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Abstract We present a microfluidic system that facilitates
long-term measurements of single cell response to external
stimuli. The difficulty of addressing cells individually was
overcome by using a two-layer microfluidic device. The top
layer is designed for trapping and culturing of cells while the
bottom layer is employed for supplying chemical compounds
that can be transported towards the cells in defined concen-
trations and temporal sequences. A porous polyester mem-
brane that supports transport and diffusion of compounds
from below separates the microchannels of both layers. The
performance and potential of the device are demonstrated
using human embryonic kidney cells (HEK293) transfected
with an inducible gene expression system. Expression of a
fluorescent protein (ZsGreen1-DR) is observed while varying
the concentration and exposure time of the inducer tetracy-
cline. The study reveals the heterogeneous response of the
cells as well as average responses of tens of cells that are
analyzed in parallel. The microfluidic platform enables sys-
tematic studies under defined conditions and is a valuable tool
for general single cell studies to obtain insights into mecha-
nisms and kinetics that are not accessible by conventional
macroscopic methods.
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Introduction

The systematic analysis of cellular responses requires pre-
cise control of the surrounding environment to mimic in
vivo conditions and to precisely regulate the supply of
effectors. Often only a small number of molecules are re-
quired to induce cell responses. Therefore it is essential that
small liquid volumes are handled without loss of the com-
pounds. Standard tissue culture techniques lack the ability to
create controllable and reproducible microenvironments.
Moreover, the analysis of a large cell population by standard
techniques results in an average analysis obscuring the
heterogeneous characteristics of individual cells [1, 2]. For
example, dramatic variations of protein levels can be found
between cells within a single population deriving from the
same parental cell. By 1957 differences in gene expression
between cells could be experimentally observed [3]. How-
ever, it was not until 1990 that reliable single cell assays for
gene expression studies enabled the examination of the
underlying stochastic phenomena [4]. Since then, several
studies were performed to further our understanding of cell
heterogeneity [5—11]. Nowadays, the heterogeneities in pro-
tein levels are attributed to two determining factors [12, 13]:
(i) the intrinsic noise, caused by the inherent stochastic noise
of the biochemical events during gene expression; and (ii)
the extrinsic noise, caused by additional variations of other
cellular components including other proteins.
Measurements of cell-to-cell differences are challenging
because they require methods to manipulate and address
single cells and analytical instrumentation that is sufficiently
sensitive to measure cell processes or target compounds in
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low concentrations. Moreover, to reach reliable statistical
confidence, the analytical platform should preferentially
allow parallel analysis of large cell numbers. These chal-
lenges can be tackled using microfluidic platforms as they
offer remarkable promises for single cell handling and open
the way to novel methods that are unfeasible to realize with
macroscopic instrumentation [14—18].

Nowadays, it is possible to fabricate defined structures in
the nano- and micrometer range using microsystems technol-
ogy and related techniques. These dimensionalities match
biologically relevant length scales such as the diameter of
living cells. Hence, versatile tools for cell culturing, position-
ing, analysis, and manipulation can be developed. Various
approaches for single cell trapping have been presented in-
cluding the implementation of cell adhesive micropatterns
[19-21], microwells [22], micropores [23], microsized hurdle
structures [24-26], the use of dielectrophoretic cages [27, 28],
and encapsulation in segmented flow microfluidic systems
[29-31].

Besides the precise handling of cells, microfluidic sys-
tems enable the use of small liquid volumes in the range of
microliters to picoliters. Typically, the liquids are introduced
and flowed through the microchannels by means of syringe
pumps or pressure-driven pumps allowing precise flow con-
trol down to flow rates of a few nanoliters per minute. The

exchange of liquids can be achieved by the use of valves
implemented into the tubing off-chip or implemented on-
chip [32]. Furthermore, fluid exchange has been realized by
variations of flow rates in multilaminar streams [33]. Howev-
er, for studies of cellular response these approaches are not
optimal in a planar microchip. Too high flow rates expose the
cells to significant shear stress, which in turn can influence
cellular processes [34].

We have designed a two-layer microfluidic chip, which
enables a significant improvement of fluid handling by sepa-
rating the channel system for cell handling and cell mainte-
nance from the channels used for cell stimulation. The two
required microfluidic layers are positioned on top of each
other with an intermediate porous membrane at the interface
to facilitate the transfer of dissolved molecules between the
layers (Fig. 1a). In this design, the top layer is used exclusively
for cell introduction, trapping, and supply of media and guar-
antees optimized cell viability by use of weak flow rates for
media supply and removal. The bottom layer contains several
input channels to supply stimulating agents to the cells. Dis-
solved compounds for cell stimulation can be supplied either
continuously, periodically, or using a short pulse. Additional-
ly, the delivery of stimulants can be spatially resolved using
multilaminar flows allowing the formation of chemical gra-
dients. Hence, the two-layer microfluidic platform allows a

Fig. 1 Schemes (not to scale) and images of the microdevice. a
Exploded view of the multilayer microfluidic device with the top and
bottom channel and the intermediate porous membrane. b Side view of
the assembled device. Cells are trapped at the microstructured columns
in the top channel, while inducer solution is introduced from below and
reaches the cells via the micropores in the membrane. In the experi-
ments described here, tetracycline is delivered to the trapped cells
inducing the expression of the green fluorescent protein ZsGreenl-
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DR. ¢ Different flow profiles in the bottom channel can be used to
supply the inducer continuously (), in temporal pulses (i7) or spatially
resolved by using multilaminar streams (iif). d Images of the cell traps.
Scanning electron microscopy (SEM) images of the poly(dimethylsi-
loxane) (PDMS) top layer showing the trap array (¢) and an individual
trap (if). The microscope image of the assembled PDMS device with
entrapped cells (the pores of the porous membrane are visible as well)
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further level of temporal and spatial control concerning cell
handling and analyte supply, previously unavailable to cell
biologists, and not achievable on a planar microfluidic device.

On the basis of previous designs [35-37], we improved the
cell handling by implementation of a cell culture chamber with
a trap array in the top channel. Precise cell positioning sim-
plifies the currently semiautomated analysis of the individual
mammalian cells, and will pave the way for fully automated
data analysis in the future. The performance of the microdevice
is demonstrated by studying the expression levels of a fluores-
cent protein (ZsGreen1-DR) in human embryonic kidney cells
(HEK293). In this system the gene expression is inducible (the
inducer is tetracycline) and hence serves as a convenient model
system to demonstrate the potential of the device for spatial
and temporal controlled gene expression.

Material and methods
Reagents

All reagents were used as received if not mentioned other-
wise. Tetracycline (Sigma-Aldrich, Switzerland) was dis-
solved in ethanol p.a. (Scharlab SL, Spain) to a 1 mg/ml
stock solution. DMEM media, MEM media, DMEM media
containing 25 mM HEPES, fetal bovine serum (tetracycline
negative), penicillin—streptomycin (100x), and Dulbecco’s
PBS (1x, without calcium and magnesium) were purchased
from PAA Laboratories (Germany). Blasticidin S HCI and
Zeocin™ (100 mg/ml) were obtained from Invitrogen; Blas-
ticidin S HCI was dissolved in Millipore water to a 5 mg/ml
stock solution. Titriplex® II (EDTA, VWR, Switzerland)
was dissolved in Millipore water to a 0.5 M stock solution
(pH adjusted to 8). Propidium iodide (1 mg/ml) was received
from Sigma-Aldrich (Switzerland). Trypan blue solution
(0.4%) was purchased from ABCR (Germany).

Chip fabrication

The two-layer microfluidic device was prepared from
PDMS (Sylgard 184, Dow Corning, Germany) by casting
both layers from a master form fabricated by standard
microfabrication techniques. Briefly, the photoresist SU-
8 2015 (Microchem, Newton, MA) was spin-coated on a
silicon wafer to a height of 20 um and exposed to ultraviolet
light through a photolithography mask (film mask, JD Photo
Tools, UK) containing the channel patterns. After develop-
ment of the photoresist, the master forms were silanized
overnight under vacuum using 1H,1H,2H,2H-perfluorode-
cyldimethylchlorosilane (ABCR, Germany).

PDMS oligomer and curing agent were thoroughly mixed
in a ratio of 10:1 and the mixture was degassed in a desic-
cator. For the cell trapping channel in the top layer, a frame

was placed onto the master form, filled with the pre-
polymer, and cured at 150 °C for 20 min. After curing,
excess PDMS was removed and access holes for the fluids
were punched using a biopsy puncher (1.5 mm diameter,
Miltex, Switzerland). For the bottom layer the PDMS pre-
polymer was poured onto the master form and fixed with a
24 x40-mm glass slide at about 100 pm height and cured at
150 °C for 3 min. After both layers were cleaned and the
surfaces were exposed to an oxygen plasma (Plasma Clean-
er PDC-32 G, Harrick Plasma, Ithaca, NY), a piece of
polyester membrane (11 pum thickness, 1.2 pm pore size,
1.6x10° pores per cm?, it4ip, Belgium) was placed on top of
the cell trapping structures in the top layer. To ensure complete
sealing between the two layers and the polyester membrane,
tiny drops of uncured PDMS were placed onto the edges of
the membrane. The microchip was assembled by placing
the bottom layer on top such that the main channels of both
layers were perpendicular to each other. The device was
placed onto a hotplate at 100 °C for another 2—5 min to ensure
complete curing of the PDMS drops to seal and completely
bond the assembled chip.

Chip design and operation

The microfluidic device was designed to capture single cells
in parallel. To this end, the cell culture chamber in the top
layer contained traps consisting of three post features
(Fig. 1d). Two smaller posts (10x10 pm in size) were
separated by a 6-um gap from the longer third post (10%
20 um in size) to form a hurdle with a depth of 16 pum to
trap one mammalian cell (approximately 15 um in diame-
ter). Additionally to cell capturing, the hurdles acted as a
support for the large chamber (almost 5 mm in width) in the
top layer that would otherwise collapse due to the low
height (20 pm) and the flexibility of the PDMS. The bottom
channel was 370 pm wide and 20 um high.

Custom-made metal connectors, FEP (fluorinated ethylene
propylene) tubing [outer diameter (OD) 1/16”, inner diameter
(ID) 250 um, BGB Analytik AG, Switzerland] and PEEK
(polyether ether ketone) capillaries (OD 1/32”, ID 50 um and
250 um, respectively, BGB Analytik AG, Switzerland) were
used to connect the MAESFLO pressure flow control system
(Fluigent, France) to the microfluidic device. The 15-ml tubes
containing the reagents were connected to the flow control
system by PEEK capillaries (ID 50 pm). The outgoing capil-
laries (ID 250 wm) were connected to custom-made bubble
traps and finally to the chip via FEP tubing.

Cell modification and cell culturing
Human embryonic kidney cells (HEK293, DSMZ, Ger-

many) were stably transfected with the modified T-REx™
system (Invitrogen, Germany) consisting of two plasmids,
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the inducible expression vector, and the regulatory vector
pcDNAG6/TR. For monitoring the tetracycline-induced gene
expression in the multilayer microfluidic device, the
ZsGreenl-DR gene (Clontech, France), a destabilized vari-
ant of GFP, was inserted into the inducible expression vector
of the T-REx™ system. HEK293 cells were co-transfected
with the regulatory and the inducible expression vector in a
ratio of 6:1 to ensure complete repression of gene expression
without tetracycline. For selection of positive clones 5—
10 pg/ml Blasticidin S HCI and 100-800 pg/ml Zeocin™
were added to the cell culture media. The T-REx™ modified
HEK293 cells were cultured in DMEM low glucose media
containing 10% fetal bovine serum (tetracycline negative),
1% MEM, and 1% penicillin—streptomycin at 37 °C and 7%
CO, atmosphere. For experiments, the cells were harvested
in the same media that additionally contained 25 mM
HEPES buffer, 5 mM EDTA, and 1 pg/ml propidium iodide.
EDTA was added to minimize cell aggregation during trans-
port to the light microscopy laboratory. For the induced gene
expression measurements the media did not contain EDTA.

Cell growth on-chip

The surface of the polyester membrane was hydrophilic and
promoted cell adhesion. To confirm practicability of the mem-
brane for cell handling, T-REx™ modified HEK293 cells
were seeded into the microchip and cell growth was observed
over several days. Tips with media containing 25 mM HEPES
buffer, 0.1 pg/ml tetracycline, and 1 pg/ml propidium iodide
were placed in the inlets of both channel systems. Thus, a low
flow was achieved until the pressure difference between the
empty tips placed in the outlets and the filled tips in the inlets
was too low to cause a flow. The tips were exchanged every
day to ensure the supply of fresh media and the removal of
used one. Tetracycline was added for visualization of healthy
cells and propidium iodide to stain dead cells.

Monitoring of induced gene expression and data evaluation

Fluorescent signals were monitored with an inverted micro-
scope (IX81, Olympus, Switzerland) equipped with a x20
0.45NA Ph LUCPLFLN (long-distance) objective using the
Olympus CellR 3.0.x software. The filter set FITCQ (ex
485/20, beam splitter Quadband 410/504/582/669, em 531/
22) was used for ZsGreenl-DR protein expression and
TRITCQ (ex 560/25, beam splitter Quadband 410/504/
582/669, em 624/40) for dead cell staining. Images were
recorded every 10 min with a digital camera (Orca ER,
Hamamatsu, Switzerland) at an exposure time of 40 ms.
To maintain relative fluorescence intensities the data were
processed using Image] 1.43 g software (NIH, USA). Only
single cells that showed a positive response (detectable in-
crease of fluorescence intensity) after 15 h were considered.
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Circular regions of interest of the size of the particular cell, i.e.,
diameters of about 15 pm, were manually defined in the bright
field images to determine the mean value of the fluorescence
intensity of individual cells. Afterwards, these mean values
were normalized to the starting value.

Results and discussion
Device operation and characterization
Chip operation

Directly after assembly, the chip was quickly prefilled with
deionized water to maintain the hydrophilicity of the
plasma-activated PDMS surface. Moreover, the filling pro-
cess by centrifugation prevented the formation of air bub-
bles otherwise induced during priming of the chip. Later
introduction of air bubbles was avoided by implementing
custom-made bubble traps in the tubing that delivered media
and reagents, respectively (Electronic Supplementary Mate-
rial Fig. S1). The chips were used directly after preparation,
without any further surface treatment.

Shortly before starting the experiment the cells were
harvested at a concentration of 1.5x10° cells/ml and fil-
trated using a 20-um nylon mesh (Celltrics®, LabForce
AG, Switzerland) to minimize cell aggregation. Between
10 and 20 pl of the cell suspension was injected into the
top layer of the device at flow rates between 0.5 and 1 pl/
min. After 2-5 min about 40% of the 450 traps in the
crossing section of the top and the bottom channel were
occupied with one cell, 27% with several cells, and 33%
remained empty (Fig. 1d). Remaining cells were washed out
using flow rates up to 7.7 ul/min. A longer supply time of
the cell suspension resulted in higher trapping numbers, but
double or triple occupancy of single traps was increased.
Furthermore, we found increased cell settling at positions
where no cell trap was implemented. During the experi-
ments, slow flow rates between 0.2 and 0.35 pl/min in the
top layer and 0.35-0.5 pl/min in the bottom layer were
applied. Higher flow rates resulted in loss of the trapped
cells.

Cell growth and viability on-chip

To verify the compatibility of the device for living cell
studies, the cell growth of the modified HEK293 cells was
observed over 6 days in the microfluidic device (Electronic
Supplementary Material Fig. S2). The cells adhered visibly
on the membrane after about 1 day and showed morpholo-
gies and growth rates similar to those in a culture plate,
proving that the microdevice does not significantly compro-
mise cell viability and can be employed for long-term studies.
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In the following studies we typically performed measure-
ments over 15 h, i.e., the cells were not yet adhered and still
exhibited a round-shaped morphology. The cell viability
during gene expression studies was always determined be-
fore and after finishing the experiments by dead cell staining
(propidium iodide). Bright field and fluorescence images
were taken directly before and after the experiments to
ensure that dead cells were not included in the data analysis
(Electronic Supplementary Material Fig. S3). We found only
a few dead cells and the average cell survival rate during the
experiments was high (approximately 96%).

Monitoring of induced gene expression

The microdevice facilitates systematic studies of the depen-
dence of gene expression on (i) inducer concentration and
(i1) exposure time. Furthermore, it has the potential to study
concentration gradients of inducer on a single chip (iii). By
use of this bilayer microfluidic device the flow patterns of
the inducer can be individually controlled, i.e., completely
independent of the supply of media. The different modes of
inducer supply are presented in the following sections. They
were realized by the supply of buffer and tetracycline sol-
utions through the different input channels in the bottom
layer and by changing the flow rates of each channel sepa-
rately (Fig. 1c). In all cases, tetracycline was transported to
the crossing section between the bottom and the top layer. It
reached the top channel across the porous membrane and
hence diffused into the trapped cells. A higher flow rate in
the bottom channel compared with that in the top one caused
a slow flow of the tetracycline solution from the bottom to
the top channel, where the solution was removed to the
outlet. Figure S4 and the movie (both Electronic Supple-
mentary Material) illustrate the transport and diffusion of
molecules from the bottom to the top channel to introduce or
remove the inducer.

In this study we used the commercially available T-
RExX™ gene expression system that consists of two vectors,
a pcDNAG6/TR and an inducible gene expression vector. The
pcDNAG/TR plasmid expressed high levels of the tetracycline
repressor, which formed homodimers. Two homodimers
bound with an association constant (K,)of 2x10"" M ! to
two tetracycline operator sequences on the inducible express-
ing vector resulting in the repression of the transcription of its
gene of interest. Upon addition, tetracycline was taken up by
the cells and bound with a K, of 3x10° M to the tetracycline
repressor. This caused a conformational change that resulted
in the release of the homodimers from the operator sequences
and hence gene expression was induced [38, 39]. The gene of
interest in this work encoded the ZsGreenl-DR protein, a
destabilized variant of the green fluorescent protein that could
be monitored online [40]. Hence, the increase in fluorescence
over time could be conveniently attributed to the level of

ZsGreenl-DR expression. The emerging fluorescence was
clearly visible after a few hours in about 40% of the cells.
The further increase in the fluorescence intensity was moni-
tored for up to 15 h. Only cells that remained in the cell traps
over the full period of time and expressed the ZsGreenl-DR
protein were analyzed. Cells that moved and escaped from the
trap during the experimental time were neglected.

Gene expression: inducer concentration dependency

First, the expression of ZsGreenl-DR was observed over
time and for various tetracycline concentrations ranging
from 0.05 to 20 pg/ml. Cells were introduced into the
microdevice and trapped at the designated positions. After-
wards, the inducer tetracycline was constantly supplied
(Fig. lc-i) at a flow rate of 0.35 pul/min via the bottom
channel and the increase in fluorescence intensity was mea-
sured for each cell. Data were obtained from at least two
different microdevices. The chip-to-chip variability was
low, i.e., the efficiencies of single cell trapping and of gene
expression induction did not significantly differ (»p>0.1 in
one-way analysis of variance test, ANOVA).

Figure 2a shows representative curves of normalized
fluorescence intensity of individual cells over time after
induction with 1 pg/ml tetracycline. The fluctuations of
the curves can be attributed to instabilities in flow, instabil-
ities of the autofocusing module, and fluctuations of the
excitation lamp. Typically, the fluorescence increase started
between 2.5 and 4 h after the initial supply of the inducer,
reflecting the time required for tetracycline uptake until it
reveals its efficacy on the genetic level as well as the time
required for protein expression and folding. While we ex-
pect the uptake to be very fast [41], the formation of fluo-
rescent GFP takes typically hours [42]. In general, we
observed a large heterogeneity of fluorescence intensity,
which further broadened over time, as illustrated in the
histograms in Fig. 2b.

Measurements of gene expression were performed using
different tetracycline concentrations and the results are sum-
marized in the box plots in Fig. 3a—c. Higher tetracycline
concentrations resulted in an earlier and stronger increase in
fluorescence with large cell-to-cell differences over time,
whereas lower tetracycline concentrations caused a delayed
and weaker expression of the fluorescent protein. Without
addition of tetracycline, no increase in fluorescence could be
observed. On the basis of these single cell measurements,
we could derive the dose—response curve of tetracycline for
the induced gene expression in modified HEK293 cells
(Fig. 3d). At 5 h and 10 h the curves showed a linear
dependence on the inducer concentration. In contrast, the
curve for 15 h resulted in a saturation of the induced gene
expression, i.e., the amount of tetracycline within the cells
was sufficiently high to prevent binding of the repressor
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Fig. 2 Increase of normalized fluorescence intensity over time
obtained for single trapped cells after continuous supply of the inducer
via the bottom channel of the two-layer microfluidic device. The
fluorescence intensity corresponds to the level of the green fluorescent
protein ZsGreenl-DR. Representative data are given for a tetracycline

homodimers to the promoter of the inducible gene expres-
sion vector. Under this condition, the gene expression of
ZsGreenl-DR was independent of the inducer. Tetracycline
concentrations below 0.1 pg/ml did not result in a measurable
expression, whereas for a high concentration of 20 pg/ml, the
expression levels were reduced compared with those at the
10 pg/ml concentration. The reduced expression was most

Normalized Fluorescence Intensity [a.u.]

concentration of 1 pg/ml. a Selection of raw data traces for individual,
positively responding cells. The increase in fluorescence could be
observed about 3 h after tetracycline supply. b Histograms presenting
the distribution of the normalized fluorescence intensity after different
times

likely a consequence of the toxicity of the tetracycline solution
in high concentrations. This assumption was confirmed by
growth studies on a culture plate and fluorescence activated
cell sorting (FACS) analysis for high tetracycline concentra-
tions where the cells showed reduced growth rates and abnor-
mal morphologies (Electronic Supplementary Material
Figs. S5 and S6).

Tetracycline concentration [ug/ml]

Fig. 3 Gene expression after continuous induction. a—c¢ Distributions
of normalized fluorescence intensities of single cells for several tetra-
cycline concentrations at three different times. About 140 single cells
from at least two different experiments were analyzed. a 5h, b 10 h, ¢
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15 h. Higher inducer concentrations resulted in an earlier and stronger
increase of fluorescence with large cell-to-cell differences over time. d
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Fig. 4 Transient exposure of the cells to tetracycline. Single tetracy-
cline pulses of 1 min (circles) or 10 min (squares) were supplied to the
cells. The production of the fluorescent protein was initiated, but at a
lower level compared with that of the continuous induction (triangles).
The inset depicts the flow pattern in the bottom channel

The results described above indicate that dose—response
curves of the inducer could be determined reliably and con-
veniently on the single cell level in the two-layer micro-
fluidic device. We could determine general dependencies of
inducer concentration on the expression level of the fluores-
cent proteins. Most importantly, we could reveal heteroge-
neous behavior of the investigated cells. Interestingly, we
frequently observed a small number of cells with fast emerg-
ing fluorescence and with high final fluorescence intensities,
i.e.,, these cells expressed extremely large amounts of
ZsGreenl-DR. In contrast, other cells were producing no or
low levels of ZsGreenl-DR, although we confirmed that
they were viable. This large heterogeneity of ZsGreenl-DR
levels in the same cell culture could have different origins.
We presume two major reasons: different transfection levels
of the two plasmids of the gene expression system in indi-
vidual cells, and/or the loss of plasmids during cell prolifer-
ation. Consequently, the very bright cells could be attributed
to cells with high plasmid numbers. Furthermore, differences
in the current state of cell cycles could be another reason for
the observed heterogeneities. However, it was beyond this
study to fully understand the details of the mechanism.
Nevertheless, the experiments described here demonstrate
the versatility of the device for such studies on single cell
response.

Gene expression: transient induction

Short-term exposure of cell-stimulating compounds could
help to elucidate kinetic constants of the mechanisms as well
as compound thresholds required to provoke a cell response.
On this microfluidic platform transient induction could be

casily realized by variation of the flow rates in the bottom
input channels that were connected to tetracycline and buff-
er solution. To deliver tetracycline solution only (Fig. 1c-ii),
the buffer flow was stopped either manually or triggered by
the software of the pressure-driven pumps for periods be-
tween 1 and 10 min. Alternating flows of buffer and tetra-
cycline were generated with flow rates of 0.35 pl/min in the
bottom channel, while the flow of medium was constant in
the top channel.

After switching the flows, it took less than 1 s until
tetracycline reached the cells. The same time was required
to wash out the tetracycline solution when only buffer flow
was supplied. Figure 4 shows the normalized fluorescence
intensities over time for pulses of 10 min and 1 min (tetra-
cycline concentration was 10 pg/ml) compared to a con-
tinuous induction. The cell response to the transient
induction concerning the amount of expressed ZsGreenl-
DR protein was clearly lower compared with that of contin-
uous induction at the same concentration. The reduced
expression of ZsGreenl-DR indicated that the repressor
homodimers were expressed constantly (as expected). The
tetracycline molecules were taken up and then bound to the
repressor homodimers allowing transient ZsGreenl-DR ex-
pression. However, the blocking sites were reoccupied by
the freshly produced repressor homodimers that prevented
further ZsGreenl-DR expression. Additionally, it is assumed
that tetracycline was removed out of the cells by multiple
drug resistance proteins [43].

1.35 ]l 0.1 ug/ml tetracycline
1 10 ug/ml tetracycline

Normalized Fluorescence Intensity [a.u.]

5 10 15
Time [hours]

Fig. 5 Spatially resolved induction of gene expression. Different con-
centrations of tetracycline were delivered to different areas of the cell
trapping chamber at the same time. The inset depicts the flow pattern in
the bottom channel. The three co-flowing streams (left to right)
contained 0.1, 0, and 10 pg/ml tetracycline, respectively. Expression
of the fluorescent protein was initiated at regions where tetracycline
reached the cells. The increase in fluorescence corresponds to the
different tetracycline concentrations applied, i.e., cells exposed to
0.1 pg/ml expressed less ZsGreenl-DR protein over time than cells
exposed to 10 pg/ml
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Gene expression: concentration gradient of inducer

Finally, the microdevice was applied to systematic studies of
inducer concentrations in parallel on a single device
(Fig. lc-iii). Here, the various solutions were supplied
through the different input channels of the bottom channel
at the same time. As a proof of concept, two tetracycline
concentrations (0.1 and 10 pg/ml) were simultaneously
supplied to the cells, separated by a stream of buffer (all
flow rates 0.35 pl/min). In this configuration, 1/3 of the cells
were exposed to the low tetracycline concentration, 1/3 to
the high tetracycline concentration, and 1/3 to buffer only.
As expected, the data resulted in different fluorescence
traces (data not shown) and final protein levels, thereby
reflecting the inducer concentration that initiated the fluo-
rescence increase (Fig. 5).

By applying concentration gradients of the inducer, one
could analyze the influence of different stress factors, e.g.
toxins, on the T-REx™ system in further studies.

Conclusions

We have developed a two-layer microdevice that ena-
bles independent regulation of flow patterns for cell
handling and cell stimulation. It allowed monitoring of
induced gene expression on the single cell level with
transient and spatially resolved induction, which is dif-
ficult to achieve on planar platforms. However, this is
of particular interest for studies on single cell response,
because it allows mechanistic studies, e.g., to elucidate
the role of exposure times of compounds. Additionally,
this  microfluidic  platform overcame difficulties
concerning shear stress effects induced in other planar
microdevices during necessary chip operation such as
flow switching. The applicability of the two-layer
microdevice for living cell studies was demonstrated
by monitoring the tetracycline-induced gene expression
in individual cells. Different aspects of induced gene
expression, i.e., (i) inducer concentration dependency,
(i1) transient induction, or (iii) parallel supply of differ-
ent inducer concentrations, could be achieved by using
different flow profiles for the analyte supply. We believe
that this microfluidic platform will be of general interest
for applications in systems biology, pharmacy, or bio-
technology, in which the effect of perturbations on cells,
induced by small molecules, are investigated. In partic-
ular, the microdevice is useful for long-term investiga-
tions, where slow processes are observed, as well as
time-resolved stimulations, where the cells are exposed
to only short pulses of a chemical inducer. Our future
work will focus on the improvement of the cell trap
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designs and the automation of data acquisition and
analysis to study larger cell numbers in parallel.
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