of MDR  at single cell level. However, the throughput
f this same-single-cell analysis chip is limited, arising from indi-
idual cell analysis at a time. Here, we develop novel microfluidic
evices enabling to analyze MDR  in a high-throughput way, which
ill further benefit drug screening of chemo-sensitizing agents.

To achieve high-throughput MDR  analysis, a microfluidic chip
ith single-step dilution was designed to generate customized
ilutions, in which the dilution ratios of two stock solutions were
etermined by the length of the distribution channels. Three types
f dilution chips for forming linear gradient concentrations (0,
/7, 2/7, 3/7, 4/7, 5/7, 6/7, 1), exponential gradient concentrations
1/32, 1/16, 1/8, 1/4, 1/2, 1), and stepwise linear gradient dilutions
0, 1/25, 2/25, 3/25, 4/25, 1/5, 2/5, 3/5, 4/5, 1) were fabricated.
here are several advantages of our system over the widely used
iffusion-based chip and the serial dilution chip. Diffusion-based
ilution devices were made to generate concentrations in a sim-
le way, but it is difficult to obtain linear concentration gradients
ue to the intrinsic error function profile of the diffusion mecha-
ism. Furthermore, it was  highly affected by the molecular size,
ow rate, diffusion length, and the liquid viscosity. In compari-
on to the diffusion-based chip, our devices are much more stable
nd reliable [27,28]. Serial dilution device was firstly proposed by
hitesides’ group. And then, several modified stepwise concen-

ration gradient devices were developed for improvement or new
pplications. Basically, the gradients were generated by repeatedly
ombining and splitting solutions. However, in this kind of dilution
icrofluidic network, micromixers or long mixing channels were

mployed to ensure the prefect mixing in each combining/splitting
tep. The complexity of the structure dramatically increased as
he number of the concentration increasing. In comparison with
he serial dilution device, the design of our single-step dilution
evice is much more simple and easily scaled up [29–33]. Both
omputational fluid dynamics (CFD) simulation and flow visual-
zation experiment were employed to validate our customized
ilution microfluidic chips. For MDR  analysis, the flows of drug
ith concentration gradients were used to stimulate cells in the
ownstreaming cell cultivation chamber. The drug efflux kinetics
as firstly analyzed using both the different-single-cell and the

ame-single-cell strategies. HepG2 (a cancer cell line) cells, which
etained hepatic polarity and formed apical vacuoles for the col-
ection of secreted cholephilic substances, were used as a model
o investigate the drug efflux upon the concentration gradients
f a secretion inhibitor cyclosporine A.[34,35] Furthermore, these
evices were successfully used for drug screening by combining
hemotherapy (doxorubicin) and a MDR  modulator (concentra-
ion gradients of cyclosporine A).[36] Conclusively, using our chip,

ultiple information of MDR  at single-cell level or even single-
rganelle level could be obtained in a high-throughput way, which
roved that our method was a highly efficient way to exam-

ne MDR  with advantages of flexibility, stability and low sample
onsumption.

. Materials and methods
.1. Principle of single-step dilution

On-chip single-step dilution was achieved by the adjustment
f volumetric flow rate, which was simply determined by the
rs B 225 (2016) 563–571

distribution channels delivering the two  stock solutions with neg-
ative pressure applied at the outlet of the microfluidic chip. To
determine the exact pressure distribution in the distribution chan-
nels, a theoretical model was  established. Since the microscale flow
was laminar in the channels due to the low Reynolds number, the
pressure drop could be described by the Hagen–Poiseuille equation,

�P  = 8�LQ

�r4
(1)

where �P, �, L, Q and r represent the pressure drop, the dynamic
viscosity of the fluid, the length of the microchannel, the volumetric
flow rate and the effective radius of the microchannel, respectively.
Supposed that the volumetric flow rate remains constant for the
laminar flows, Eq. (1) for two stock solutions can be described as
following:

Qa = �(Pinlet − Pconfluent)r4

8�La
(2)

Qb = �(Pinlet − Pconfluent)r4

8�Lb
(3)

where Qa and Qb represent the volumetric flow rates of laminar
flows of two  stock solutions. Pinlet, Pconfluent, La and Li represent the
pressures on inlet and confluent point, and the lengths of the bifur-
cated channels for stock solution a and b, respectively. Deriving
from Eqs. (2) and (3), we can have:

Qa

Qb
= Lb

La
(4)

Eq. (4) reveals the general mathematical relationship between
pressures and channel lengths at distribution channels. The dis-
tribution of volumetric flow rates (Qa/Qb) is equal to Lb/La. The
dilution ratio is calculated from the distribution of volumetric flow
rates (Qa/Qb). Thus, the expected concentration (Cexpected) can be
calculated from the ratio of the lengths of bifurcated channels:

Cexpected = Qa × Ca + Qb × Cb

Qa + Qb
= La × Cb + Lb × Ca

La + Lb
(5)

where Ca and Cb represent the concentration of two stock solu-
tions a and b. Eq. (5) could be further validated by both numerical
simulations and flow visualization experiments.

2.2. Materials and reagents

Chemicals such as K2HPO4, KH2PO4, NaOH, NaCl, HCl, KCl, CaCl2,
MgCl2, D-glucose, HEPES, and fluorescein were purchased from
Sinopharm Chemical Reagent (Shanghai, China). Rabbit-anti-MRP2
and Goat-anti-rabbit/RBITC were purchased from Beijing Biosyn-
thesis Biotechnology Company (Beijing, China). Fluo-3/AM was
obtained from Biotium (CA, USA). Dimethyl sulfoxide (DMSO) and
cyclosporine A were obtained from Sigma–Aldrich (USA). Tyrode’s
solution contained NaCl (137 mM),  KCl (5.4 mM),  CaCl2 (1.3 mM),
MgCl2 (1.0 mM),  d-glucose (10 mM)  and HEPES (10 mM)  was  used
as the buffer solution (pH 7.2), which was  filtered through a
0.22 �m porous membrane for sterilization. Fluorescein was  pre-
pared in the buffer solution at a final concentration of 20 �M.  The
stock solution of 2 mM fluo-3/AM in DMSO was diluted by buffer
solution at a final concentration of 1.0 �M.  Water used for all the
solutions preparation was  purified by the Direct-Q system (Milli-
pore, Bedford, MA,  USA) and filtered with 0.45 �m sterilized syringe
filters prior to use.

2.3. Cell culture
HepG2 cells were cultured in culture flasks (BD Falcon) con-
taining 5.0 ml  DMEM medium with 10% (v/v) fetal bovine serum,
100 U/ml penicillin and 100 �g/ml streptomycin. All cells were
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Fig. 1. Chip design and set ups. (A) Schematic of experimental setup for single-step confluent gradient dilution. (B) Schematic an alternative of reservoir A and B. (C) designs
o ers, m
d

i
(
w
c
t
t
t

2

a
I
f
l
1
U
s
l
b

f  linear gradient dilution device showing four modules: outlets, cell culture chamb
ilution  device (E) design of custom gradient dilution device.

ncubated (5% CO2, 90% humidified) at 37 ◦C in an incubator
Innova-Co 170, New Brunswick Scientific, UK) prior to use. Cells
ere subcultured at a ratio of 1:3 every three days to maintain

ells in the exponential growth phase. Cells were detached from
he flask with the treatment of 0.25% (w/v) Trypsin-EDTA solu-
ion (Gibco) for 3 min  for harvest. Cells were then suspended in
he culture media at a concentration of 1 × 105 cells/mL before use.

.4. Fabrication of microfluidic chip

The microfluidic single-step dilution chips were fabricated
ccording to the rapid prototyping method as previously reported.
n brief, SU-8 1070 (Gersteltec Sarl, Switzerland) mold was
abricated on a silicon wafer n type 〈1 0 0〉 using standard soft-
ithography technique. The PDMS layer, made from a mixture of
0:1 (m/m)  PDMS and curing agent (Sylgard 184, Dow Corning,

SA), was fabricated by molding the SU-8 structure. Then the PDMS

heet was cut and peeled from the mold. Holes of the inlets and out-
et were punched using a hole puncher. The PDMS was irreversibly
onded to a cover glass slide after treatment of oxygen plasma.
ixing channels and bifurcate dilution channels (D) designs of logarithmic gradient

Reservoir ports were bonded to the punched holes using the epoxy
glue (Fig. 1A and B).

2.5. Operation procedures

A custom-built pressure control system was  employed to real-
ize automatic pressure control (Fig. 1A). A negative pressure was
applied to the outlet via a separate 1 L air container, which was
controlled by a micropump (FM2002, Ruiyi, China). To stabilize the
pressure, container was  monitored by a pressure sensor (PSE541,
SMC, Japan) and a sensor controller (PSE200, SMC, Japan). The
micropump could be toggled on/off with a resolution of 0.1 kPa.
To switch between negative pressure and atmosphere at outlet,
a three-way solenoid operated valve (Series 33, MAC, USA) was
connected between the outlet and the air container, which was
controlled with a home-built software program (LabVIEW TM 7.1).
2.6. Optical imaging system

An inverted fluorescence microscope (IX71, Olympus, Japan)
with a CCD camera (Evolve 512, photometrics, USA) were used for
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ultidrug resistance analysis. Flow visualization experiments were
onitored under a 10X objective lens (N.A. 0.3) with a filter cube

f U-MWIB2 (460–490 nm band-pass filter, 505 nm diachronic mir-
or, 510 nm high-pass filter, Olympus, Japan). Cube of U-MWG2
510–550 nm band-pass filter, 570 nm diachronic mirror, 590 nm
igh-pass filter, Olympus, Japan) and U-MWIB2 (460-490 nm band-
ass filter, 505 nm diachronic mirror, 510 nm high-pass filter,
lympus, Japan) were used for fluorescence co-localization and
radient efflux inhibition assay.

.7. CFD simulation

Numerical simulations were carried out to investigate the
tructure of the microfluidic single-step dilution chip using the sim-
lation software Fluent 6.1. The dilution efficiency was  validated
sing a 3D finite volume model. The simulation procedure adopted
as similar to the description by Mendels et al. The distribution

f the species concentration was obtained by solving the conti-
uity equation, Navier-Stokes equation and diffusion-convection
quation. The properties of fluids for the simulation are Newtonian
ith density 103 kg m−3, viscosity 10−3 Pa s and diffusion coeffi-

ient 4.9 × 10−10 m2/s (fluorescein in water). For the inlets, one
tock solution was the pure water, the other was simulated solute.
he concentrations for the two solutions were set as 0 and 1. The
riterion for convergence was set for the increment in each variable
o fall below 1 × 10−5.

. Results and discussion

.1. Designs of linear, logarithmic and custom dilution

The proposed dilution device was designed based on the hydro-
ynamic theory (Fig. 1C–E). For the linear dilution design shown

n Fig. 1C, the structure of the single-step dilution chip had eight

arallel channels, and each channel was divided into four mod-
les: outlet, cell culture chamber, mixing channels and distribution
hannels. A negative pressure was applied on the outlet module to
rive eight parallel flows. Liquids in the reservoirs would firstly flow

ig. 2. Results of CFD simulation. (A) Visible numerical study results of linear gradients d
esign.  (C) Visible numerical study results of piecewise gradients dilution design. (D) Con

n  each channels of exponential gradients dilution design. (F) Concentrations in each chan
he  average intensities of species in a cross-section area of the channels.
rs B 225 (2016) 563–571

into the distribution channels, the length of which determined the
mixing ratio of two  stock solutions. Then, distributed liquids would
be fully mixed in the mixing channels. Finally, cells growing in
cell culture chambers were stimulated using the diluted liquids for
cell-based assay. More importantly, cells in the cultivation cham-
ber won’t interfere with the concentration, since the concentration
was only determined by the ratio of the length of the distribution
channels. The hydrodynamic resistance of outlet, cell culture cham-
ber and mixing channel in parallel channels were the same due to
the same structure. For the distribution channels module, there is
an inverse relationship between the flow rates of the two  solu-
tions and the lengths of the distribution channels, as presented in
Eq. (4). In all parallel eight channels, the design of the distribu-
tion channel modules was flexible. The lengths of the distribution
channels were presented in Table S1. The exponential dilution and
piecewise linear dilution were designed based the same principles.
The designs of the exponential dilution and stepwise linear dilution
were shown in Fig. 1D and E. The lengths of the distribution chan-
nels of the exponential dilution and stepwise linear dilution were
presented in Tables S2 and S3. Further, the designs were validated
using CFD simulation and flow visualization experiments.

3.2. CFD simulation of linear, exponential, and piecewise linear
dilution

A numerical study was  conducted in this paper to validate
the designs of the dilution devices of linear gradient, exponen-
tial gradient and piecewise linear gradient (Fig. 2). To demonstrate
the dilution ratio of different channels, a dilute solution (water)
and a stock solution (100%, 0% equals to water) were used as the
materials.

At a flow pressure of 8 kPa, the dilution result of two dilute solu-
tions (water and 100% stock solution) in linear gradient dilution
device was  shown as Fig. 2A. At the confluent points, the ratios

of the widths of two  solutions increased as shown, which were
resulted from the relative lengths of the distribution channels,
i.e., the resistances of the channels. The mixing efficient was also
validated shown in Fig. 2A–C. After the clear fluid interface seen at

ilution design. (B) Visible numerical study results of exponential gradients dilution
centrations in each channels of linear gradients dilution design. (E) Concentrations
nel of piecewise gradients dilution design. Data shown in (D–F) were calculated as
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Fig. 3. Results of flow visualization experiments. (A) Details of mixing efficient in long mixing channel. (B) Distribution of two stock solutions in each channel of linear
dilution device. (C) Quantitative analysis of linear gradients dilution design. (D) Quantitative analysis of exponential gradients dilution design. (E) Quantitative analysis of
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iecewise gradients dilution design. Data shown in (C–E) were calculated as the ave

he confluent points, mixing began to occur and the interface was
ot so clear. At the end of the eight serpentine mixing channels,
he color showed complete mixing achieved here. At the end of the
erpentine channels where the mixing was completed, the average
ntensities in a cross-section area of the channels were calculated
o validate the linear dilution. The results were shown in Fig. 3D.
he correlation coefficients of linear regression, R2, for the linear
ilution design was higher than 0.999.

The designs of exponential dilution (Fig. 1E) and piecewise linear
ilution (Fig. 1D) were also examined using numerical study. The
umerical concentration maps were shown in Fig. 2B (exponen-
ial dilution) and Fig. 2C (piecewise linear dilution). The average
ntensities of species in a cross-section area of the channels were
lso calculated. The concentration profiles were shown in Fig. 2E
exponential dilution) and Fig. 2F (piecewise linear dilution), which
ere consistent with the theoretical results. To sum up, the results

f CFD simulation confirmed that microfluidic chips of the pro-
osed designs could successfully generate linear, exponential and
iecewise linear dilution by simply adjusting the length of the dis-
ribution microchannels.

.3. Flow visualization experiments of linear logarithmic custom
ilution

Flow visualization experiments were performed on chips using
uorescein. Mixed flows of two distribution liquids at the confluent
hannels were observed (Fig. 3A, Fig. S1 and Supporting informa-
ion). The diffusion of two distribution liquids was  observed in
he middle of Serpentine channels. The detection point was set
t the ends of the serpentine channels, where two flows were

ompletely mixed. As shown in Fig. 3B, the ratio of the widths of
wo liquids at the confluent point of the mixing channel changes
ccording to the ratio of the distribution channels length changing
Fig. 3B).
intensities of species in a cross-section area of the channels. Scale bar, 200 �m.

The final concentrations were calculated as a ratio of the
final fluorescence intensities and the initial fluorescence inten-
sities (100% stock solution). The concentration profiles (shown
in Fig. 3C–E) were consistent with the theoretical and numerical
results, confirming the relative lengths of the distribution channels
determined the mixing ratio of the two  stock solutions. Moreover,
varied pressure (8 kPa, 12 kPa and 16 kPa) were applied to the
device as the driving force, we get the same concentration profile.
That means varied flow rate would result in a same concentra-
tion. Unlike the commonly used diffusion-based methods and serial
dilution based methods, in which the fluctuation of the flow rate
and pressure would dramatically change the profile of the concen-
tration gradient, particularly, at low flow rate with non-negligible
pulsation of flow due to the size of the syringes employed and the
dyssynchrony between the syringes employed in this experiment.
This single-step dilution device is more advantageous since the gra-
dient profile is fixed no matter how the driven pressure or flow rate
changes. The chemical concentration in eight channels of the lin-
ear dilution chip could be well fitted with linear functions (Fig. 3C).
The correlation coefficients of linear regression, R2, for the linear
dilution chip was higher than 0.99. Quantitative analyses of expo-
nential dilution chip and piecewise dilution chip were summarized
in Fig. 3D and E. The chemical concentrations were well fitted with
exponential (Fig. 3D) and piecewise linear (Fig. 3E) functions (both
R2 > 0.99). The error bars means the standard deviation of five par-
allel experiments using different devices, which confirm that our
device have a good repeatability and reproducibility.

Additionally, our device is also easily scaled up by simply adding
more parallel microchannels. Since parallel microchannels work
independently, making more concentrations will not sacrifice the
stabability, repeatability and reproducibility. Here, we further fab-

ricate a device with 64 channels of different concentrations. The
design and the device were shown in Fig. S2A and S2C respec-
tively. The lengths of the distribution channels were presented in
table S4. The fluorescein solution and the buffer solution were used
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Fig. 4. On-chip analysis of time-dependent drug efflux kinetics. (A) Different-single-
cell analysis of time-dependent drug efflux kinetics. Blue curves indicated drug
efflux of individual cells conducted in cyclosporine A solution. Red curves indicated
drug efflux of individual cells conducted in buffer solution. (B) Same-single-cell
analysis of time-dependent drug efflux kinetics. Blue curve indicated drug efflux
of  individual cell conducted in cyclosporine A solution. Red curve indicated drug
68 Y. Li et al. / Sensors and A

s to generate gradient concentrations. The final concentrations
enerated in individual channels were calculated as a ratio of the
nal fluorescence intensities and the initial fluorescence intensi-
ies (100% stock solution). The results were well fitted with the
heoretical profile (shown in Fig. S2B), which confirm that our
evice can precisely generate a large number of concentrations.
nother 64-channel device with parallel concentrations was fabri-
ated to generate eight parallel linear concentrations (Fig. S2D).
he concentrations generated in each channels were calculated
nd fitted with theoretical profile (shown in Fig. S2E). Thus, we
emonstrated the proof-of-concept of large scale concentrations
enerator. However, there are still some limitations of our design.
o further improve the throughput and meet the requirement of
ndustrial applications, several possible ways were presented and
iscussed in the supporting information.

.4. Analysis of time-dependent drug efflux kinetics

One major drawback of the conventional MDR  analysis using
uorescence plate reader and flow cytometry is that it does not
rovide real time drug transport kinetic information of individual
ells. Here, our device is used to record the drug efflux kinetics
f single cell. Further, we  demonstrated the drug efflux kinetics
n a single cell can be inhibited by a common modulator of MDR-
ssociate protein cyclosporin A using our device.

Firstly, drug efflux kinetics was analyzed using a different-
ingle-cell analysis strategy. HepG2 cells were cultured in cell
ulturing chamber of the chip prior to time-dependent drug efflux
xperiments. Fluo-3/AM solution of a concentration of 1 �M was
oaded into the cell culturing chamber for incubation. After 15 min
ncubation, Fluo-3/AM was accumulated inside individual cells.
uffer solution was then pumped into the chip to remove the
esidual extracellular Fluo-3/AM in the medium. An optical detec-
ion system consisting of an inverted microscope was employed
or simultaneous fluorescence measurement. We  tracked the fluo-
escence intensity of individual HepG2 cells. Then, the procedure
as repeated on a second chip. Briefly, cells were treated with

 �M Fluo-3/AM for 15 min. The drug efflux was then conducted
n buffer solution containing a MDR  modulator cyclosporin A. The
ime-dependent fluorescent intensity was measured. The fluores-
ent curves with and without cyclosporin A were depicted in the
iagram shown in Fig. 4A. It was observed that the Fluo-3 efflux
as fast at the early stage (0–500 s). Then, the drug efflux rate

lowed down and the fluorescence of individual cell did not change
ignificantly. More importantly, less Fluo-3 was retained when the
fflux was carried out in the buffer solution comparing to the efflux
onducted in cyclosporin A solution. The reason of this observation
hould be that cyclosporin A could directly bind to MDR-associated
rotein and inhibite the pump efflux. However, a rare case of more
luo-3 efflux retained in buffer solution than in cyclosporin A solu-
ion was also observed (shown in Fig. 4A). This observation might
e resulted from the heterogeneity of individual cells. For instance,
ell tested in buffer solution has lower drug efflux ability while cell
ested in cyclosporin A solution has a higher drug efflux ability.
ractically, not also the cells express MDR-associated protein, only
ells obviously exhibit drug efflux were analyzed.

Investigation of drug efflux kinetics was also conducted using
 same-single-cell strategy. In this case, 2 cycles of Fluo-3/AM
ccumulation and efflux steps were demonstrated on the same
ingle cell using the same chip. As shown in Fig. 4B, the two flu-
rescence curves were obtained from the same single cell. Using

he same-single-cell strategy, drug efflux kinetic analysis can be
emonstrated regardless of the heterogeneity among cell lines. To
um up, time-dependent drug efflux kinetics can be efficiently ana-
yzed using our device in two different ways.
efflux of individual cell conducted in buffer solution. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of the
article.)

3.5. Polarization of HepG2 and co-localization of MRP2 and
fluo-3 secretion

Chemotherapeutics are the most widely used and effective
treatment for metastatic tumors. However, multidrug resistance is
still a major impediment to successful chemotherapy. Multidrug
resistance enables cancer cells to become simultaneously resis-
tant to different drugs. Resistance to natural-product hydrophobic
drugs is a general type of multidrug resistance, in which Multi-
drug resistance associated proteins (such as MRP2) play a dominant
role as efflux pumps. Here, human hepatoma HepG2 cells were
selected as model cells, which had retained many hepatocyte-
specific functions including albumin and bile acid synthesis. HepG2
cells were cultured in chips for several days. Hepatic polarity with
phase-lucent bile canaliculus-like structures was  formed between
adjacent cells. Immunofluorescence assay was used to indicate
expression of the conjugate export pump MRP2 in the membrane
surrounding the apical vacuoles, which is structurally and function-
ally analogous to the canalicular membrane in forming microvilli
and expressing at least some canalicular proteins. Immunofluores-
cence staining was  carried out as described previously using the

following primary antibody dilutions (in PBS): 1:150 for Rabbit-
anti-MRP2. TRITC-labeled goat anti-rabbit IgG (1:200 in PBS) was
used as the secondary antibody. To further identify the secretion of
fluorescent substrate fluo-3 into apical vacuoles, polarized HepG2
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Fig. 5. Single-organelle analysis based on the apical vacuoles of the HepG2 cells.
(A)  Fluorescent image of apical vacuoles filled with fluo-3. (B) Immunofluorescene
staining of apical vacuole using Rabbit-anti-MRP2 and Goat-anti-Rabbit IgG/TRITC.
(C)  Overlay image of (A and B). (D) Image of apical vacuole in bright field. Scale bar
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use and benefit cancer treatment. Here, our device was  further
s  10 �m.  (E) Quantitative analyzing the percentage of fluo-3 filled apical vacuoles
ith gradients of cyclosporin A.

ells were loaded in medium with 1 �M fluo-3/AM for 15 min  at
7 ◦C. This time period was proved to be optimal for intracellular
ormation of the fluorescent substances and their secretion into
he apical vacuoles as described previously. It is necessary to rinse
ells in medium to ensure viability of the cells. Image of apical
acuoles filled with fluo-3 were taken (Fig. 5A). To verify that the
ubstrate-filled structures were indeed apical vacuoles of HepG2
ells, cells in chip were fixed. And then, immunofluorescence
taining was carried out using Rabbit-anti-MRP2 and Goat-anti-
abbit IgG/TRITC (Fig. 5B). This result demonstrated localization of
RP2 in the apical membrane of HepG2 cells. Immunofluorescence
icrographs matching the corresponding micrographs of the fluo-

escent substrate-filled apical vacuoles were taken to confirm that
he fluo-3 filled structure was an apical vacuole (Fig. 5C). Image of
pical vacuole in bright field was also taken shown in Fig. 5D. The
esults revealed that fluo-3 is also a substrate for human MRP2 in
ultidrug resistance condition.
Our results showed that HepG2 cells were polarized in our

icrofluidic device and could function well like the native liver
umor cells. Practically, Human MRP2 was expressed and is func-
ionally active in transporting fluorescent amphiphilic anions such

s Fluo-3. To sum up, our results confirmed that these polarized
epG2 cells could be used as an efficient chip-based model for
ulti-drug resistance analysis.
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3.6. Inhibition of secretion of fluorescent substrates into vacuoles
of HepG2 cells

The cyclosporine A was used as an inhibitor of MRP  secre-
tion. The stock solution cyclosporine A preparation (50 mg/ml)
contained 33% ethanol, castor oil, and polyoxyethylethanol
(650 mg/ml). The blank control solution without cyclosporine A
contained Cremophor EL (solvent for cyclosporine A). The stock
cyclosporine A solution was diluted to 20 �M before loaded into
the reservoir port A. The reservoir port B was loaded with the
buffer solution. For analysis of fluo-3 secretion inhibition, HepG2
cells were polarized on microfluidic chip. Cells were incubated in
medium with inhibitors of gradient concentration generated by
single-step dilution device at 37 ◦C (0, 0.8, 1.6, 2.4, 3.2, 4, 8, 12,
16, 20 �M).  After 2 h incubation, the cells were then rinsed using
medium to ensure the removal of extracellular inhibitors that might
interfere with the uptake of fluo-3/AM. Thus, the chips were loaded
with 1 �M flo-3/AM for 15 min at 37 ◦C. The chip was washed in cold
Ty buffer before observed on a fluorescence microscope. Fluores-
cent apical vacuoles (fluo-3 filled) were counted in 10 fields with a
square size of 678 �m × 678 �m.  The numbers of fluorescent apical
vacuoles in inhibitor solution of gradient concentration were firstly
expressed as percentage of the total number of apical vacuoles. And
then, the relative value in each condition was calculated as the ratio
to the number of the control group without inhibitor. For each con-
centration, three independent chips with totally 30 cell cultivation
chambers and at least 500 cells were analyzed.

As shown in Fig. 5E, the number of fluo-3 filled fluorescent apical
vacuoles decrease as the increasing concentrations of cyclosporine
A in the medium. The error bar represents the standard deviation.
In the presence of 20 �M cyclosporine A, the number of fluores-
cent vacuoles was  reduced to 12%, compared with the number in
the absence of cyclosporine A. The percentage of fluorescent apical
vacuoles was 18 ± 3.2% under the treatment of 16 �M,  35.1 ± 5.2%
under the treatment of 12 �M,  55.7 ± 6.6% under the treatment of
8 �M,  70.1 ± 6.5% under the treatment of 4 �M,  100 ± 8.72% under
the treatment of 0 �M.  However, cells were incubated with the
inhibitors, which might cause a decrease in cell viability and in
density of the apical vacuoles. The ratios of the number of apical
vacuoles to the number of cells in the absence and presence of
different inhibitors were determined. The ratios were 0.26 ± 0.03
(control, no inhibitor), 0.25 ± 0.04 (12 �M cyclosporine A), and
0.22 ± 0.07 (20 �M cyclosporine A), respectively, indicating that
cyclosporine A had no significant effect on the density of apical
vacuoles within 2 h incubation.

With apical vacuoles formed by the polarized HepG2 cells,
multidrug-resistance analysis was performed in a high-throughput
way with single organelle resolution. Hundreds of cells were ana-
lyzed at the same time, which provide a higher throughput than
other microfluidic-based multi-drug resistance analysis device.

3.7. High-throughput drug screening of chemo-sensitizing
compounds

Inhibitor or modulator of MDR-associate protein, such as
cyclosporin A, can reverse the multidrug resistance condition of
cancer cells by inhibiting the pump efflux to result in an increased
intracellular accumulation of the cytotoxic drug, which can be
used as chemo-sensitizing compounds to enhance the clinical
effect of chemotherapy. Screening of such chemo-sensitizing com-
pounds with minimized adverse effect can extend their clinical
demonstrated as a high-throughput drug screening platform for
investigation of both the chemo-sensitizing effect and the cytotox-
ity of MDR  modulators.
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ig. 6. Quantitative analyzing the chemo-sensitizing effect and the cytotoxity of the
yclosporine A.

Practically, Cyclosporine A was tested for chemo-sensitizing
ffects on doxorubicin sensitivity. Doxorubicin was  chosen as a
odel of chemotherapy drug. HepG2 cells were cultured in cell

ulture chambers of the microfluidic chip. Cyclosporine A solu-
ion was diluted in 0.2 �g mL−1 doxorubicin stock solution to a
nal concentration of 10 �mol  L−1, which was loaded into reservoir
. Doxorubicin stock solution without cyclosporine A was  loaded

nto reservoir B. Linear gradient concentrations of Cyclosporine A
ombined with doxorubicin of a constant concentration were gen-
rated in the sing-step dilution chip and delivered to HepG2 cells
or stimulation (using chip design shown in Fig. 1C). After 24 h incu-
ation, Live/Dead assay was carried out to validate the cell viability.
he possible cytotoxicity of cyclosporine A in the absence of doxo-
ubicin was also tested in our device in the same way by using
oxorubicin-free stock solution. The results were summarized in
ig. 6, which indicated that the simultaneous administration of
yclosporine A and doxorubicin enhanced the cytotoxicity of doxo-
ubicin in a dose-dependent manner. This result revealed that
hemotherapy in combination with inhibitors or modulators of
DR-associated protein is a promising strategy for cancer treat-
ent. Conclusively, both the chemo-sensitizing effect and the

ytotoxicity of drugs can be studied with our device. The proposed
ingle-step dilution device could be further used as a high through-
ut tool for drug screening of chemo-sensitizing compounds, which
an be used to reverse MDR  and further enhance the effect of
hemotherapy.

. Conclusions

A single-step microfluidic dilution system was  developed in
his paper. The dilution gradient profile could be customized for
ifferent use. Once the device is fabricated, the gradient profile

s fixed. This single-step microfluidic dilution device was  easy-
o-operate and much more stable than the diffusion devices and
erial dilution devices. The gradient was determined by the lengths
f distribution microchannels rather than the complex pattern
n conventionally serial dilution approaches, which remarkably
educed the redundancy of microfluidic architecture and made
ur design easily scalable. As much as 64 different concentrations

ere generated in single device. This versatile device was fur-

her used for multidrug resistance analysis in three different ways.
irstly, time-dependent drug efflux kinetics was measured on the
hip using both the different-single-cell analysis strategy and the

[
[
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same-single-cell analysis strategy. Secondly, HepG2 was  polarized
and the apical vacuoles were formed on this microfluidic device.
Immunofluorescence assay was  carried out to detect the MRP2 (a
kind of multidrug resistance associated protein) expressed on the
apical vacuoles. Co-localization was further performed to visualize
the substrate pumped into the apical vacuoles with fluo-3. Inhibi-
tion of fluorescent substrates secretion into apical vacuoles was also
studied with gradient cyclosporine A generated using single-step
dilution chip. In this case, MDR  was  analyzed at single organelles
level with high-throughput. Finally, our device was further used
as a high-throughput drug screening system for investigation of
both the chemo-sensitizing effect and the cytotoxicity of MDR
modulators, which can be used as chemo-sensitizing compounds
to reverse MDR  and further enhance the effect of chemotherapy.
In comparison with other two  chip-based multidrug resistance
analysis method, our device provides a much higher throughput.
Practically, Li’s group developed a multi-drug resistance analy-
sis system with the ability to record the dynamic information of
drug efflux and reveal heterogeneity of MDR  in single cell level.
However, they can only analyze one cell for one time. And for
each cells, it takes more than half an hour to obtain the results.
Yoshimi Matsumoto et al. have developed another microchannels-
based multidrug efflux analysis device, which might have higher
throughput.[37,38] However, they only test populations of bacte-
ria, and fails to obtain the single cell information and efflux
dynamic kinetic information. Here, our method has made some
improvements. Multiple information, including drug efflux kinet-
ics, drug cytotoxicity and chemo-sensitizing effect, could be tested
at single-cell or even single-organelle resolution with advantages
of high-throughput, flexibility, stability and low sample consump-
tion, thus further paved a new avenue for high-throughput drug
screening for chemo-sensitizing agents.
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