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Research Article

Parallel probing of drug uptake of single
cancer cells on a microfluidic device

Drug resistance is frequently developing during treatment of cancer patients. Intracellular
drug uptake is one of the important characteristics to understand mechanism of drug
resistance. However, the heterogeneity of cancer cells requires the investigation of drug
uptake at the single cell level. Here, we developed a microfluidic device for parallel probing
of drug uptake. We combined a v-type valve and peristaltic pumping to select individual
cells from a pool of prostate cancer cells (PC3) and place them successively in separate
cell chambers in which they were exposed to the drug. Six different concentrations of
doxorubicin, a naturally fluorescent anti-cancer drug, were created in loop-shaped reactors
and exposed to the cell in closed 2 nL volume chambers. Monitoring every single cell
over time in 18 parallel chambers revealed increased intracellular fluorescence intensity
according to the dose of doxorubicin, as well as nuclear localization of the fluorescent drug
after 2 h of incubation. The herein proposed technology demonstrated a first series of proof
of concept experiments and it shows high potential to use for probing drug sensitivity of
single cancer cell.
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1 Introduction

Cancer cell responses to drugs vary greatly due to their genetic
and phenotypic heterogeneity [1, 2]. Investigation of cancer
cell response to drugs is mostly performed on cell popula-
tions resulting in an average value for the cell population
while masking the information on small subsets of cells. For
example, during tumor progression, a small sub population
of tumor cells often becomes resistant to the drug, which
can easily missed when the cell population is investigated as
a whole [3]. Therefore, characterizing the response of indi-
vidual cells to drugs is urgently needed as not to miss any
information on the possible acquired resistance to the treat-
ment of certain cells in the tumor.

Drug uptake and accumulation is one of the important
characteristics which directly correlates with drug efficacy [4].
Anthracyclines such as doxorubicin are attractive drugs for
such studies, since their uptake can be monitored thanks to
their intrinsic fluorescence. Thereby, this class of drugs can
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reveal differences in drug accumulation and distribution in-
side the cells that relate to the sensitive and resistance of the
cells to this drug [5–7]. One of the conventional methods to
isolate and probe single cells is based on flow cytometry after
drug treatment [4]. However, this method precludes monitor-
ing of the same cell over time. Monitoring cells in the bulk
over time has been performed by fluorescence microscopy
in well plates or cover slides [7, 8]. However, using this ap-
proach, it is challenging to monitor the same individual cell
in the whole population and to isolate single cells in a well
plate. The challenge is even larger when cells of interests are
relatively rare such as stem cells or circulating tumor cells
(CTCs). In addition, the volumes in traditional well plates
of a few hundred microliters per well are relatively large for
single cell studies.

Microfluidic devices have been used for drug screening
analysis and reported advantages to conventional methods
are the ability to manipulate cells, precise fluidic control,
gradient generation of the drug, reduction of reagent vol-
ume and parallelization [9–12]. Especially, on-chip 2D or
3D cultures of cells were intensively investigated to mimic
cellular tissues [9, 13–16]. Various concentrations of drug
dose and combination of drugs combined with viability tests
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were presented [11, 16]. Droplet microfluidic technologies
brought the capability of single cell high-throughput drug
screenings [12,17–19]. Droplets encapsulating single cell with
precisely dosed drug were incubated for a few days. Com-
partmentalized droplet in picoliters to nanoliters volume
was used for the single cell drug test without any cross-
contamination of other cells and reagents and viability test
was performed in the drop. However, without arraying
droplets, it is still challenging to monitor the same cell over
time on the same chip. A recent study integrated droplet ar-
rays to monitor drug accumulation in droplets and success-
fully showed long term monitoring of the same cells in the
droplets [20].

A same single cell analysis device (SACSA) was devel-
oped to monitor the intracellular fluorescence intensity after
exposure to drugs in a simple channel equipped with one cap-
ture structure by Li et al [21,22]. This device allowed real time
monitoring of the same single cell over time, but the first cell
captured was monitored in continuous flow of drug solution
therefore parallelization and various treatment conditions
were not applied in this device. High-throughput microflu-
idic devices for monitoring the cellular response to stimuli
both at the cell population level and single cell level over time
has been demonstrated by different groups [11, 13, 23–29].
However, cells were again loaded in the device without any
sorting step, so that a higher number of reactors had to be
monitored than the number of cells of interest, which costs
time and effort.

Recently, we developed a v-type valve for single particle
and cell isolation [30]. This flexible valve can capture cells,
identify the type of cells, and either isolate or discard it based
on the microscopic observation. Here, we take advantage of
this technology to pre-select individual cells and load them
in 18 separate chambers, where we monitor drug uptake at
the single cell level, using six different drug concentrations.
Specifically, we report (i) the capture of individual cells in
independent chambers using a v-type valve and flow manipu-
lation by peristaltic pumping to introduce the cells in separate
chambers, (ii) the generation of a series of different drug con-
centrations using 6 different reactors (loop-shaped reactors)
and (iii) monitoring of drug uptake at the single cell level in
18 compartmentalized chambers with 2 nL volume. The de-
vice is characterized and validated first using beads and dyes.
Altogether, this device shows great potential to increase our
understanding of drug resistant phenotypes at the single cell
level.

2 Materials and methods

2.1 Chip fabrication and preparation

Microfluidic devices were fabricated using polydimethylsilox-
ane (PDMS) multilayer softlithography [31] and we followed
the protocols used in our previous studies [32, 33]. After the
final adhesion step, the device was autoclaved for 20 min
at 120°C for sterilization. To prevent non-specific binding

of biomolecules, cell loading and pushing channels includ-
ing cell chambers were treated with Pluronic R© F-108 4%
(Sigma-Aldrich Chemie N.V., Zwijndrecht, The Netherlands)
for 5 min before use and washed for 1 min and filled
with CO2 independent culture medium (Gibco, Paisley, UK)
including 10% Fetal Bovine Serum (FBS) and 1% Peni-
cillin/Streptomycin (Pen/Strep).

2.2 Data acquisition

A stereomicroscope (Motic SMZ168, Lab Agency Benelux
B.V., Dordrecht, The Netherlands) equipped with a CMOS
camera (Moticam 3.0) was used to characterize peristaltic
mixing in the device. To monitor fluorescent intensities of
the fluorescent probe resorufin in the gradient generator unit,
an inverted fluorescent microscope (Leica DMI 5000M, Le-
ica Microsystems B.V., Son, The Netherlands) equipped with
an automatic XY-stage (Oasis PCI XY control unit), and a
digital camera (Leica DFC300 FX, Leica Microsystems B.V.,
Son, The Netherlands) was used. For acquisition of images of
drug uptake by the cells an inverted fluorescent microscope
(Olympus IX73, Olympus Netherlands B.V., Leiderdorp, The
Netherlands) equipped with an automatic XY-stage (99S000,
Ludl Electrnic Products Ltd., NY, USA), and a digital cam-
era (ORCA-ER, Hamamatsu Photonics Deutschland GmbH,
Herrsching, Germany) was used.

2.3 Reagent preparation for chip validation

One hundred micromolars of resorufin (Sigma-Aldrich
Chemie N.V., Zwijndrecht, The Netherlands) solution was
introduced into the drug solution inlet while the cell medium
inlet for cell medium was filled used to introduce with Milli-
Q water. After mixing the solutions in six independent re-
actors (Fig. 1C) for 2 min, fluorescent images were acquired
for the 6 reactors using a Leica I3 filter cube (excitation: BP
450–490 nm; emission: LP 515 nm). Source 15Q (� 15 �m
particles based on rigid polystyrene /divinyl benzene poly-
mer matrix, GE Healthcare Europe GmbH, Eindhoven, The
Netherlands) to be used as a surrogate for cells, were diluted
to a 1:1000 ratio in Milli-Q water (500 000 beads/mL) for test-
ing the particle capture and isolation in individual incubation
chambers.

2.4 Cell culture and preparation

PC3 cells were cultured in RPMI-1640 media supplemented
with 10% FBS and 1% Pen/Strep (all purchased from
Sigma-Aldrich, Sigma-Aldrich Chemie N.V., Zwijndrecht,
The Netherlands) at 37°C in 5% CO2 atmosphere. After de-
tachment of the cells using 0.05% of Trypsin/EDTA (Gibco,
Paisley, UK), 500 000 cells were resuspended in 1 mL
of CO2 independent medium including 10% FBS and 1%
Pen/Strep.
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Figure 1. Design and operation of the microfluidic device. (A) AutoCAD design of the entire device. (B) (a) magnified image of the
incubation chambers and capture unit. (b) Schematic view of the single cell capture and isolation using a v-type valve and peristaltic
pumping. (C) Series of 6 reactors. (D) Operation procedure of the microfluidic device. (a) Single cell isolation, drug and medium loading
into the channels. (b) Mixing solutions in the reactors in the drug dilution unit using operating micro-valves. (c) Creation of six different
concentrations after mixing. (d) Various doses of drugs exposed to the cells in the incubation chambers (1 mm scale bars are shown).

2.5 Drug exposure experiment

A total of 10 mg of doxorubicin hydrochloride (Sigma-Aldrich,
Sigma-Aldrich Chemie N.V., Zwijndrecht, The Netherlands)
was dissolved in 1 mL of Milli-Q water and diluted in CO2 in-
dependent medium to yield a 100 �M solution (58.8 �g/mL).
After drug loading and on-chip cell exposure, the device
was incubated on an AmpliSpeed slide cycler (Advalytix AG,
Munich, Germany) at 37°C and images were acquired after
1, 2, and 4 h for all independent exposure chambers using a
Olympus U-FGNA filter (excitation: BP 540–550 nm; emis-
sion: LP 575–625 nm). Values for fluorescence intensities
were obtained after subtraction of the background value.

3 Results and discussion

3.1 Device design

The microfluidic device consists of a cell capture unit, an incu-
bation unit, and a drug dilution unit as shown in Fig. 1A The
incubation unit consists of 18 incubation chambers and each
incubation chamber includes one cell chamber and one drug
chamber (Fig. 1B (a)). A v-type valve, as recently reported by
us [30], is incorporated to select and capture individual cells,
which are subsequently placed into the individual cell cham-
bers by peristaltic pumping with three valves (Fig. 1B (b)). A
gradient generator unit consisting of 6 loop-shaped reactors
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allows creating a series of six different drug concentrations.
The drug and buffer solutions are loaded into the drug sites
and buffer sites into the reactors through dedicated inlets
(Fig. 1C). The volumes of drug sites in reactors 1, 2, 3, 4, 5
and 6 are 10.5, 15.5, 20.5, 25.5, 30.5, and 0 nl and the volume
of buffer sites in reactors 1, 2, 3, 4, 5, and 6 are 30.5, 25.5, 20.5,
15.5, 10.5, and 41 nl, respectively. Consequently, the dilution
rates of drug solution from reactor 1 to reactor 6 after dilution
are 0, 0.26, 0.38, 0.50, 0.62, and 0.74 of stock solution (De-
tailed information is shown in Supplementary Table 1). Each
reactor is connected to 3 drug chambers, allowing testing the
six different drug concentrations in triplicates.

Figure 1D shows the operation procedure of the de-
vice. Here, the fluidic channels were filled with color dyes
for visualization purposes. (Supporting Information Movie
1) First, cells are individually and successively captured by
the v-type valve, and placed into the incubation chambers by
peristaltic pumping (blue color lines). Thereafter, the drug
stock solution (orange color lines) and cell culture medium
(green color lines) are loaded through dedicated inlets in
the drug and buffer sites, respectively, into the metering
channels of reactors (Figure 1D (a)). During loading of the
reagents, the metering valves are closed to separate the re-
actors into the drug site and the buffer site. Next, the side
valves are closed and the metering valves opened to create
six different closed loop-shaped mixers. Three micro-valves
are actuated sequentially to enhance mixing of the reagents
(Figure 1D (B)). Figure 1D (c) shows the resulting six differ-
ent drug solutions with different concentrations prepared by
the series of six reactors. Following this, the resulting drug
solutions at different concentrations are introduced into the
18 drug chambers. Upon opening the valves between the cell
and the drug chambers, the cells start to be exposed to various
drug doses. (Figure 1D (d)).

3.2 Generation of a series of different drug

concentrations using 6 reactors

For the creation of six different concentrations, the volume
of drug solution and cell culture medium were metered and
mixed in the channels of the reactor, as depicted in Fig. 1C.
To enhance the mixing of the two reagents, the six reactors
were equipped with three shut-off valves acting as a peristaltic
pump [34]. The performance of the mixing valves was tested
using a blue dye solution and Milli-Q water, introduced re-
spectively into the channels designed for the drug solution
and cell culture medium (Fig. 2A (a)). The three mixing valves
in each reactor were operated in the following sequence to
achieve peristaltic mixing: (1 0 0), (1 1 0), (0 1 0), (0 1 1),
(0 0 1), and (1 0 1) where 1 represents a closed valve and 0
represents an opened valve [34]. The operating frequency of
the sequence was changed from 1 to 30 Hz, and the mix-
ing efficiency for these different conditions was evaluated in
real-time. Figure 2A (b) shows pictures extracted from a time-
lapse recording for one of the six reactors in which the two
reagents were loaded in a 1:1 ratio. The mixing efficiency was

evaluated by measuring over time the average brightness in a
specific ROI (region of interest) by Image J software (Fig. 2A
(c)). A parabolic profile of the blue fluid was generated, and
lengthened in the channel over time upon sequential actu-
ation of the mixing valves. Therefore, the interface between
the blue dye and water became larger and assisted diffusion
of the two solutions. The brightness value in the ROI was
observed to fluctuate over time, while becoming smaller, and
complete mixing was achieved when the average brightness
of the ROI became constant, as illustrated in Fig. 2A (c). We
observed that the mixing time decreased according to an in-
crease of the actuation frequency below 19 Hz and increased
slightly above 19 Hz. The optimal operating frequency was
found to be approximately 19 Hz, and this condition was used
in the other experiments for mixing of the two reagents.

To validate and quantify the generation of a series of six
drug concentrations, we loaded 100 �M of resorufin solution
into the channel for the drug solution and Milli-Q water into
the channel for cell culture medium. We used resorufin as
an alternative to doxorubicin, since the intrinsic fluorescence
intensity of free doxorubicin is too weak to be visualized.
Figure 2B (a) shows the volume ratio of Milli-Q water to
the 100 �M of resorufin solution in the six reactors. After
1 min of mixing at 19 Hz, we acquired images in the six reac-
tors by fluorescence microscopy and the mean fluorescence
intensity was quantified in the same ROI as before using
Image J software. Figure 2B (b) shows microscopy images
taken in the six channels at a reactor after mixing was com-
pleted, and the measured corresponding intensities (n = 3). A
linear relationship between calculated concentrations and the
measured fluorescence intensities was obtained, as shown in
Fig. 2B (b), and we successfully demonstrated the creation of
six different drug concentrations in the device.

Following this step, the six different solutions were
loaded into the 18 drug chambers, next to the cell cham-
bers. After filling the drug chamber, the valve between the
cell and the drug chambers were opened to let the drug solu-
tion diffuse into the cell chamber without any active mixing.
To estimate diffusion time of the drug by real-time recording,
a blue dye was loaded into the drug chamber while Milli-Q
water was introduced in the cell chamber, and the brightness
values in three ROIs in three different cell chambers were
monitored over time (Fig. 3). Microscopy images of these
three chambers at 0, 10, 60, and 300 s are shown in Fig. 3A.
The value of the brightness in the cell chamber changed from
220, represented as white, to 180, represented as a blue color,
within 300 s, as depicted in Fig. 3B. The brightness values
of the three ROIs in the first 10 s are inserted in an inset in
Fig. 3B to show the initial stage of the mixing.

3.3 Selection and capture of individual cells in

independent chambers

A v-type valve is integrated in the microfluidic device at the
beginning of the capture unit to isolate individual cells from a
solution, as illustrated in Fig. 1B (b). We applied a pressure of
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Figure 2. Validation of the drug dilution unit. (A) Peristaltic mixing in the reactors. The design of a reactor consisted of a drug site and
a cell culture medium site. Two solutions (blue dye and Milli-Q water) were introduced in a 1:1 ratio into a reactor #4 (a). Time-lapse
microscopy images of a portion of the channel were acquired during mixing at 19 Hz at different time points (b). Variations in the average
brightness value in the ROI were measured as a function of time and the times for complete mixing were determined at various operating
frequencies (c). (B) Generation of six different concentrations of resorufin. A non-linear concentration gradient of resorufin was obtained
by loading Milli-Q water and 100 �M of resorufin solution in the six reactors (a). Resorufin fluorescence intensities were measured in
the six reactors after mixing for 2 min at 19 Hz and plotted as a function of the calculated resorufin concentration (n = 3). At the top,
microscopy images corresponding to the different concentrations are shown (b).

Figure 3. Estimation of the diffusion time in the incubation chamber. (A) Microscopy images of three chambers at 0, 10, 60, and 300 s after
opening of the shut-off valve between the drug and cell chambers. The drug chambers were filled with blue color dye and cell chambers
with Milli-Q water. (B) The value of average brightness in three cell chambers was monitored over time. In an inset, enlargement on the
< 10 s zone of the graph is shown.

0.02 bar to load the cell suspension and 1.2 bar for actuating
the v-type valve, as recently reported [30], for the capture of
individual cells of interest, and this process was monitored
through microscopy observation. In case multiple cells or
cluster of cells were captured, we released the valve to let the

cells flow into the outlet of the device without isolation. When
a single cell was captured at the center of the v-type valve,
the two shut-off valves located in the cell loading channels
were closed and the shut-off valve in front of the incubation
chambers opened. Subsequently, the captured cell was gently
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moved into one cell chamber, using peristaltic pumping and
three shut-off valves located on the pushing channels at the
opposite side of the incubation chambers. These valves were
actuated using the following sequence (0 0 1), (0 1 0), and
(1 0 0), where 0 represents an opened valve and 1 represents
a closed valve [35].

Cell capture and isolation was first evaluated using 15 �m
diameter particles and cells of two different cell lines. Parti-
cles with a diameter of 15 �m were chosen as those have a
uniform size which closely resembles that of cells. The v-type
valve-based capture step was followed by an isolation step
of the particle into the first chamber by peristaltic pumping.
Then, the next particle was captured again by the v-type valve
and pumped into the first chamber while the first particle was
displaced into the next chamber. Using peristaltic pumping
all particles were pushed into the cell chambers. To evaluate
the distance of the movement of particles by the peristaltic
pumping through the chambers we pumped the captured par-
ticle with Milli-Q water at various pumping frequency, from
1–3 Hz, for 2 s. The particle pumping test was repeated more
than 100 times, and all particles moved into the first cham-
ber after capture with a pumping frequency of 2 Hz. The
particles, however, showed slightly different displacements
which were dependent on the traveling length even under
conditions in which the actuation time and speed were kept
constant during pumping. As a consequence, not all individ-
ual cell chambers contain a single particle, and some cham-
bers were empty or contained multiple particles as shown
in Fig. 4A. Subsequently, we repeated this experiment us-
ing two different prostate cancer cell lines, LNCaP and PC3.
The cell capture result in the 18 different cell chambers was
not significantly different from the previous experiment with
beads, as presented in Fig. 4B. Nine of the 18 chambers had
a single particle or single cell while the rest of the chambers
had either more than one cell or were empty. Figure 4C sum-
marizes the number of cells isolated in 18 chambers after
the capture and isolation of LNCaP and PC3 cells. In total,
we performed four experiments in four independent devices,
and 50% of chambers included single cells. The distribution
of the number of occupied cells in each well does not follow
a Poisson distribution [36] because the total number of cells
in the cell chambers was determined by active control on
the single cell capture process while the Poisson distribution
applies to a passive process only governed by statistics.

To improve this single cell capture efficiency, we de-
signed a 2nd generation device for future work as illustrated
in Supplemental Figure S1. In this new design, shut-off valves
placed between independent chambers are operated indi-
vidually. Using this improved design, nine parallel cham-
bers could be filled with individual cells in a reproducible
manner.

3.4 Monitoring drug uptake in single cells

Intracellular drug accumulation is closely linked to drug
efficacy. Furthermore, cell resistance property is often

related to the transporting system to efflux drug. Therefore,
characterization and monitoring of the drug uptake and its
specific intracellular localization are important to understand
mechanisms of drug resistance and determine drug efficacy.
In a proof of concept experiment to demonstrate the suitabil-
ity of our platform for such experiments, we isolated single
PC3 cells in the 18 individual cell chambers and exposed
them to various doses of the drug doxorubicin. Monitor-
ing of drug uptake at single cell level was performed in 18
separate chambers. We used doxorubicin as a drug since it
is intrinsically fluorescent, allowing thereby visualizing and
monitoring the drug uptake by cells. Also, doxorubicin is lo-
calized mainly in the nucleus after cellular uptake, and its
interaction with DNA is closely related to the drug sensitiv-
ity [7, 37]. Therefore, the doxorubicin fluorescence intensity
was also evaluated in the nucleus and not only in the whole
cell.

We introduced a 100 �M Doxorubicin solution into the
metering channel and filled the other metering channel with
CO2 independent cell culture medium supplemented with
10% FBS and 1% Pen/Strep. Metering and mixing of the two
reagents were performed as described earlier, for 2 min at
19 Hz in the closed reactors before they were introduced to
the drug chambers. The number of cells in the cell chambers
was shown in Fig. 4C (PC3 #2). Figure 5A presents images
of the 18 independent chambers in one device after 2 h of
incubation of the cells with doxorubicin. The final concen-
tration of the drug in each incubation chamber ranges from
12.8 to 37 �M after the drug has diffused into the cell cham-
bers, and is 0 �M for the control chambers (chambers C61

C62 and C63) It is worth mentioning that the amount of drug
loaded into the 1 nL volume drug chambers was as low as
15.1, 22.2, 29.4, 36.45, 43.5, and 58.8 pg for the different
generated concentrations. To conduct the same experiment
in a 96 well plate, 100 �L of 1 �M (0.58 �g/mL) to 10 �M
(5.88 �g/mL) doxorubicin solution would be required, which
is 1000–10 000 times larger than the amount of drug used
here in one drug chamber.

We measured the doxorubicin fluorescence intensity in
each individual cell, as presented in Fig. 5B, each bar corre-
sponding to one individual cell. In case multiple cells were
present in one chamber, they were numbered starting with
the chamber number followed by 1, 2, and 3 for 3 cells; for
example, C52-1, C52-2, and C52-3. We observed that the doxoru-
bicin intracellular fluorescence intensity increased according
to the dose of doxorubicin introduced in the chambers, and
no fluorescence was detected in the cells in the control cham-
bers, (C61, C62, and C63) which were only exposed to cell cul-
ture medium.

Next, we examined the localization of the drug in the
cell. We set a ROI on the bright field image representing the
whole cell area and one on the fluorescence image likely rep-
resenting the position of the cell nucleus, as illustrated in the
top left corner of Fig. 5C. It should be noted that pre-staining
the nucleus with an intercalating dye would have been bet-
ter to define the nucleus area, but this may have interfered
with binding of doxorubicin since this drug is also a DNA

C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



554 Y. Yang et al. Electrophoresis 2018, 39, 548–556

Figure 4. (A) Particle isolation in the cell chamber. (B) PC3 prostate cancer cell isolation in the cell chambers. Microscope images of
isolated particles and cells in 18 incubation chambers in one device. (C) Summary of the cell capture in 18 cell chambers using prostate
cancer cells, PC3 and LNCaP.

intercalating agent. For this reason, we did not include the
result of 0 �M in Fig. 5C because without fluorescence signal
we could hardly distinguish the nucleus from the cytoplasm.
Figure 5C shows the fluorescence intensities of the area of
the nucleus (black bar) and the cytoplasm (white bar) defined
as subtraction of the fluorescence intensity of the nucleus of
each cell from the total fluorescence intensity of the whole cell
indicated by the bright field image. The ratio of the nuclear
fluorescence to the whole cell fluorescence varied between
35 and 82% (mean 62%), without any clear relation with the
drug amount.

It is feasible to monitor drug uptake over prolonged
periods of time. We incubated single cells in a microflu-
idic device and images are acquired at 1, 2, and 4 h
and drug uptake and localization was observed in most
cells within 2 h. (Supporting Information Fig. 2) In fu-
ture studies, the incubation chambers could be coated with
collagen or fibronectin, and perfusion used over adherent
cells for longer time monitoring, and cytotoxicity tests con-
ducted in situ after cell exposure to the drugs. We demon-
strated here the expose of individual cells to various drug
doses and measured their drug uptake in our microfluidic
device.

4 Concluding remarks

We developed a microfluidic device for probing drug uptake
at the single cell level. Isolation of cells was performed using
a v-type valve on the device followed by isolation in the in-
cubation chambers using peristaltic pumping. Generation of
various concentrations was successfully obtained using peri-
staltic mixing in the closed reactors and loaded into the pre-
cisely volume controlled chamber. Individual cells exposed to
various drug doses were monitored for several hours. Intra-
cellular fluorescence intensity was correlated with the drug
dose and intracellular localization of the drug in the nucleus
was clearly observed after 2 hr incubation already.

This proof of concept experiment showed the high po-
tential of the device for probing drug uptake at the single cell
level in a volume that is 1000–10 000 times reduced from
traditional single cell analysis. The use of MDR (multidrug
resistance) gene expressing cell lines could provide a nice
model system to test changes in drug uptake over time for
the future study. Treatment with potential inhibitors against
the drug transporter (P-gp) could be used further demon-
strate the potential of this technology to study drug response
at the single cell level.

C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2018, 39, 548–556 Microfluidics and Miniaturization 555

Figure 5. Doxorubicin uptake monitored at the single cell level in 18 independent chambers using a series of 6 concentrations of the drug.
(A) Fluorescence microscopy images taken with a 10× magnification in the 18 chambers after exposure of the cells for 2 h to doxorubicin.
In the top right corner of each chamber the bright field images of the cell(s) are shown (images not to scale). (B) Doxorubicin fluorescence
intensity measured in individual cells (whole cell) in each of the 18 chambers. (C) Doxorubicin fluorescence intensity measured in the
nucleus (black) and cytoplasm (white) of each cell in the 18 chambers.

This work is supported by NanoNextNL, a micro and
nanotechnology consortium of the Government of the Netherlands
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