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¢ Abstract
We investigated multiple microscale cell culture analog (4tCCA) assays in situ with a
high-throughput imaging system that provides quantitative, nondestructive, and real-
time data on cell viability. Since samples do not move between measurements, captured
images allow accurate time-course measurements of cell population response and track-
ing the fate of each cell type on a quantitative basis. The optical system was evaluated
by measuring the short-term response to ethanol exposure and long-term growth of
drug-resistant tumor cell lines with simultaneous samples. The optical system based on
epi-fluorescent excitation consists of an LED and a CCD as well as discrete optical com-
ponents for imaging a large number of cells simultaneously. HepG2/C3A and MESSA
cell lines were cultured in two uCCA systems for continuous cell status monitoring in
cell death experiments with ethanol and long-term cell growth. The experiment that
tested ethanol uptake showed that ethanol immediately caused cell death. The system
was applied to extracting dynamic constants in the uptake process. In the long-term
cell growth experiment, growth of MESSA cells was followed by a stationary phase and
eventual cell death attributed to nutrient and oxygen depletion and a change in the pH
because of the accumulation of wastes by cell metabolism. HepG2/C3A cells were sub-
ject to contact inhibition and cell number did not change significantly over time. Issues
related to long-term assays are also discussed. The quantitative results have been
consistent with qualitative images and confirm the applicability of the portable optical
system, and potential application to high-throughput analysis of cell-based assays to

measure long—term dynamics. © 2007 International Society for Analytical Cytology
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A cell culture analog (CCA) device is a cell-based assay using interconnected compart-
ments with different cell type and can be used to evaluate toxicity and efficacy of vari-
ous pharmacological agents (1). Using the well-established semiconductor microfabri-
cation technology, a microscale cell culture analog (tCCA) is fabricated from a silicon
wafer. It consists of separate chambers for representing key organs in the human body,
which are connected by microfluidic channels. The sizes of chambers and channels are
designed so that they give similar residence times and liquid-to-cell ratios to the physi-
ological values in the human body. A uCCA system has an advantage that it can mimic
animal tissue dimensions more realistically than larger tissue culture vessels. This tech-
nology has been previously shown to replicate toxicological events that are undetect-
able using ordinary in vitro experiments (2,3). Microfluidic-based cell chips such as the
UCCA presented in this paper are expected to provide a tool to decrease the time and
cost of the drug discovery process especially in the phase prior to animal tests, because
of its potential for high-throughput screening (4-6).

Typical viability tests on a uCCA chip, similar to those on other types of cell-
based assays, are performed with conventional epi-fluorescence microscopy. After
running a toxicological test for 24 or 48 h, cells are stained with appropriate dyes.
Fluorescence images are then acquired with a standard fluorescence microscope. For
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live cells, fluorescence dyes that can track live cells without sig-
nificantly affecting cell metabolism can be employed. Further-
more, there have been growing interests in inducible
fluorescent gene products such as green fluorescent protein
(GFP) (7-9). By counting the number of cells that are viable
in a given field of view, one can determine the efficacy of a
chemotherapeutic or similar drug in vitro.

In this procedure, however, the location on the chip
where an image is taken differs for each image, which can
cause substantial statistical variance and possibly influence the
overall conclusion of a study. While multiple assay samples
can be simultaneously tested to reduce the statistical variation,
the deviation can remain considerable. In addition, obtained
information about the cell status during an experiment is lim-
ited, because of the difficulties of making measurements mul-
tiple times without disconnecting the microfluidic system
from a separate pump.

An incubating chamber with an optical window for live
cell imaging may resolve these issues, for it may be made com-
pact enough to fit into a standard microscope and contain an
assay for in situ measurement. A microscope is sometimes
integrated to enclose an incubating chamber. A good example
is Ultraview™ of Perkin Elmer that is a confocal microscope
mechanically integrated with an incubator (10). However, use
of an incubating chamber, in addition to significantly increased
hardware costs, is inappropriate for high-throughput analysis of
a large number of uCCAs, because an incubating chamber can
house only a limited number of sample assays.

Our approach to tackle these issues is to develop a porta-
ble fluorescence-based optical microscope system and to per-
form in situ fluorescence measurements inside a standard in-
cubator to investigate cellular response to a chemical. Since
samples do not have to move between measurements, cap-
tured images allow more accurate time-course measurements
of cell population response and, by doing so, tracking the fate
of each cell type on a quantitative basis. Furthermore, cell via-
bility is less affected by the movement itself. The system con-
sists of discrete optical components such as lenses, beam split-
ters, and filters for optimal imaging performance and can be
adjusted flexibly for high-throughput analysis with reduced
alignment issues. The system was previously used for the real-
time detection of cellular status in a single uCCA device (11).
While our system may be a simple combination of a regular
microscope and a microfluidic cell culturing device, the reduced
overall size allows portability into the cell culture environment
and flexibility for high-throughput screening. In the current
study, we extend the fluorescence-based imaging system to
investigate multiple uCCAs for high-throughput screening.
This indicates that the system measures test and control chips
simultaneously in a single experiment. Results can be consid-
ered as being measured in the same conditions, so that the com-
parison between chips can be more substantive.

For an initial feasibility study, we have used a calcein acet-
oxymethylester (calcein AM) staining technique for quantita-
tive analysis of cytotoxic uptake of ethanol (EtOH) over 3 h.
Real-time experiments for a longer period are often compli-
cated with issues such as cell division and long-term effective-
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ness of fluorescence dye molecules. This observation moti-
vated us to exploring the long-term applicability of the system
by determining nutrient-limited cell growth curves in a uCCA
device for over 85 h on a continuous basis. The long-term
measurement is based on the expression of enhanced GFP
(EGFP), which has good photostability and thus is relatively
insensitive to photobleaching for a large number of exposures
for long-term observation (12).

MATERIALS AND METHODS

Optical System Design

Initially, we considered an all-optical design for multi-chip
characterization without mechanical movement. Such a set-up;
however, is subject to optical power reduction with 1/N (N:
number of assays) as well as extra power loss involved in the
use of additional optical components and an increasingly com-
plicated design. Thus, the system we describe here is based on a
mechanical motorized stage for imaging multiple 4CCA sam-
ples as well as multiple chambers within each uCCA system. In
the future, we believe that the system may benefit from optically
performing multi-chamber imaging within a yCCA sample.

The optical system, based on epi-fluorescence micros-
copy, is shown in Figure 1 and employs a high-power light
emitting diode (LED) and a charge coupled device (CCD)
camera, respectively, as a light source and a detector. The over-
all imaging system is designed to offer low magnification to
provide cell status information on the basis of a statistical av-
erage by imaging a large number of cells simultaneously. Light
from a high power royal blue LED (Luxeon LXHL-BR02, Phi-
lips, San Jose, CA) of peak wavelength at 2 = 455 nm and op-
tical power at 220 mW lumens (manufacturer provided) is
focused by an imaging lens L1 (f = 35 mm, d = 24.5 mm) to
excite EGFP and calcein AM on uCCA samples. Excited fluo-
rescence imaged by L1 is occasionally relayed by L2 (f = 150
mm, d = 50 mm), to a CCD (QICAM FAST 1394, Qimaging,
Burnaby, BC, Canada). A pinhole aperture is placed for baf-
fling out the noise from background. The center wavelength/
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Figure 1. Detection system overview (F1: excitation filter, F2:
emission filter, L1, imaging lens, L2: relay lens, P: pin-hole, and
BS: beam splitter). The blue and green solid lines represent an
illuminating and emitted beam, respectively. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]
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bandwidth of the excitation filter (F1) and emission filter (F2)
in a fluorescence filter cube (31054GFP, Chroma Technology,
Rockingham, VT) are given respectively by 455/70 nm and
525/30 nm (provided by the manufacturer). F1 blocks noncol-
limated Lambertian types of illumination from an LED. The
intensity difference because of the Lambertian illumination
can be ignored because the field of view (~500 X 600 ,umz) is
much smaller than the illumination cone. If there remains
background noise on the CCD due to possible stray light, illu-
mination correction is performed in the image processing
step. In addition, the effect of noncollimation through F2 is
minimal because the sample-to-L1 distance is close to the
focal length of L1 and thus the image distance from L1 is large
relative to the overall size of the system. Two uCCA chips were
mounted on a motorized stage (UTM100CC1DD, Newport,
Irvine, CA) with a linear resolution of 1 um (provided by the
manufacturer). The total dimension of the optical system is
30(L) X 23(W) X 20(H) cm®. Potentially, the system can be
made more compact to accommodate more uCCA chips.

The light source spectra have been measured by an optical
spectrometer for calibration. Maximum power has been meas-
ured at A = 459.5 nm with the full width-half maximum as 25
nm. Thus, slight discrepancy exists between measured and
manufacturer provided peak wavelengths. The cutoff wave-
length, defined as the wavelength at which the optical power is
reduced to 1% of the maximum is 524 nm without using FI.
This overlaps the emission spectrum of EGFP and calcein AM.
When the excitation filter F1 is mounted on the LED, the cut-
off wavelength is decreased to 498 nm, which removes the
source interference due to excitation of fluorescence dyes.
Using programmed control, uCCA samples have been exposed
minimally at 0.7-1.6 s for each measurement to protect cells
from getting photobleached (7).

Since a CCD is afflicted inherently with dark current
noise, thermal noise characterization is required at an incubat-
ing temperature of 37°C (13,14). From an initial test of a
CCD, the dark current noise has been determined to be satu-
rated at a constant level 25 min after the system was installed
in an incubator. The maximum change in the dark current
noise is a 10% increase, compared to that of room tempera-
ture. Experimental measurements were initiated at least 30
min after a CCD was turned on.

The transition between chambers has been made
mechanically. The transition time has been controlled to be
short for minimal disparity between measurement conditions
and yet sufficiently long to take observable time not to affect
the drug diffusion process in uCCA. The transition time was
5-12 s, depending on the distance that a motorized stage tra-
veled. Registration error of the motorized stage was less than 1
um, which is far smaller than the cell size. Thus, misregistra-
tion in the images taken at different time points was minimal.

Cell Culture

The cell lines used in this study (HepG2/C3A and
MESSA) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and modified further if
necessary. All the cell lines were cultured in the appropri-
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ate media recommended from ATCC, supplemented with
10% FBS from Invitrogen (Carlsbad, CA). Media used for
culturing the cell lines were minimum essential medium
(MEM) from Invitrogen and McCoy’s 5a medium from
Sigma Aldrich (St Louis, MO), respectively, for HepG2/
C3A and MESSA cell lines. For all uCCA experiments,
McCoy’s 5a medium was used since it has higher composi-
tion of nutrients. Calcein AM was purchased from Invitro-
gen and ethanol from Sigma Aldrich.

Preparation of uCCA Assays

Fabrication of pCCA devices has been elaborated else-
where (15). The uCCA used in this study is shown in Figure
2a and chambers are listed in Table 1. The liver hepatoma cell-

(a)

$ 32mm

(b) o

Figure 2. (a) Assembly of a uCCA device sealed with a PMMA
holder and (b) its final form (A, B, C, and D for four compart-
ments). (c) A uCCA device with silicone tubes.
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Table 1. Chamber designation and dimensional parameters of
the uCCA chip under test

LIVER UTERUS NORMAL COLON
(A) CANCER (B)  COLON (C)  TUMOR (D)
Width (mm) 7 6 4 4
Depth (um) 60 60 60 60
Area (mm?) 61.3 45 20 20
Volume (ul) 3.68 2.9 1.2 1.2

line HepG2/C3A is seeded on the liver chamber (A) and a cell
line derived from uterine cancer, MESSA, was seeded on the
uterus cancer chamber (B). The normal colon cell chamber
(C) and colon tumor cell chamber (D) were not used in this
study. Cells grow attached to the bottom surface of the cham-
ber. To minimize autofluorescence of plastic packaging mate-
rial, PMMA has been used as a top cover of uCCA (16).

For the long-term growth study, MESSA and HepG2/
C3A cell line transfected with H2B-GFP gene were used. The
fusion protein H2B-GFP, which is a human histone protein
fused at the amino terminus to EGFP. The histone protein
binds to DNA and helps with opening and closing DNA
strands during replication. It has previously been observed
that the fluorescence of this protein is significantly reduced
during cell death (17). Therefore, the viability of a cell can be
determined by measuring the fluorescence intensity of the cell.

Chip preparation and CCA experiment protocol are
described in detail elsewhere (15). To describe the steps briefly,
the chips were immersed in piranha solution for 20 min to
remove organic residues, and autoclaved for sterilization.
Then the chips were coated with 0.1 mg/ml poly-p-lysine
(Sigma-Aldrich), followed by washing with PBS and coating
with 50 pg/ml fibronectin (Chemicon International, Temecula,
CA). Cells were trypsinized and resuspended in medium to
the final concentration of 7.5 X 10> cells/ml. An appropriate
volume of cell suspension (20-50 ul) was placed on each
chamber to completely cover the chamber without overflow.
Chips loaded with cells were incubated at 37°C with 5% CO,
overnight. In case it was necessary, the whole chip was stained
with calcein AM to distinguish live cells. Before assembling the
CCA device, whole chip was immersed in 2 uM calcein AM
solution for 30 min. Then the chips were assembled and sealed
with a PMMA holder (Figs. 2a and 2b). Silicone tubes
(PharMed Pump Tubing, inside diameter = 0.25 mm, Cole-
Parmer, IL) were used to connect the assembled CCA with a
medium reservoir as shown in Figure 2c. A peristaltic pump
was used to supply the medium at a constant speed (0.5 rpm
equivalent to 2 ul/min approximately).

Cell Death Experiment with Ethanol

To verify that the optical system is capable of detecting
the process of cell death in real-time, the cells in the CCA de-
vice were treated with various concentrations of ethanol. For
this experiment, the cells on the chips were stained with cal-
cein AM prior to the assembly of the CCA device. After set-
ting up the CCA device and the optical system, initial meas-
urements were made for 20 min while supplying media with

860

a peristaltic pump, in order to ensure that the cells were
being monitored consistently. External reservoirs were pre-
pared to contain various concentrations of ethanol (0-20%
v/v) well-mixed in culture media. After 20 min passed, reser-
voirs were changed to have ethanol of target concentration
flow into the system to induce a rapid cell death. The meas-
urements were continued until there were no live cells
detected, which took up to 120 min depending on the con-
centration of ethanol.

Long-Term Cell Growth Experiment

The long-term growth of cells in the CCA device was
monitored with the optical system in order to verify that the
system can be operated for several days while making real-
time measurements. Cells transfected with H2B-GFP express
GFP protein constitutively, thus giving off green fluorescent
signal as long as they are live (17). The CCA chips loaded
with both cells lines were assembled and the whole optical
system with the CCA device and a peristaltic pump were put
in an incubator which was kept at 37°C, 5% CO,. For the
long-term growth experiment, the CCA device was connected
to a medium reservoir via silicone tubes, and the media com-
ing out of the CCA device were fed back into the medium res-
ervoir, therefore the media were being recirculated into the
system for the whole time. The volume of the medium reser-
voir was 200 ul, which supports the growth of cells for about
three days, and the measurements were made for 85 h until
the nutrients in the media became depleted and the accumu-
lation of toxic wastes by cells eventually caused the cells to
die.

Image Processing

Intensity graphs have been produced and cells counted
from acquired fluorescence images using Cell Profiler™ after
several steps of removing the effect of background noise. The
image processing using the software is described elsewhere
(18-20). The steps involve cropping, illumination correction,
thresholding, and measuring identified objects. The illumina-
tion correction is a step of correcting uneven light distribution
across a field of view since the center of a field of view is more
strongly illuminated. A precalculated illumination function is
used to produce corrected images. Thresholding distinguishes
signal from noise. In the case of EtOH tests, the threshold level
was selected as approximately 30% of initial fluorescent inten-
sity. The overall image processing can be performed based on
object numbers, areas occupied by objects, and image inten-
sity. Image processing based on these procedures, in general,
provided consistent results.

REsuLrs AND DiscussioN

Since the portable fluorescent imaging system measures
cells in situ, a sequence of fluorescence images can be quanti-
fied as intensity variation over time. The system has been
applied to cell viability tests against a cytotoxic chemical by
measuring changes of calcein AM signal and cell growth curves
on uCCA by measuring the intensity variation of EGFP of tar-
get cells cultured in multiple uCCA systems. An overall pur-

Real-Time Fluorescence Detection of Multiple uCCA Devices In Situ
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Figure 3. Variation of cell viability index after 0% (control), 5, 10,
and 20% EtOH injection at 20th min. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

pose of these tests is to identify strengths and weaknesses of
our imaging system that addresses cell-based assays for differ-
ent time scales.

Cell Death Experiment with EtOH

The first set of experiments tested response to ethanol
addition and was conducted on two identical uCCA chips
where HepG2/C3A cells were seeded and cultured under the
same measurement conditions. Target HepG2/C3A cells were

100 pim
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0 min (m})| 40 min
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treated with calcein AM for fluorescence detection prior to the
packaging of CCA. The cytotoxicity of ethanol is well-known
(21-23). Figure 3 shows the cell number variation in terms of
cell viability index (CVI) measured in real-time. For consistent
comparison of the cell growth and maintence, CVI was
defined as the ratio of the cell number at a specific time to the
initial cell number. In other words, CVI measures relative
increase or decrease in reference to the initial cell number.
EtOH was injected 20 min after running the chips using a per-
istaltic pump. EtOH travels through the silicone tubes for
approximately 21 min to reach a chamber. In other words, cells
were exposed to EtOH at 41st min since the test chips were
initially run, as shown in Figure 3. The graph shows that when
the cells were exposed to ethanol, it immediately caused cell
death, and all cells died within the time range of a few minutes
to 1 h, depending on the applied EtOH concentration.

Figure 4 shows real-time fluorescence images of HepG2/
C3A cells at EtOH concentration of 0% (top row), 5% (second
row), 10% (third row), and 20% (bottom row). Figures 3 and 4
emphasize the strengths of our system to track the position of
an individual cell and to observe cell dynamics quantitatively. A
time constant 7 can be associated with the cell death in response
to EtOH. Namely, 7 indicates the time it takes for cells to die at
a specific EtOH concentration in a given experimental environ-
ment. T depends on parameters such as chemical concentration,
cell types, cell status, flow rates, etc. Figure 5 presents the necro-
sis time constant t over different EtOH concentration values.
Here, 7 was obtained as a time constant that reaches CVI =
0.01 for cell death. More specifically, at 20% EtOH, HepG2/
C3A cells die almost immediately with CVI reaching less than
0.01 at 2 min, while at 10% EtOH the CVI decreased to 0.01-30

400 pm
|—P|

)| 90 min

100 pm 100 pm

90 min

(n)| 60 min

Figure 4. Fluorescence images of HepG2/C3A cells exposed to EtOH concentration of 0% (control, top row, a-d), 5% (second row, e-h), 10%
(third row, i-1), and 20% (bottom row, m-p). EtOH was injected 20 min after the test was begun.
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Figure 5. Cell death time constant 7 at various EtOH concentra-
tion, fitted by t = 1,300/Cgon™®. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

min post the treatment. The 5% treatment reduced CVI to
about 0.1 at 80 min post treatment. Figure 5 suggests that the
dependence of t on EtOH is not linear. Good correlation was
achieved with an inverse relationship, i.e. T7(Cgon) = A/ Cron's
where Cgop denotes ethanol concentration. A and n are fitting
constants and were determined as A = 1,300 and n = 1.6. Note
that the elimination of blood EtOH is known to obey nonlinear
kinetics (24). Generally, cell death experiments with cytotoxic
agents show nonlinear dose responses. For example, tumor cells
show dose-dependent increasing fractions of apoptosis in
response to antitumor agents such as 5-FU (5-fluorouracil),
Oxaliplatin and CTP-11 in a nonlinear manner (25). Also the
growth rate of tumor cells is affected by the presence of cyto-
toxic chemicals in a dose-dependent manner, and the relation-
ship between the dose of chemicals and the inhibition of growth
is nonlinear (26).

As an extension of the first experiment, calcein AM was
supplied by injecting it through microfluidic channels, instead
of treating the cells with calcein AM prior to packaging uCCA

(a) 2004 ‘ = Liver chamber
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160 4 injection -
-
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Figure 6. (a) Fluorescence intensity graph of HepG2/C3A cells in liver and uterus cancer chamber that shows initial calcein AM (2 uM,
injected externally) uptake and following cytotoxicity of 10% EtOH injected at 90th min. (b) Corresponding fluorescence images of HepG2/

C3A cells in the liver chamber.
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chips. The main purpose of this change is to understand the
dynamics of calcein AM staining in addition to EtOH when
calcein AM is supplied externally after a sample is run. Results
of intensity-based analysis presented in Figure 6a on HepG2/
C3A cells show that the calcein AM fluorescence intensity
increases until 10% EtOH was injected at 90th min and deliv-
ered through a tube to reach cells in each chamber. Because of
the chemical toxicity of EtOH, the uptaken stain molecules of
calcein AM barely stay inside the cells. While almost identical
behavior of the fluorescent intensity was measured in different
chambers, slight delay in the calcein uptake in the liver cham-
ber can be associated with the difference in medium circula-
tion paths as shown in Figure 2b. The delay is estimated to be
approximately one temporal resolution long, which is 3 min.
On the other hand, the strong toxicity of EtOH affects cells
quickly enough to obliterate the difference in the fluores-
cence intensity effectively. Figure 6b shows fluorescent
images that reflect on the dynamics of staining procedure
and the fluorescence intensity change by EtOH. The maxi-
mum intensity was observed at 110th min while few cells
remain visible after 150 min. The images presented in Figure
6b are in good agreement with the intensity-based data given
quantitatively by Figure 6a.

Long-Term Cell Growth Experiment

The second experiment concerns the evaluation of the
growth and maintence of liver and tumor cells using two
UCCA chips. Typically, a cell growth curve on a yCCA depends
on many factors such as initial cell density, nutrient supply
from reservoir, cell distribution, cell growth phase, and stress
in a uCCA (eg. hydrodynamic shear stress) (27). The growth
curve of MESSA H2B-GFP cells in the chamber B of the first
UCCA chip has been obtained for an 85 h experiment (Fig. 7).
In Figure 7, the growth and maintence curve for MESSA H2B-
GFP cells shows that cells start proliferating after an initial lag
phase (about 30 h). Cells then grow until about 65th hour
(from 0.95 to 1.33 a.u.) when they enter into a stationary
phase. After the stationary phase, the cell number starts to
decrease. The decrease in the cell number after 70 h reflects
the fact that the cells die and detach from the surface. The
death of cells can be attributed to nutrient and oxygen deple-
tion, and a change in the pH because of the accumulation of
wastes by cell metabolism.

Figure 7 also presents the cell growth and maintence curve
of HepG2/C3A H2B-GFP cells in the chamber A of the second
UCCA chip. Similar to CVI, cell growth index was defined for
quantitative comparison as normalized cell number with re-
spective to an initial cell number. The results show that
HepG2/C3A H2B-GFP cells are subject to contact inhibition
and cell number does not change significantly over time, com-
pared to MESSA H2B-GFP. No growth was expected as the
cells were seeded on the chip at high confluency. Consequently,
the liver chamber was almost fully confluent when the experi-
ment started. HepG2/C3A is a derivative cell-line of HepG2
cell-line, selected for strong contact inhibition of growth and
high albumin production (28). The lack of space would be
expected to prevent cell growth. Also, HepG2/C3A cell-line
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Figure 7. Cell growth index of MESSA H2B-GFP and HepG2/C3A
cells in uCCA assays. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

grows slower than MESSA H2B-GFP cells, which is a tumor
cell-line. Note that liver cell division time is 32—35 h, compared
with the division time of tumor cells, which is 22-24 h (29,30).
If seeded at a low cell density, the growth of HepG2/C3A cells
may be observed clearly, but the uCCA experiments required
nearly confluent cell layers.

The reason for seeding the cells at such a high density was
to ensure that the cells made a good contact to the silicon sur-
face, so that the cells could maintain their viability over a long
period in the presence of hydrodynamic shear stress. When cells
were seeded in a lower density and the flow was introduced, of-
ten cells seemed to be less healthy and less spread out, judging
from the cell morphology under the microscope. It has been
shown that the spreading and making a strong adhesion to the
surface is important for the viability of cells (31,32). In the case
of HepG2/C3A H2B-GFP cells, the cell number does not
decrease significantly even after 80th h, although the decrease
appears to start after about 55th h. This trend is associated with
the nature of the HepG2/C3A cell-line that typically adheres to
the surface more strongly than the tumor cell-line MESSA H2B-
GFP. When HepG2/C3A cells are cultured in culture flasks and
trypsinized for a subculture, they are rinsed with 0.25% (w/v)
trypsin and 0.53 mM EDTA solution to remove all traces of se-
rum. They generally require a longer incubation time with tryp-
sin-EDTA than other tumor cell-lines until the cells detach from
the surface (28). For an identical incubation time, HepG2/C3A
cells likely adhered to the surface even at a critical stage where
the tumor cells have already been detached. HepG2/C3A cells
may also be more resistant to the stress conditions that inhibit
MESSA H2B-GFP cells.

Figure 8 is fluorescence images of HepG2/C3A cells in
chamber A and MESSA H2B-GFP cells in chamber B. As
described earlier, the images shown in Figure 8 are in qualita-
tive agreement with the quantitative data presented in Figure
7 so that no significant change is observed in the case of
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Figure 8. Cell growth fluorescence images of (a) HepG2/C3A cells in the chamber A and (b) MESSA H2B-GFP cells in the chamber B.

HepG2/C3A, while the cell number for MESSA H2B-GFP fluc-
tuates until eventual cell death after 85 h.

In contrast to experiments with cell-based assays where
measurements are made over a relatively short period of time,
cells in long-term assays may undergo a number of cell
mitoses that are often accompanied by cell detachment. Unlike
static cell culture conditions, in a microfluidic environment
mitotic cells can detach from the surface because of shear,
therefore a quiescence state of cells can be obtained depending
on the flow rate (33). This means that cell growth index tends
to be underestimated as the period of an experiment becomes
longer, which may partially explain why cell growth index in
the case of HepG2/C3A cells does not grow significantly and
relative mild increase for MESSA H2B-GFP cancer cells.
Although quantitative evaluation of the extent of cell mitosis
was not attempted in our study, our imaging system, with
sufficient temporal resolution, can discriminate mitotic cells
that are consequently detached. This is because it measures
cells in situ and thus a surface attached individual cell can be
traced on a morphological basis. For this reason, cell num-
ber-based analysis is more appropriate in considering cell
detachment than intensity-based approach. In addition to
increasing temporal resolution of in situ measurement, a
study is currently under way to optimize the structure of
UCCA assays so that cell detachment as a result of mitosis
can be minimized.

CONCLUDING REMARKS

In this study, we investigated an optical imaging system
that makes measurements in situ of multiple uCCA assays and
provides quantitative data of the cell viability in real-time. The
system was applied to measuring nutrient-limited cell growth
for normal and tumor cell-lines and also to exploring the
effects of EtOH on the HepG2/C3A cell-line using two uCCA
samples. We have estimated to extract dynamic constants
involved in the uptake process out of measured data. Issues
related to long-term measurement were also discussed. The
quantitative results when monitoring cells for many hours
have been consistent with qualitative images and confirm the
applicability of the system especially for real-time high-
throughput analysis of cell-based assays.
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