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ABSTRACT: Multidrug resistant (MDR) cancer is difficult
to treat. Chemicals that are effective MDR modulators have
never exited clinical trials as FDA approved products due to
side effects. It has been hypothesized that using a combina-
tion of chemotherapeutics with a mixture of MDR mod-
ulators (each with different side effects) may lead to useful
treatment strategies. Because the experimental space for
combination treatments can be large, this space may be
impracticable to explore using animal studies. Here we
describe an in vitro system based on microfabrication and
cell culture that can potentially be used to explore large
experimental spaces efficiently. The Microscale Cell Culture
Analog (mCCA) concept mimics the body’s response using
interconnected compartments that represent various tissues
or organs. A mCCA is based on the structure of an appro-
priate physiologically based pharmacokinetic (PBPK) model
and emulates the body’s dynamic response to exposure to
various drugs and chemicals. For this problem we have
chosen a mCCA with living cells representing the liver
(HepG2/C3A), bone marrow (MEG-01), uterine cancer
(MES-SA), and a MDR variant of uterine cancer (MES-
SA/DX-5). In proof of concept experiments we found in 24 h
‘‘acute’’ exposures and 72 h treatments that the mCCA
system predicts combining the chemotherapeutic, doxoru-
bicin, with cyclosporine and nicardipine, as MDR modula-
tors will have greater efficacy than using doxorubicin by
itself or with either modulator alone. This combined strategy
is selective in inhibiting MES-SA/DX-5 cell proliferation
and may prove to be advantageous in vivo by specifically
targeting MDR cancer with acceptable side-effects. This cell
specific synergy was not observed in traditional 96-well
plate assays. By combining the mCCA with a PBPK model,
appropriate drug doses and area under the curve exposure
for in vivo trials can be extrapolated directly from the results
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obtained with this device. This device and approach should
be useful in screening potential drug/modulator combina-
tions to determine candidate treatments for MDR cancer.
Indeed this approach may be useful for in vitro evaluation of
human response to a wide range of exposures to mixtures of
chemicals or drugs.
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Introduction

Several biological barriers limit the ability of physicians
to treat cancer patients effectively. One such barrier is the
ability of cancer cells in the body to develop cellular
resistance to chemotherapy. Termed multidrug resistance
(MDR), this cellular phenotype provides protection to the
cell by preventing cytotoxic drugs from accumulating in the
cytoplasm. It frequently occurs after treatment in patients
who undergo relapse, but is also found in some cancers prior
to any treatment (Johnstone et al., 1999).

The best-characterized mechanism of MDR in humans is
over expression of the membrane transporter, P-glycopro-
tein (P-gp). Chemical modulators have been discovered that
can functionally inhibit the action of this protein, and in
vitro studies have shown a complete reversal of resistance
(Borowski et al., 2005; Krishna and Mayer, 2000; Tsuruo
et al., 2003). However, all modulators have failed in the
clinical setting due to excessive toxicity arising from either
the large concentrations of modulators required, or pharma-
cokinetic interactions with the combined chemotherapeutic.

Lehnert et al. (1991) and Pascaud et al. (1998) have
speculated that a combination of modulator and chemo-
therapeutic(s) could be effective in treating MDR cancer
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with minimal side effects. However, the potential experi-
mental space expands greatly when multiple combinations
of drugs in varying doses are to be tested. Indeed the
experimental space could grow to be so large that animal
studies would be impractical. An in vitro system, that
captured some of the key pharmacokinetic interactions in
the body, could explore a large experimental space to find a
subspace where animal or clinical trials would most likely be
successful.

In this article, we describe a novel system, termed a
Microscale Cell Culture Analog or mCCA, to predict which
combinations of these compounds are practical candidates.
Typical in vitro methods only screen for efficacy, and neglect
any interactions that might occur in the body. The mCCA
device is designed to mimic key aspects of the pharmaco-
kinetics of drug or toxin exposure in the body (Ghanem and
Shuler, 2000; Shuler et al., 1996; Sin et al., 2004; Sweeney
et al., 1995; Viravaidya and Shuler, 2004; Viravaidya et al.,
2004). A mCCA is a microfabricated device containing
several organ or tissue chambers connected together by
microfluidic channels. Cell types representative of target and
interacting tissues from the body are grown in correspond-
ing ‘‘tissue chambers,’’ with a recirculating blood surrogate
(culture medium) flowing through the microchannels and
carrying nutrients and metabolites from ‘‘tissue’’ to ‘‘tissue.’’

The scaling of all tissue sizes and blood surrogate
perfusion rates is based on human parameters, producing
physiologically realistic exposure and distribution patterns.
The ‘‘tissues’’ are represented by cell lines that express a
desired feature of the tissue. A limitation of this approach is
that these cell lines cannot replicate the full range of
activities and architecture of an in vivo tissue, but for well
posed questions, such as in these proof-of-concept studies,
cell lines that perform key, specific functions are sufficient.
The device described in this article could, in principle,
use three dimensional tissue engineered constructs or
tissue slices to improve authenticity for a more complete
representation of responses.

The interconnection between in vitro cell types in this
flow device allows assessment of pharmacokinetic interac-
tions. By using human cells the system may be more accurate
than a rodent model. For example, the isoforms of P-gp
expressed in rats differ significantly from humans (Hooiveld
et al., 2002). A mathematical model that simulates
adsorption, distribution, metabolism, and elimination
(ADME) properties, such as a physiologically based
pharmacokinetic model (PBPK), can be used to help
understand and relate pharmacokinetic predictions made
with the mCCA system to in vivo conditions. A PBPK
simulates the body as a system of tissue ‘‘compartments’’
linked together in the same manner as blood flows through
the circulatory system (D’Souza and Boxenbaum, 1988;
Gerlowski and Jain, 1983).

Previously the potential usefulness of the mCCA concept
was tested using naphthalene as a model toxicant. The
system demonstrated that the hypothesis that naphthalene
was converted into a reactive metabolite in the ‘‘liver’’ and
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could cause cell death in the ‘‘lung’’ compartment was
plausible (Sin et al., 2004; Viravaidya et al., 2004). Further,
1,2-naphthalenediol and 1,2-naphthoquinone were shown
to be the reactive metabolites responsible for cell death and
that the presence of a ‘‘fat’’ compartment would modulate
the severity of the response (Viravaidya and Shuler, 2004).

In this article we describe a mCCA specifically designed to
test a combination of drugs for their ability to selectively
attack MDR cancer without significant changes in side-
effects. Further, we demonstrate how such experiments
coupled with a PBPK can be used to relate these results to
measurable human dose exposures.
Materials and Methods

Device Design and Fabrication

The mCCA device (Fig. 1a and b) was designed to fit on a
3 mm� 3 mm chip. Cell chamber sizes were scaled from
human tissue data, and the corresponding culture medium
perfusion rates were scaled to match organ residence times.
The ratios of cell to total organ volume were used in the
scaling calculations to account for the difference between the
ideal ratio 2:1 cell to liquid, and the 1:5 value as a result of
the chamber height. Organ and corresponding chamber
parameters, and experimentally determined flow rates are
listed in Supplementary Table I. The ‘‘other tissue’’
compartment is not on the silicon chip, but in a separate
reservoir that also acts as a debubbler to vent gas bubbles and
is necessary to capture the dynamic response in the body.
The rest of the system is fabricated in silicon using
traditional photolithographic and deep reactive ion etching
techniques (Sin et al., 2004; Viravaidya and Shuler, 2004;
Viravaidya et al., 2004). The chip housing was fabricated out
of plexiglass as described previously (Sin et al., 2004). A
0.9 mm recess was machined into the plastic to accom-
modate the silicon chip and a 0.5 mm silicone pad (Grace-
Bio Labs, Bend, OR), so that during assembly, the silicon
chip is pressed firmly against the top plexiglass piece. Four
screw holes were drilled to secure the enclosure (Fig. 1a). In
the section ‘‘PBPK Simulation Equations and Parameters’’
the schematic structure of the PBPK diagrams for the human
body and the mCCA device plus debubbler/reservoir are
described.
Cell Culture

The four functional tissues in the device were represented
by the following cell lines: HepG2/C3A (liver), MEG-01
(megakaryoblast, bone marrow), MES-SA (normal cancer-
ous tissue), and MES-SA/DX-5 (multidrug resistant cancer
tissue). All cells were obtained from the American Type
Culture Collection. HepG2/C3A cells were cultured in
MEM, MEG-01 cells in RPMI, and both MES-SA and MES-
SA/DX-5 cells in McCoy’s 5A medium. All media were



Figure 1. The mCCA device and representative images of cells growing on the chip. a: assembly drawing of device with the plexiglass chip housing. b: An image of the

assembled device, which has been filled with a yellow dye as a contrast agent. c: Representative images of CellTracker Green labeled cells grown on the chip after 24 h of

recirculating flow of control media. Cell types: (1) hepatocytes (C3A), (2) MDR cancer (DX5), (3) wild type cancer (MESSA), (4) megakaryocytes (MEG01). Scalebar shown is 200 mm.

[Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
supplemented with 10% FBS, unless otherwise noted.
HepG2/C3A, MES-SA, and MES-SA/DX-5 were fed on
the 3rd day, and passed on 6–7 days schedule using trypsin/
EDTA. MEG-01 were passed every 3 days by scraping the
bottom of the flask to resuspend the attached cells and
diluted into two flasks at a ratio of 1:3. Cells were used up
until 20 passages after receipt from ATCC, and stored in a
mammalian culture incubator maintained at 378C, 5% CO2,
and 95% humidity.
Cell Culture Analog Device Preparation and Operation

A 1 mm thick sheet of clear cell culture silicone (Grace Bio-
labs) was cut to fit over the silicon chips. Rectangular holes
were cut out of this silicone sheet (termed ‘‘gasket’’) to
match the culture chambers in the mCCA chip. When this
silicone gasket is attached to the chip, these holes form a well
above the culture chambers to aid in cell seeding. Both the
mCCA chips and silicone pieces were cleaned by soaking in a
mixture of 70% sulfuric acid and 10% hydrogen peroxide in
water for 10 min. They were then rinsed in double distilled
water, then placed together with the holes in the silicone
sheet aligned to the culture chambers. The two pieces were
then dried in a 708C oven to allow the silicone to adhere to
the chip surface. Then the chip-silicone pieces were
autoclaved, and cooled prior to culturing.
The culture chambers were coated with 0.025 mg/mL
poly-D-lysine (Sigma-Aldrich, St. Louis, MO) for 30 min,
removed, and then coated with 0.05 mg/mL human blood
plasma fibronectin (Chemicon International, Billerica, MA)
for 30 min. The fibronectin solution was removed, and then
each cell suspension was placed in the corresponding
chambers to yield �30% confluency using the following cell
densities (cells/mm2):

C3A : 620 MESSA : 900 DX5 : 900 MEG01 : 1600

This low confluency was chosen to simplify image analysis
of viable cells for short-term experiments, and to permit
room for growth during 3 day experiments. The chips were
then incubated for 4 h to allow complete attachment, then
flooded with McCoys5A medium containing 10% FBS and
incubated until assembly.

Before assembly, the chip housings were cleaned in 70%
alcohol, and then sterilized in an oxygen plasma cleaner
(Harrick Plasma, Ithaca, NY). The cultured mCCA chips
were then inserted into the chip housings and sealed.
Recirculating flow is provided by a peristaltic pump
(Watson-Marlow Bredel Inc., Wilmington, MA) with
Pharmed tubing (Cole-Parmer, Vernon Hill, IL) connecting
the chip inlet and outlet to an external reservoir which
represents the ‘‘other tissues’’ compartment. This reservoir
is made from a well from a 96-well plate, and is used to trap
bubbles that are generated by the pump, to serve as a surge
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tank, and as a sample port for medium sampling. The blood
surrogate used is cell culture medium (McCoys 5A)
supplemented with 10% FBS. The entire system is placed
inside of the mammalian cell incubator, and operated at a
flow rate of 3.6 mL/min.

Cell Culture Analog Device Assays

Three assays were used to generate the results presented.
These assays utilize fluorescence measurements captured
with a fluorescent microscope and camera after exposure to
test compounds in the recirculating blood surrogate. Cell
proliferation in the device was assayed with the long-term
cell label CellTracker Green (Invitrogen Corp., Carlsbad,
CA). Cells were incubated on-chip prior to assembly with
10 mM CellTracker Green in McCoys 5A without serum for
45 min at room temperature. By capturing images with a
FITC filter cube (Ex:Em 465/530), we can visualize what
level of confluency is reached during the drug study. Two
controls are used for these experiments. The first is a no-flow
control, and consists of cells cultured on mCCA chips, but
incubated in a petri dish with culture medium instead of in
the enclosed plexiglass housings. The second control is an
assembled mCCA device with blood surrogate containing no
test compounds. The two controls are needed to insure that
the response is due to the drugs added and not due to the
device itself or its operation.

For viability studies, an intracellular assay for viability was
developed combining CellTracker Green and the live cell
stain Celltrace Blue AM (Invitrogen). CellTracker Green
labeling was performed as described for the proliferation
assay. After incubation of the device with the recirculating
test compounds, Celltrace Blue was recirculated through the
device at �6 mL/min for 75 min. By imaging with both a UV
(Celltrace Blue) and a FITC (CellTracker Green) filter cube,
viable and apoptotic/dead cells can be discriminated by
direct comparison of both images. Viable cells are labeled
strongly with both CellTracker Green and Celltrace Blue,
while compromised cells are labeled by CellTracker Green
with faint or negligible Celltrace Blue labeling. This labeling
method is compared with SYTOX green, a common dead
cell stain, in Supplementary Figure 1.

To facilitate assessment of relative drug accumulation, we
chose to use an autofluorescent chemotherapeutic, doxor-
ubicin, as the test compound. This chemical emits orange
red fluorescence upon exposure to blue-green light. A
TRITC filter cube (Ex:Em 530/595) was used in the
collection of these images, and then images were processed
to determine uptake in terms of relative fluorescence. This
assay is performed in conjunction with either a 3-day cell
proliferation assay or a 1-day cell cytotoxicity assay.

The drug doxorubicin is known to intercalate into DNA
inside of the cell nucleus, and this binding amplifies the
molar fluorescence intensity (Gigli et al., 1988; Karukstis
et al., 1998; Kirchmeier et al., 2001). Therefore for image
analysis, the brightest pixel in each cell is considered to
represent the DNA bound drug. This value for each cell is
190 Biotechnology and Bioengineering, Vol. 103, No. 1, May 1, 2009
averaged over all counted cells to determine the average
relative drug bound to the cell.
Image Analysis

Image analysis in all cases was performed using ImagePro
Plus software (Media Cybernetics, Bethesda, MD). Images
were analyzed by using the count/size feature in ImagePro
Plus to select each independent cell or cell clump based on
threshold values.
Statistical Analysis

mCCA experimental data were analyzed using a general
linear model (GLM) in Minitab (Minitab, Inc., State
College, PA). Both mCCA experimental sets—short-term
and long-term—were performed with an incomplete block
design, due to limitation of number of concurrent samples.
GLM’s were formed with treatment as the independent
variable, and the block (week) and chip-to-chip variation
were accounted for as random effects. Each cell chamber was
imaged in four consistent locations (center of each quarter
section), although missing data did occur due to bubbles or
other sample defects. Each cell type was analyzed separately,
with a minimum of n (chips)¼ 40 for a given cell type, and
minimum images analyzed of 140, spread among five
treatments. Each data set was tested for normality by
inspection of normal probability plots and histograms of
residuals generated with the GLM, and accuracy of model
was inspected by examining plots of residuals versus fitted
values and versus order of data. Comparisons within a
sample set to determine significance were performed with
Tukey’s pairwise comparison, a¼ 0.05. Error bars on all
mCCA figures represent the standard error from the GLM.
MTS Assays

The Celltiter 96 MTS reagent (Promega, Madison, WI) was
used to determine viable cell density in a 96-well plate
format, following standard protocols from the manu-
facturer. Briefly, cultures were incubated in 96 well plates for
1–3 days with 100 mL of drug mixture, in serial dilutions to
facilitate the generation of dose–response curves. Following
drug incubation the wells were rinsed with DPBS, then
incubated with 100 mL fresh media and 20 mL MTS reagent
for 1–4 h at 378C (Wong et al., 2001). Results were
determined on a platereader at 490 nm wavelength. EC
values were determined by interpolation of the dose–
response curves.
Estimation of DOX Metabolism by C3A Cells

DOX is metabolized into several metabolites, one of which is
doxorubicinol (DOXOL). This metabolite is known to be
<10% as potent as DOX at inhibiting tumor cell growth, but



is known to have other toxic properties to the body such as
cardiotoxicity (Olson et al., 1988). It has also been shown
to be 10% as cytotoxic as DOX to bone marrow blood
progenitors such as granulocytic–monocytic colony-form-
ing units (Dessypris et al., 1986). To approximate DOX
metabolism, C3A cells were grown in T25 flasks and exposed
to different concentrations of DOX in MEM/10% FBS.
Samples of 50 mL were removed from the flask at specified
time points (multiple flasks were used) and frozen down.
To process the samples, we directly followed the protein
precipitation step and a similar HPLC analysis to Zhou and
Chowbay (2002). Peak area was measured and calibrated
with DOX standards. We were not able to obtain DOXOL
standards, so the concentrations were estimated by scaling
the calibration for DOX by the molar fluorescence ratio of
1.7 (ratio of DOXOL:DOX; Zhou and Chowbay, 2002).
The concentration versus time data (Fig. 2) was found to fit
reasonably well to a set of first order metabolism equations:

V
d

dt
CDOX ¼ �ðk1 þ kEÞANCDOX

V
d

dt
CDOXOL ¼ k1ANCDOX

(1)

where V is the volume, C the concentration, k the reaction
constant (1 for conversion to DOXOL, E for other net
elimination), N the cell number. This does not take into
account further metabolism of DOXOL, although addi-
tional metabolites were detected. The concentration of these
metabolites was too small to accurately determine.
Estimation of Equilibrium Partition Coefficient in
Cell Lines

Cells were suspended at a concentration of 2.5� 106 cells/
mL and incubated with 5 or 10 mM DOX in a 15 mL tube for
Figure 2. Measured DOX and DOXOL in culture medium during incubation with C3A c

average of two separate medium samples that were processed individually (extraction, HPL

be seen in the online version of this article, available at www.interscience.wiley.com.]
1 h on a rocker plate. Four 1.2 mL samples were removed
for cellular extraction (following an adaption of the
method of Anderson et al. (2002)). The medium from
the first spin was also collected, and 50 mL processed using
the method of Zhou and Chowbay (2002). Fluorescent
HPLC detection was used to quantify the amount of DOX
and DOXOL (and other metabolites) present in the cells and
culture medium (following the protocol and mobile
phase of Zhou and Chowbay (2002). Partition coefficients
were calculated as cell concentration per free medium
concentration.
Estimation of Plasma-Compartment Partition Coefficient

The plasma-compartment partition coefficient for the
human model is obtained by converting the bound fraction
value of 0.74 (Maniez-Devos et al., 1985):

partition ¼ 1

free
� 1 (2)

To calculate the mCCA plasma-compartment partition,
we assume a linear binding relationship for protein binding.
Maniez-Devos et al. (1985) have found that the majority of
DOX in the blood is bound to albumin:

free ¼ 1

1 þ kCAlbumin

(3)

Blood typically contains 34–54 mg/mL albumin, while
Gibco FBS contains 30–50 mg/mL. We use 10% FBS in the
cell culture medium, which results in an �10-fold lower
partition coefficient for the plasma compartment.
ells in MEM w/10% FBS. Dashed lines are curve fits to the data. Each data point is the

C run). Fit values: k1 ¼ 1.28E�9 cm3/(h cell), kE ¼ 7.73E�9 cm3/(h cell). [Color figure can
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PBPK Simulation Equations and Parameters

The simple flow-limited case was assumed for this PBPK
model. The basic equations solved are:

V d
dt Ci ¼ F

Cp

Rp
� Ci

Ri

� �
þ reaction

V d
dt Cp ¼

P
ntissues

FCi

Ri

� �
� FCp

Rp

(4)

where C, V, have usual meanings, R is the partition
coefficient, I the chamber/tissue type, p the plasma
compartment and, Rp the refers to plasma protein binding.
The accurate application of these equations to the mCCA
requires some modification however. V refers to tissue
volume, with the assumption that ‘‘tissue’’ implies the
typical cell, interstitial space, and blood amounts found in
living tissue. The mCCA has a different composition, and
hence needs to be treated accordingly. To accommodate
this, we replace C and V in the above equations with the
tissue intracellular Ccell and Vcell, and the tissue extracellular
Cext and Vext. By using chain differentiation and substituting
R¼CCell/CLiquid, then rearranging we obtain a modified
equation that can be used for either in vivo tissues or our
mCCA chambers:

d

dt
CCell ¼ F

� ðCplasma=RPlasma � CCell=RCellÞ þ reaction

VLiquid=RCell þ VCell

(5)

The flow structure used for the human and mCCA PBPK
simulations are illustrated in Figure 3. Although these two
structures differ, when each is simulated with the same
Figure 3. Comparison of (a) human simplified PBPK, and (b) the mCCA layout. In

the mCCA, the PlasmaþOther tissues volume is contained within the debubbler.
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animal parameters for the corresponding tissues, the
dynamics are similar (Tatosian, 2007). Data for partitioning
in the CCA obtained from in vitro incubations, and for
human obtained from the literature (Harris and Gross,
1975) are presented in Table I. The reaction terms in this
case are estimated by the results of the C3A metabolism
experiments.
Results

We have designed and fabricated a mCCA device to evaluate
drug-dosing strategies to treat MDR and normal cancer, and
then compare the response to individual cell lines in
traditional 96-well plate assays. The mCCA contains four cell
lines located in different chambers: HEP/G2-C3A (C3A),
from a hepatoma; MEG-01 (MEG01), a megakaryoblast;
MES-SA (MESSA), a uterine sarcoma; and MES-SA/DX-5
(DX5), a sub-line selected for resistance to doxorubicin
(Harker and Sikic, 1985). These two cell lines (MESSA and
DX5) are presumably identical except for expression of the
MDR phenotype due to P-gp over expression (Park and
James, 2003). While the C3A cell line is derived from a
hepatoma it has been selected for a relatively high level
expression of various cytochrome P450 isozymes and its
relative ‘‘normal’’ behavior such as contact inhibition. The
MEG-01 cell line represents a cell function that is sensitive to
some chemotherapies and, thereby, becomes dose limiting.

Using the mCCA device, we have performed several
studies with the model drug doxorubicin (DOX) and the
drug modulators nicardipine (NCP) and cyclosporine A
(CSP). DOX is an anthracycline drug commonly used to
treat both solid tumors and leukemia, and is metabolized
into a less active but toxic metabolite doxorubicinol
(DOXOL); the impact of metabolism is captured by the
inclusion of the hepatocyte cell line. DOX has known
toxicity to bone marrow blood progenitors, including
depletion of platelet and platelet producing cells (throm-
bocytopenia); this fact indicated the use of the MEG-01 cell
line as an indicator of systemic toxicity. NCP is a calcium
channel blocker, and CSP is an immunosuppressant; both
are well-documented MDR modulators (Krishna and
Mayer, 2000).
Acute Cytotoxicity

The first experiment was to evaluate the cytotoxic response
due to DOX and modulator exposure during a 24 h period
of time. Based on a preliminary dose-exploration experi-
ment (Supplementary Fig. 2), 10 mM DOX was selected as
the base chemotherapeutic concentration for acute cyto-
toxicity experiments in the device. When the mCCA is dosed
with 10 mM DOX, the four cell types exhibit varied viability
responses (Fig. 4b), with the sensitive tumor cell line MESSA
near 50% cell death, and the resistant cell type DX5



Table I. List of partition values used for the PBPK models.

Liver Marrow Uterus (MDR) Uterus (muscle) Plasma Well perfused (lungs) Poorly perfused (fat)

Human (rabbit) 45 91 17.2 29 2.8 57 19

mCCA 66.5 144.6 45.3 76.4 0.23 — —

Human data were obtained from a rabbit model (Harris and Gross, 1975), with the exception of the MDR tissue, which was scaled by the ratio of DX5 to
MESSA partition values (since no other in vivo data were available for this tissue). mCCA partition coefficients for DOX were determined experimentally for
the C3A, MEG01, MESSA, and DX5 cell lines.
displaying negligible response; the C3A (‘‘liver’’) cell line
shows a significant decrease in viability to 71% from 100%.
Both MDR modulators, NCP (20 mM) and CSP (10 mM),
increased the toxic response in the DX5 cell type
dramatically (reducing viability from about 91% to 51%).
The presence of NCP (20 mM) and CSP (10 mM) had little
additional effect (not exceeding 10% reduction) from DOX
alone on the MESSA, C3A, and MEG01 cell lines. When
NCP and CSP are mixed at 5 mM each for a total MDR
modulator concentration of 10 mM, toxicity is further
enhanced in the DX5 cell line (50–28% viability), modestly
enhanced in C3A (�64–45%), and not altered in the MESSA
and MEG01 cell lines.

The MEG01 cell type in the device typically exhibits a
baseline viability of �80%, as reported by the assay used, in
contrast to the near 100% baseline viability of the other cell
types. This is due to the presence of small cell particles in
these cell chambers. This cell type is known to produce
platelet-like particles, which have reduced metabolic activity
compared to normal platelets (Takeuchi et al., 1991, 1995,
1998). The formation of these particles occurs in healthy and
functional MEG01 cells, and shear stress is believed to aid in
releasing them from the cell body (Takeuchi et al., 1998).
These platelet-like particles can usually be filtered out during
analysis due to their small size, but larger particles or
aggregates are difficult to distinguish from dead cells or cell
debris and hence influence the measured viability results
(Tatosian, 2007). Therefore 80% viability as determined
by this assay for this cell type on the chip is considered
normal.
Table II. Values of EC50 and EC30 for individual cell types in static culture

Test solution

EC50 (mM)

C3A DX5 MESSA

(a) 10 mM DOX 3.1 270a 0.96

(b) þ5 mM CSP 0.40 0.46 0.53

(c) þ5 mM NCP 1.2 6.4 1.0

(d) þ5 mM CSP/NCP 0.25 0.29 0.50

(e) þ2.5 mM CSP/NCP 0.36 1.6 0.70

Using a 96-well plate format and a MTS assay for viability, dose–response cur
0.025–25 mM) combined NCP or CSP in the following 5 test solutions: (a) DOX
5 mM CSP and 5 mM NCP, and (e) DOX with 2.5 mM CSP and 2.5 mM NCP

aThis value is extrapolated beyond the tested conditions, and is qualitative
bThese cells (MEG01) enter apoptosis to form platelet-like cell particles at hig

these platelet-like particles, consequently only the lower toxicity (EC30) values
Relative Doxorubicin Uptake

In addition to assessing viability in the device, we also
assessed drug pharmacokinetics in the mCCA by measuring
the relative drug uptake into each cell type using
fluorescence microscopy. After a 24 h exposure in the
mCCA device the uptake of doxorubicin was enhanced by
addition of either modulator (Fig. 5). Additionally, a com-
parison of the magnitude of drug uptake with the corres-
ponding viability shows a general relationship between
uptake and toxicity. For example, in our results for DX5
viability, combining DOX with either CSP or NCP resulted
in increasing toxicity in the mCCA compared to DOX alone
(Fig. 4). Similarly, DOX fluorescence in the DX5 cells
increased when combined with either modulator.
Cell Response in 96 Well Plates

To compare the results from the mCCA to typical in vitro
results, a 96-well plate assay was used. Five test mixtures
containing serial dilutions of DOX (range: 0.025–25 mM)
combined with CSP or NCP (DOX alone, DOX plus 5 mM
CSP, DOX plus 5 mM NCP, DOX plus 5 mM CSP and 5 mM
NCP, and DOX plus 2.5 mM CSP and 2.5 mM NCP) were
used to find the DOX concentration resulting in a 50%
reduction in viability/proliferation or EC50 value. Similarly
the EC30 value was found for 30% viability reduction. Due
to technical difficulties at higher concentrations, probably
due to the release of platelet-like particles that aggregated,
an EC50 value could not be determined accurately for the
.

EC30 (mM)

MEG01 C3A DX5 MESSA MEG01

b 1.3 13 0.50 4.9
b 0.22 0.20 0.24 0.22
b 0.75 1.0 0.58 0.79
b 0.12 0.09 0.24 0.15
b 0.20 0.61 0.32 0.38

ves were determined for each cell type using serial dilutions of DOX (range:
alone, (b) DOX with 5 mM CSP, (c) DOX with 5 mM NCP, (d) DOX with
.

only.
her drug exposures and the response is difficult to read due to aggregation of
are reported.

Tatosian and Shuler: Novel System to Evaluate Drug Mixtures 193

Biotechnology and Bioengineering



Figure 4. Results of acute toxicity study with the mCCA device. a: Illustration of assay used to determine viability. Green cells (top) labeled with CellTracker Green, blue cells

(bottom) labeled with Calcein Blue. Cells that are visible in the green image but missing in the blue image have begun cell death (an example is indicated with the arrow). b: Resulting

percent viability in each cell type in response to drug mixture exposure. Note the significant decrease in viability in the DX5 cell line when the mixture of modulators is used. Error

bars¼ 1 standard deviation, n mCCA samples> 40 for each cell type.
MEG01 cells, but an EC30 value could be obtained. Results
are shown in Table II.

The MDR modulators had a significant effect on the
DOX EC50 and EC30 values for all cell lines. This result is
unlike that in the mCCA where the MDR modulators had
little additional impact on viability in the MESSA and
MEG01 cell lines. Also DOX with CSP was more potent than
DOX with NCP. When the total dose of MDR suppressor
was maintained at 5 mM by using 2.5 mM NCP and 2.5 mM
CSP, the DOX EC50 value was intermediate between
treatment with 5 mM CSP or 5 mM NCP alone. This
response suggests an additive rather than synergistic
response to these drug mixtures (except for C3A where
the 2.5 mM mixture shows slightly enhanced toxicity).
Figure 5. a: Fluorescent image of doxorubicin taken up by the cells in the

exposure, showing corresponding drug levels to the viability results in Figure 4. Note the s

of any of the drug modulators. This corresponds reasonably well with the reduction in viabilit

type.
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These responses are in clear contrast to the mCCA
experiments where a strong, cell-specific synergistic
response was observed in the DX5 cell line, but not the
other cell lines.

Two primary differences between the 96-well plate assay
and the mCCA flow experiment is the exchange of
metabolites between compartments and the effect of fluid
flow on cell physiology. Consequently we designed a test of
the effect of flow on cell proliferation.
mCCA Versus Static: Comparison of Growth Rates
Shear stress is known to influence cell growth and activity of
cultured mammalian cells (Essig and Friedlander, 2003; Kan
device. b: Relative fluorescence of doxorubicin in each cell type following

ignificant difference in accumulation in the drug resistant cell line DX5 upon addition

y seen in Figure 4. Error bars¼ 1 standard deviation, n mCCA samples> 40 for each cell



Table III. Ratio of cell growth in recirculation versus static mCCA culture.

C3A DX5 MESSA MEG01

Ratio (flow/static) 0.40 0.71 0.62 0.59

Standard error 0.03 0.05 0.04 0.05

n� 10 for each condition.
et al., 2004). To investigate the impact of shear on growth
rate, we compared cell growth rate on control mCCA chips
in static culture dishes containing 10 mL culture medium to
the growth rate of cells in the recirculating mCCA device.
The medium per chip in the culture wells was 2.5 mL,
compared to 250 mL per chip in the recirculating devices.
The reduction in growth rate of cells in the mCCA system is
presented in Table III. All cell types had reduced growth in
the recirculating mCCA system, though the C3A cells were
most affected. We can only speculate on the reasons for
those differences (see Fig. 6), but the effects of hydro-
dynamic shear, reduction in nutrient availability, exchange
of metabolites or accumulation of cell waste material like
ammonia are probable factors.
Selective Synergistic Drug Effects on Cell Proliferation

In contrast to short-term experiments where high drug
concentrations were used, we also performed 3-day pro-
liferation experiments using more physiologically realistic
concentrations of drugs. The purpose of this experiment is
to compare the reduction in growth/tissue shrinkage after
exposure to the chemotherapeutic and modulator cocktails.
Figure 6. Representative images of MESSA cells (a–c) and C3A cells (d–f) taken from

1 mM DOX–10 mM NCP (c,f). Cells are labeled with CellTracker Green, and the scalebar¼ 20

for 3 days in the mCCA device display morphology similar to cells growing in normal culture fl

cells (Fig. 2d) displayed noticeable changes in cell morphology when exposed to 1 mM DOX fo

illustrating that this dose condition is less stressful to C3A then to MESSA. [Color figure can
Total cell density was assayed by fluorescent imaging and cell
counting using the probe, CellTracker Green.

Results comparing the impact of DOX and the modu-
lators on cell proliferation are summarized in Figure 7. The
‘‘control’’ data shown refer to control medium without
drugs recirculated through the device (i.e., flow control).
All cell types show some reduction in proliferation when
exposed to the chemotherapy drug, with the drug sensitive
(MES-SA) cells exhibiting the most significant drop in
growth due to DOX (2.5-fold). The impact of modulators
is similar to that observed in the acute toxicity study, with
clear synergy between CSP and NCP in modulating
effectiveness selectively against the MDR resistant DX5 cell
line. The combination of 1 mM DOX, 5 mM CSP, and 5 mM
NCP resulted in more than a fivefold decrease in pro-
liferation of MES-SA/DX-5 cells. Indeed, this was the only
compartment to show a net decrease in cells. The mixture of
NCP and CSP has no statistically significant difference
on proliferation in the other cell types when compared to
1 mM DOX alone ( P-values: C3A¼ 1.0, MESSA¼ 0.26,
MEG01¼ 0.96).
Dosage Comparison—mCCA Versus Human
In many in vitro diagnostic screens, relating the selected
drug concentrations to a therapeutic clinical dose is often
difficult. Typical doses of DOX are in the 50–110 mg/m2

range, with higher doses often requiring recovery steps such
as stem cell replacement (Honkoop et al., 1997). To compare
the exposure resulting from these doses with the doses used
an initial time point (a, d), 72 h exposure to control medium (b,e), and 72 h exposure to

0 mm. From the images in Figure 2c and f, the MESSA cells (c) and C3A cells (f) cultured

asks, which may suggest that stress was not a significant issue. In contrast, the MESSA

r 3 days, while the C3A cells (Fig. 2f) maintained a relatively normal morphology, further

be seen in the online version of this article, available at www.interscience.wiley.com.]
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Figure 7. Three days proliferation reduction study on mCCA. Relative proliferation of each cell type in the mCCA device during 72 h exposure. Growth is expressed as

percentage of growth compared to the initial amount of cells on the device before beginning drug exposure. Error bars¼ 1 standard deviation, n mCCA samples> 40 for each cell

type. [Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
in our mCCA experiments, we have built a PBPK model
for both humans and the mCCA device to simulate the
distribution of DOX and the major metabolite doxorubi-
cinol (DOXOL).
Figure 8. Comparison of PBPK Simulations in Human at 100 mg/m2 of DOX exposur

doxorubicin and its major metabolite doxorubicinol in a human organ model, and in the mCC

simulated in the mCCA device.
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We have compared the distribution profiles of DOX and
DOXOL in the different tissues resulting from 72 h exposure
to 100 mg/m2 dose of DOX in human plasma and 1 mM
DOX in the mCCA culture medium (Fig. 8). The plasma area
e and mCCA at 1 mM DOX. Each graph shows predicted pharmacokinetic profiles of

A compartments. a: DOX and (b) DOXOL predicted in humans; (c) DOX and (d) DOXOL



under the curve (AUC) predictions for the human PBPK
(DOX: 1.1 mM min, DOXOL: 0.11 mM min) is less than
the mCCA (DOX: 3.4 mM min, DOXOL: 0.25 mM min),
though they are on the same order of magnitude.

The primary reason for the larger AUC and distribution
profiles in the mCCA compared to the human model is
the large holdup volume associated with the external
debubbler/reservoir/sample port representing the hold up in
other tissues, plasma, and compartments. Additionally, the
partition coefficients used in the PBPK models are different.
The human coefficients are based on the normal tissue
microenvironment, while the mCCA partition coefficients
are obtained from cell monolayer cultures; hence the values
are not identical.

An additional design constraint is the liquid to cell ratio
attainable in our experimental system. The target volume
ratio found in vivo is approximately 2:1 cell to liquid, while
the closest practically obtainable value in our fabricated
devices with cell monolayers and a debubbler/reservoir is
approximately 1:5. As a point of contrast, typical culture
vessels such as 96 well plates have a ratio of on the order of
1:50. By implementing these mathematical models, we can
plan our doses to accommodate these design challenges and
still mimic clinically realistic exposures.

Discussion

The described method illustrates a novel in vitro experi-
mental system to predict efficacy of chemotherapeutic/
modulator mixtures to kill MDR tumor cells or to reduce
their growth selectively in vivo with tolerable side effects on
normal tissues. Currently available methods rely on the use
of isolated populations of target human cells in vitro to
predict human efficacy, and animal models to predict drug
safety. Pharmacokinetic interactions are not identified until
animal trials begin, and frequently require clinical trials to
detect. Indeed the synergy of the two MDR suppressors is
observed in the mCCA but not in traditional well plate
assays. The mCCA approach is well suited to studying
pharmacokinetic interactions between cell types and the
resulting cellular response. Incorporating PBPK predictions
of in vivo dose levels can allow matching of drug exposure
between the mCCA device and animal or human trials. The
system also requires very small amounts of material to
perform studies, which is beneficial in early screening of
novel compounds. Another application of the mCCA device
is hypothesis testing for toxic and metabolic interactions.
Different tissues may be modeled with the device to
investigate other potential interactions, and to discover dose
limiting cell types. Additionally, ‘‘Knockout Devices’’ may
easily be made by excluding a cell type in some experiments,
to isolate effects of that cell on others in the system.

These proof-of-concept experiments demonstrate the
potential of the mCCA approach to testing chemical and
drug mixtures in general. In both drug testing and
environmental toxicity testing, evaluation of mixtures
remains particularly challenging. Unlike other in vitro
systems this approach allows evaluation of the whole system,
not an isolated component. Further it facilitates conversion
of experimental results to relevant predictions of human
response.

Particularly important is the observation of cell selective
synergy of the two MDR modulators tested (see Figs. 4
and 7). While it would be expected that the MDR
modulators would affect the DX5 cell line preferentially,
due to its over-expression of P-gp, the synergistic interaction
of NCP and CSP is unexpected. Such a synergistic response
in DX5 in a static assay system is not observed. The
particular mechanism is unknown, but exchange of meta-
bolites and response to flow are two key differences. Such
synergy may be important practically. The use of MDR
suppressors in clinical trials has been unsuccessful due to
side effects. Use of multiple MDR suppressors with each at a
reduced dose and having different side effects may be better
tolerated by patients than a single modulator at a higher
dose (Lehnert et al., 1991; Pascaud et al., 1998).

The mCCA system has the potential to be multiplexed to
allow a large number of simultaneous experiments. In other
studies (Oh et al., 2007; Tatosian et al., 2005) we are
developing detection systems that will allow the near real
time integration of many units. We believe that multiple
chips can be mounted in arrays of 96 units to facilitate more
rapid evaluation of multiple dosing strategies. We are also
working on the use of tissue-engineered constructs instead
of monolayer cultures. Such constructs should allow us to
construct more biochemically and physiologically accurate
models. Such in vitro models offer the possibility of
reducing our dependence on animal models while making
more relevant human predictions as such devices can readily
use human cells.
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