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ABSTRACT: Cell-based assays play a critical role in discovery
of new drugs and facilitating research in cancer, immunology,
and stem cells. Conventionally, they are performed in Petri
dishes, tubes, or well plates, using milliliters of reagents and
thousands of cells to obtain one data point. Here, we are
introducing a new platform to realize cell-based assay capable
of increased throughput and greater sensitivity with a limited
number of cells. We integrated an array of open-well
microchambers into a gradient generation system. Conse-
quently, cell-based dose responses were examined with a single
device. We measured ICs, values of three cytotoxic chemicals,
Triton X-100, H,0,, and cadmium chloride, as model
compounds. The present system is highly suitable for the
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discovery of new drugs and studying the effect of chemicals on cell viability or mortality with limited samples and cells.

he development of a new drug requires selection of drug

candidates, preclinical tests, and clinical trials." In the
selection process or the target molecule discovery step,
potential drug targets to a disease are identified® and banks
of drug candidates are tested,”® resulting in lead compounds.®’
During the course of identifying the lead compound, cell-based
dose responses or the half-maximal inhibitory concentrations
(ICs,) of target molecules are essential”®*~'° to bridge the gaps
between molecular assays and animal tests.'!

Conventionally, to measure cellular ICg,, target cells are
cultured in vitro and exposed to a wide range of concentrations
of the candidate in a linear or logarithmic dilution series'” to
confirm the effect of the different concentrations on the cellular
growth and function.® For this purpose, thousands of cells
from target organs are cultured and treated with various
chemicals in Petri dishes, flasks, or well plates14 by consuming
milliliters of reagents. Then a dose—resllaonse curve is plotted
from which the ICj, value is determined.'>"*'> Obviously, with
this method, it is hard to conduct parallel experiments,
especially with rare and 6preci0us samples. As an alternative,
96-well plates are used.'® Although this method reduces the
volume of reagents for each test down to submilliliters, it still
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requires relatively large amounts of samples. For more efficient
drug development with less volume of reagents, microfluidic
systems have been reported,'”” and particularly for ICj,
experiments, a cellular microarray is introduced to host
thousands of tests in one experiment.18 However, to minimize
potential cross-contamination across the cells and the target
molecules, acute sandwiching of two slides for a cell plate is
required.” Recently, trials to measure ICs, on a fluidic format

. 120-22
have been examined

with a limited concentration gradient,
0—50 uM, through continuous supply of reagents over 12
chambers. In this case, shear stress to cells from the flow could
influence ICy, values.”*** In addition, cells are likely to get
damaged during the introduction step because they must travel
through microchannels. Tubeless microfluidic systems using a
passive pumping method”® have been used to minimize cell
damages and control shear stress on adherent cells.”® Despite
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Figure 1. System outline and step-by-step processes of cell handling. (a) Three-dimensional schematic representation of the system. The fluidic
channels and the wells are colored in blue. The control channels are colored in pink. Inlets for culture medium (CM), inhibitors at different
concentrations (1, 2, and 3), fibronectin, and cells are indicated. Close-ups show the cell culture system and the gradient generation system. (b)
Actual picture of the present system. Channels and wells are filled with food dyes of red, orange, yellow, blue, sky blue, and green on the basis of the
functionality. (c) Step-by-step processes of the cell handling. (i) The bottom surfaces of the wells are coated with fibronectin. (ii) Then cells are
introduced to the microwells. (iii) Through the gradient formers, chemicals of interest are introduced into the wells, (iv) followed by live/dead cell

imaging.

these advantages,”’ they require precise sample handling by
laborious pipetting or large automated liquid handlers.””

We report cell culture and cytotoxicity assays in nanoliter-
scale microchambers through a novel integration of our log-
scale gradient generators (GGs)**™*° and open-well micro-
structures. This integration also enables direct introduction of
cells from the top of the open wells, resulting in faster and more
homogeneous distribution of cells.

B MATERIALS AND METHODS

Chip Design and Fabrication. The microfluidic chip has
three GGs, and each GG is composed of four processors as
shown in Figure la. Every GG unit is divided into a metering
section, a mixing section, and a cell culture section. All these
sections are separated with a pneumatic microvalve. The
dilution ratio of the inhibitor is determined by the ratio of the
lengths of the metering channel of each processor. The detailed
design and configuration of the chip is depicted in the
Supporting Information, Figure S1. The flow channels are 100
um wide and 20 + 0.5 ym high. The width of the control
channels is 50 ym except for the valve areas. For shutoft valves
and mixing valves, the width is typically 200 gm. We fabricated
the chip with standard multilayer soft lithography methods
following detailed conditions used in our previous studies”® >
and by others.**7%¢

Gradient Formation. To generate a concentration gradient
over the 14 microchambers, we borrowed the chip design and
the operation steps as described in our previous paper.’* In
each GG, final concentrations of 75%, 50%, 25%, and 10% of
the originally introduced solution concentration can be
generated (Supporting Information, Figure S1). If we
introduce, for example, 10X inhibitor and 1X working buffer
to a GG, we can create concentration points of 1X, 2.5X, 5X,
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and 7.5X. Likewise, if we feed 10X inhibitor to the first GG
(GG1), 100X to GG2, and then 1000X to GG3, the effective
concentrations will be 1X, 2.5%, 5%, 7.5%X, 10X, 25X, 50X, 75X,
100X, 250X, 500X, and 750X, including 0 negative control and
1000X for the positive control. The diluted chemicals in the
GGs are pushed, then, to the microwell chambers, resulting in
further dilution of the solutions.

To confirm the generation of a logarithmically increased
concentration gradient in the microwell chambers, we
introduced carboxyfluorescein (FAM) into the three GGs at
initial concentrations of 1, 10, and 100 yuM. We then pushed
the solutions from the metering section into the mixing section,
where peristaltic mixing of the metered FAM solutions
occurred with distilled water. Finally, the mixed and diluted
fluorescent molecules were delivered into the wells, resulting in
100-fold-diluted FAM. We measured the fluorescence intensity
in each well with a modified biochip scanner (arrayWoRsx,
Applied Precision, Issaquah, WA). The experiment was
repeated three times with three different chips.

Device Operation. The step-by-step operation includes
surface treatment of the microwells, introduction of the cells,
culture of the cells with the inhibitor, and live/dead cell assay
(Figure 1c (i—iv) and Supporting Information, Figures $2—S4).
Although the operation for one cell chamber is described, all
fourteen processors are operated simultaneously.

Surface Treatment and Introduction of Cells. A solution of
50 pg of fibronectin (Invitrogen, Grand Island, NY) in 1 mL of
PBS (Sigma, St. Louis, MO) was used to coat the surfaces of
the microwells through the “fibronectin channel” (see the
Supporting Information, Figure S1, for valve and channel
positions and names) followed by overnight incubation at 37
°C. After incubation, the solution of fibronectin was removed
from the microwells and cells were introduced. To prevent
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formation of air bubbles during the introduction of the solution,
the device was first degassed in a 75 mmHg vacuum pump for 2
h prior to the introduction of the solution.

Cell Culture and Cytotoxicity Tests. NIH/3T3 cells
(American Type Culture Collection (ATCC), Manassas, VA)
were cultured in 25 cm?® flasks (VWR, Radnor, PA) in
Dulbecco’s modified Eagle’s medium (DMEM; ATCC)
complemented with 10% calf serum (ATCC) and 1%
antibiotic/antimycotic (Invitrogen). Cells were grown in a
humidified incubator at 37 °C and supplemented with 5% CO,.
The culture medium was changed every two days. The cells
were subcultured when reaching 50—75% confluence.

For on-chip experiments, we autoclaved the device to
sterilize the microchambers (45 min, 121 °C). Cells were
washed twice with PBS, detached with warm 0.25% trypsin/
EDTA solution (Invitrogen), counted, and resuspended in 1
mL of DMEM culture medium, making the final cell
concentration ~2 X 10° cells/mL. For each microwell, we
introduced cells manually from the top of the microwell with a
275—300 pm diameter pipet tip (Bio-Rad, Hercules, CA). For
each microwell a different tip was used. After cell introduction
into the 14 microwells, we closed the surrounding valves and
put the whole chip in a humidified incubator (37 °C, 5% CO,).
After 2 h, inhibitors at different concentrations were introduced
into the microwells.

Live/Dead Cell Assay. After 24 h of exposure to the
inhibitor, we replaced the culture medium with fresh medium
that contained calcein AM (1S uM; Sigma-Aldrich, St. Louis,
MO), for live cell staining, and propidium iodide (1.5 uM;
Invitrogen), for dead cell staining. Cells were then incubated for
20 min and visualized under a fluorescent microscope with a
10X objective lens. We counted dead and live cells and
determined the cell viability in each well.

Off-Chip Cell Cytotoxicity. For off-chip cytotoxicity,
experiments were done in 96-well plates. Cells were washed
twice with PBS and detached with warm 0.25% trypsin/EDTA
solution (Invitrogen). We counted the cells and resuspended
them in 1 mL of DMEM culture medium at a concentration of
S X 10* cells/mL. We introduced 100 L of cell suspension to
each well. After cell attachment and spreading, we replaced the
culture medium with 100 pL of inhibitor solution composed of
culture medium. Different concentrations of inhibitors CdCl,,
H,0,, and Triton X-100 were provided. After 24 h of culture,
100 uL of culture medium, calcein AM (15 uM final
concentration) and propidium iodide (1.5 yM final concen-
tration), was added into the wells. For each well, we took
pictures and the viability was calculated.

Statistical Analysis. ICy, values were determined through
curve-fitting of the four-parameter nonlinear-logistic-regression
model based on the obtained inhibition data. In the present
work, we used the following four-parameter model:*>>

I .—1

max min

I=1 1+ lo(log(lcsa)_[l])h

where [I] represents the concentration of inhibitor, I designates
the inhibiting potency (%), including the minimum (I, %)
and maximum (I, %), and h is the Hill coefficient or Hill
slope, which represents the steepness of the dose—response

plot.
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B RESULTS AND DISCUSSION

Chip for Systematic Cell Assay. The microwell chamber
designed for conducting the cell-based assay is a characteristic
feature of our device. The majority of existing cell culture
microdevices use complex channel networks and cell arresters,
which could constrain the proper growth of cells and cause
damage due to shear stress to the cells. To avoid these
problems of existing approaches, we envisioned open microwell
chambers. Although open microchambers have previously been
described,*®™*° this is, to our knowledge, the first time that such
structures have been used for long-term culture of cells in a
microscale batch system. We found that open microwell
chambers were simple and effective ways to provide adequate
amounts of medium for long-term cell culture compared to the
continuous-flow-based fluidic system,”** which consumes up
to several milliliters of samples. Our system requires only
nanoliters of samples with a limited number of cells, ~100—150
cells per microwell (Table 1). Each microwell chamber contains

Table 1. Comparison of the Present System and Existing
Continuous-Flow-Based Systems for Cell-Based Assay

present open-well
microfluidic system

existing continuous-flow
. s 21,22
microfluidic systems

number of cells ~1400-2100 ~3600—80000
(per chip)

throughput 14x1 10 X Sor 12 X 1
(per chip)

flow rate NA 1.3—30 uL/h

sample volume ~14 uL 300 pL to 1 mL

a reaction volume of approximately 900 nL, providing enough
glucose to culture hundreds of cells for several days of the
experiment. The microwell chambers for cell introduction and
culture are connected to 14 parallel processors (Figure 1 and
Supporting Information, Figure S1).

One critical advantage of the present system is that the cells
are directly introduced from the top of the open wells. One of
the crucial yet difficult steps to harbor cells into microchannels
or microchambers is the reliable and reproducible introduction
of cells into the loci. Typically, for this, the cells should land,
anchor, spread, and proliferatezo’41 inside the microwell.
Although mechanical trapping of the cells has been greviously
described to immobilize cells in microchambers,”™* such
methods are poorly suited for mammalian cells because of the
potential damage of cells caused by mechanical stresses.
Instead, in our device, we introduced the cells into the wells
from the top opening. In addition, we could not observe any
hampered cell growth that is commonly observed when cells
are maintained in microchambers or microchannels.***’
Through the direct introduction, we confirmed a homogeneous
distribution of cells across the microchambers (coefficient of
variation (CV) of 14 + §). On the other hand, when the cells
were introduced through microchannels, the cell distribution
was random (CV = 44 + 11). We also observed high viability,
~97%, through the direct introduction, whereas the viability
was low, ~45%, when the cells were introduced through the
microchannels (Figure 2a). We assume that, through direct
introduction of cells, the viability was increased owing to the
short travel time with the reduced potential damage of cells.
The simplicity of our system and the methodology is greatly
advantageous compared to that of the existing cell introduction
techniques.**~>° Previously, cell distribution had unintended
cell settlement and undesirable cell attachment outside the
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Figure 2. (a) Distribution and viability of cells with direct introduction
from the top of the well (upper graph) and introduction through
microchannels (bottom). (b) Effect of fibronectin treatment on cell
attachment. Yellow arrows indicate adherent cells with surface
treatment, while white arrows indicate nonadherent cells without the
surface treatment. The scale bar represents 200 um. (c) Efficiency of
mixing with the perilstaltic micromixer. (d) Log—log scale standard
curve of fluorescein with the scanned image of FAM gradients in the
wells.

areas of interest for cell deposition.*"** However, in the present
system, cells settled down to the bottom surfaces of the
chambers, where they were sequestered with surface treatments
for further cytotoxicity tests (Figure 2b).

To characterize the mixing efficiency of the inhibitor and cell
culture medium inside the microwell chambers, we introduced
color dyes from the mixer into the microwells and measured
the light intensity of the dyes over the chamber area. We
observed more than 50% mixing during the introduction of the
solution into the microwell followed by more than 80% mixing
within the next 15 min (Figure 2c). As this paper is an
adaptation of the existing gradient former”>*° on open wells for
cytotoxicity tests, we checked that the concentration gradient in
the dilution network was effectively realized in the open-well
microchambers. We generated a concentration gradient of
FAM from 0.01 to 1.00 uM in the 14 microwells and measured
their fluorescence intensities. The standard curve, as presented
in Figure 2d, shows a linear relationship between the
concentration of FAM and the fluorescence intensity.

On-Chip Cytotoxicity Measurement and ICs, Deter-
mination. To perform cell-based cytotoxicity tests in the
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present chip, we measured IC;, values from a single experiment
repeated three times. After 24 h of cell culture on chip with
Triton X-100, H,0, or CdCl, at different concentrations
(summarized in Table S1, Supporting Information), 3T3
fibroblasts were stained with calcein AM for live cells and
propidium iodide (PI) for dead cells. As shown in Figure 3, the
viability of cells against Triton X-100 remained above 95%
when the surfactant concentration was below 50 pg/mL. Then
a drastic decrease was observed with an increase of the Triton
X-100 concentration between 100 and 150 pg/mL. When the
concentration was higher than 500 pg/mL, we could not detect
any live cells. For H,0,, cell viability was about 80% when the
concentration was lower than 042 mM. The viability was
further decreased to lower than 1% when the concentration was
increased above 8.44 mM. We observed similar responses with
CdCl,. When CdCl, concentrations were below 0.01 mM, the
cell viability was about 75%. Above 0.25 mM CdCl,, viability
was less than 5%. To determine the ICj, values, live and dead
cells were counted and the viability in each well that had a
different concentration of a chemical was converted to a relative
viability. Then we plotted dose—response curves as functions of
log-scale inhibitor concentrations. To validate our system, the
values observed on the chip were compared with those
obtained with conventional off-chip experiments, as summar-
ized in Table 2. We believe the strong similarity between the
on-chip results and the conventional plate-based off-chip results
suggests our systems could replace conventional cell experi-
ments. The present microfluidic device and related method-
ology provide a reliable platform for conducting cytotoxicity
evaluations and the determination of ICy, values of inhibitors
with the automation of sample metering, gradient generation,
mixing, cell culture, incubation, and optical detection.

Our microfluidic device can also be used for cellular dose—
response analysis and the determination of other cytotoxicity
parameters, such as the half-maximal effective concentration, or
EC;, and the median lethal concentration, or LCy, where a
wide and logarithmic scale concentration gradient is required.
The present device directly holds the capability of investigating
the impact of heavy metals, cosmetic agents, pesticides, cleaning
agents, nanoparticles, and environmental pollutants on cells.
Moreover, less or moderate toxic compounds could be
examined in the present system. In this case, one would need
a longer exposure time, or an adjustment in the number of cells
to pick up events that happen only to a small number of cells
due to the less cytotoxic chemicals. In addition, we designed
our system to observe the cells directly and change a solution in
a well easily. This makes it suitable to investigate other
mechanisms of toxicity, apoptosis and cell proliferation, or the
physiological state of the cells as a function of different
concentrations of soluble factors such as growth factors or

cytokines.
B CONCLUSIONS

In conclusion, we demonstrated a new method of determining
cell-based ICg, values by using an integrated microfluidic chip
consisting of a gradient generation unit and microwell
chambers for cell harboring. We showed that the cell-based
assays could be performed by using about 100—150 cells and
nanoliter-scale inhibitors on the present system. We success-
fully determined ICs, values of three cytotoxic molecules,
Triton X-100, H,O,, and CdCl,, on NIH/3T3 fibroblast cells
from the corresponding logistic dose—response plots of each
inhibitor with single on-chip experiments. Our proposed system
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Figure 3. Images of cells from the 14 different open-well microchambers that are integrated to the gradient former. Trion X-100, hydrogen peroxide
(H,0,), and cadmium chloride (CdCl,) on the NIH/3T3 cell culture were examined. Live cells are stained in green and dead cells in red. The white
dotted circle represents the top boundary of each well. The scale bar represents 200 gm. The viability and mortality of the cells in each well are
summarized below the pictures. The dose—response curves of each chemical are indicated on the right. Black circles indicate on-chip results and

open circles off-chip results.

Table 2. ICy, Values of Triton X-100, Hydrogen Peroxide,
and Cadmium Chloride”

references
other
on chip off chip NIH/3T3 cells
Triton X-100 (ug/mL) 120 £ 10 100 + 0 NA 34°
H,0, (mM) 15+02 1.5+02 NA 0.1—-6°
cdcl, (uM) 79 +13 8011 NA 154

“NA = Not available on NIH/3T3. Results are represented as the
mean + SD of three independent experiments (n = 3). *On human
fibroblasts.> “On human skin fibroblasts.>*** “9On BALB/3T3
fibroblasts.*®*!

is potentially useful for the screening of small molecules on
other kinds of cells and observing their effects on cell behaviors.
The on-chip ICs, values were in close proximity to the ICg,
values obtained by using 96-well-plate-based conventional
methodology. In the area of drug discovery, the present system
and methodology could be used to exploit potential new drug
candidates quickly and accurately on specific cancer cells,
yeasts, or bacterial cells.
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