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Prediction of human response to drugs or chemicals is difficult as a result of the
complexity of living organisms. We describe an in vitro model that can realistically
and inexpensively study the adsorption, distribution, metabolism, elimination, and
potential toxicity (ADMET) of chemicals. A microscale cell culture analog (µCCA) is a
physical replica of the physiologically based pharmacokinetics (PBPK) model. Such a
microfabricated device consists of a fluidic network of channels to mimic the circulatory
system and chambers containing cultured mammalian cells representing key functions
of animal “organ” systems. This paper describes the application of a two-cell system,
four-chamber µCCA (“lung”-“liver”-“other tissue”-“fat”) device for proof-of-concept study
using naphthalene as a model toxicant. Naphthalene is converted into reactive
metabolites (i.e., 1,2-naphthalenediol and 1,2-naphthoquinone) in the “liver” compart-
ment, which then circulate to the “lung” depleting glutathione (GSH) in lung cells.
Such microfabricated in vitro devices are potential human surrogates for testing
chemicals and pharmaceutics for toxicity and efficacy.

Introduction

Accurate prediction of human response to various
chemicals and drugs is difficult. For example, most drug
candidates fail in human clinical trials as a result of
unanticipated toxic side effects. Early prediction of AD-
MET (adsorption, distribution, metabolism, elimination,
and toxicity) can facilitate the drug development process.
Similar difficulties exist for evaluating environmental
risks due to exposure to various chemicals and chemical
mixtures. Currently, the most reliable and widely used
model is the animal model. However, there is consider-
able concern whether animal studies can precisely predict
human risk because there is no rational mechanistic
basis for extrapolation to low doses and cross species
extrapolation is known to be problematic in some cases.
Moreover, the use of animals is subject to significant
expense, ethical issues, and lengthy experiments. An in
vitro model that can realistically and inexpensively test
the response of humans and animals to various chemicals
is needed.

Here we described an in vitro system that may be able
to improve our ability to predict animal and human
response to chemical exposure. A cell culture analog
(CCA) system is a physical replica of the physiologically
based pharmacokinetic (PBPK) model (Figure 1a). This
device consists of an array of channels or chambers
containing cultured mammalian cells selected to mimic
different animal “organ” systems. Design parameters
such as “organ” compartment residence times and flow
distribution are based on a corresponding PBPK model,
and the fluidics is designed to mimic essential features
of the circulatory system with recirculating culture
medium as a blood surrogate. Unlike other in vitro

systems (usually static), a CCA has the potential to mimic
the dose dynamics that would occur in an animal or
human.

Initial prototype CCA devices have been macroscale
(1, 2), but we believe that microscale systems built using
the techniques of microfabrication (Figure 1b) would be
advantageous. A microscale CCA (µCCA), also called
“animal-on-a-chip”, may be constructed to better mimic
the appropriate physiological scale (e.g., characteristic
dimensions of tens of microns). Further microscale
systems would allow many tests to be conducted with
minimal amount of potentially expensive reagents and
of scarce cell or tissue material. Microfabrication technol-
ogy provides identical units at low cost, facilitating rapid
parallel testing. Although we use cell lines to represent
“organ compartments” in this proof-of-concept device, we
recognize that they are poor mimics of the actual organs.
However, tissue-engineered constructs can, in principle,
be used in such systems, and those would more closely
reproduce the features of organs.

Previously, Sin et al. have described the design,
fabrication, and operation of a simple three-chamber
µCCA system (“lung”-“liver”-“other tissue”) (3). The device
was fabricated from silicon substrate using standard
lithography technique and enclosed between two Plexi-
glas pieces. Microfluidics was verified and mammalian
culture (L2 and H4IIE) viability in the µCCA device was
maintained with fluid recirculation for at least 24 h. In
addition, a fluorescent-based oxygen sensor was inte-
grated into the system to investigate the adequacy of O2
transfer in the system operating with cells. Results
indicate that O2 exchange rate is sufficiently rapid to fully
meet the need of cells cultured in the µCCA device.

Naphthalene has been chosen as our model toxicant,
and the pathway of naphthalene biotransformation is
illustrated in Figure 2. Many other polycyclic aromatic
hydrocarbon (PAH) compounds undergo similar metabo-
lism. Briefly, naphthalene is metabolized by the cyto-
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chrome P450 monooxygenase system (CYP450) into
naphthalene epoxide, which can undergo several compet-
ing reactions: conjugation to glutathione (GSH), binding
to protein, nonenzymatic rearrangement into naphthol,
or enzymatic conversion to dihydrodiol (4). Both naphthol
and dihydrodiol are enzymatically converted to naphtha-
lenediol (5, 6), which is subsequently oxidized to naph-
thoquinone through redox cycling, generating reactive
oxygen species (ROS) (7). These reactive oxygen species
may cause severe oxidative stress within the cells,
leading to cell death. Naphthoquinone can conjugate with
cellular GSH, which reduces ROS formation, and these
metabolites can be secreted (8). In addition, quinone can
form adducts with proteins or DNA (9), leading to cellular
damage. It has been observed in mice that metabolites
generated in the liver can circulate to the lung, causing
cell death (10).

In this study, we use naphthalene as a model toxicant
in proof-of-concept experiments to test the feasibility of
constructing a µCCA system. A very simple four-
compartment model (“lung”-“liver”-“other tissue”-“fat”)
model fabricated in silicon is used. Two chambers (“lung”
and “liver”) contain living cells, whereas the “other tissue”
and “fat” compartments have no cells but mimic the
distribution of fluid in rapidly and slowly perfused
tissues. We test the hypothesis that reactive metabolites
generated in the “liver” circulate to cause glutathione
depletion and death in the “lung” chamber.

Materials and Methods

Materials. All medium components, unless otherwise
indicated, including DMEM/F12 (1:1), fetal bovine serum
(FBS), penicillin, streptomycin, pyruvate, and phosphate-
buffered saline (PBS) were purchased from Life Tech-
nologies, Inc. (Rockville, MD). Other reagents, such as
naphthalene, 1-naphthol, 1,2-naphthalene dihydrodiol,
1,2-naphthahlene diol, 1,2-naphthoquinone, poly-D-lysine,
and ethoxyresorufin were obtained from Sigma (St. Louis,
MO). Matrigel was acquired through Collaborative Bio-
medical Products (Bedford, MA). Fluorescence stains,
such as calcein and monochlorobimane (MCB), and
Amplex Red Hydrogen Peroxide assay kit (A-22188) were
purchased from molecular Probes (Eugene, OR).

µCCA Microfluidics Study. Details of the µCCA
device fabrication and system assembly are described
elsewhere (3, 11). After the µCCA device was assembled,
color dye was pumped through using an external peri-
staltic pump (205S; Watson-Marlow, Wilmington, MA)
at 2 µL/min flow rate to visualize fluid flow and leakage
in the system. To measure the residence time in each
chamber, the liquid source was switched from deionized
(DI) water to silicon oil (Sigma, St. Louis, MO). The
movement of the oil-water interface through the cham-
bers was observed under a metallurgical microscope
(Fisher Scientific, Pittsburgh, PA) and timed with a
stopwatch. The measurement was repeated at least 3
times.

Cell Culture. L2 (rat lung Type II epithelial cells),
H4IIE (rat hepatocytes), and HepG2/C3A (human hepa-
tocyte) cell lines were obtained from American Type
Culture Collection (ATCC, Bethesda, MD) and main-
tained in DMEM/F12 tissue culture medium, supple-
mented with 10% FBS, 50 units/mL of penicillin, and 50
µg/mL of streptomycin. Pyruvate was added to medium
for HepG2/C3A.

P4501A Activity Measurement. CYP1A activity in
H4IIE and HepG2/C3A was measured using the method
from Kelly and Sussman (12). Briefly, 10 µM ethoxyre-

Figure 1. A schematic diagram of 1′′ × 1′′ µCCA design.
Dimensions of each chamber are as followed (w × l × d): lung
(2 mm × 2 mm × 20 µm), liver (3.5 mm × 4.6 mm × 20 µm), fat
(0.42 mm × 50.6 mm × 100 µm), and other tissues (0.4 mm ×
109 mm × 100 µm). Note that, according to the PBPK model,
25%, 9%, and 66% of flow from the lung chamber go to liver,
fat, and other tissues chambers, respectively. The fat chamber
represents a slowly perfused organ and contains no cells. (b)
The actual size of µCCA; the scale bar indicates 4 mm.

Figure 2. Overview of the naphthalene metabolic pathway.
P450 ) cytochrome P450 monooxygenase, EH ) epoxide hy-
drolase, DD ) dihydrodiol dehydrogenase, GSH ) glutathione.
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sorufin in DMEM without phenol red was added into
H4IIE and C3A cells and incubated for 1 h at 37 °C. The
supernatant was measured fluorimetrically at 530 nm
excitation and 590 nm emission. The result was ex-
pressed in fold increase in P450 activity per cell basis.

µCCA Toxicity Experiments. The µCCA chip was
initially coated with poly-D-lysine at 10 µg/cm2. A silicone
gasket (GRACE-BIO) was applied to the surface of the
silicon chip, providing a hydrophobic barrier to confine
cell suspensions to the proper compartments and prevent
cross contamination of compartments. The lung and liver
chambers were then coated with Matrigel at 100 µg/cm2

density, according to the manufacturer’s instructions; 40
µL of L2 at 2 × 105 cells/mL were plated into lung
chamber, whereas 40 µL of either HepG2/C3A or H4IIE
at 1 × 106 were seeded into liver chamber. The chips were
then kept at 37 °C to let the cells attach. After 4 h, the
silicone gasket was removed, and DMEM/F12 medium
was added to maintain the cells overnight.

The µCCA device was placed between two machined
Plexiglas pieces (1/4” thick) and screwed tightly together
to ensure no leakage. The chip was then connected to a
100 µL reservoir (debubbler) and a peristaltic pump to
provide recirculation at 2 µL/min. DMEM/F12 supple-
mented with 10% FBS was used as a blood surrogate.
The system was operated at 37 °C in a humidified, 5%
CO2 atmosphere. In naphthalene toxicity studies, naph-
thalene was maintained at the saturation limit. To obtain
time course data, multiple experiments were required as
the addition of stain terminated that experiment. In
naphthoquinone toxicity study, µCCA chips were treated
with various concentration of naphthoquinone for 6 h.
At the end of each experiment, cells on the chip were
stained with calcein (LIVE stain) and monochlorobimane
(MCB; GSH stain) (13) by recirculating DMEM medium
without phenol red containing 5 µM calcein and 80 µM
MCB at 37 °C for 30 min.

Fluorescence Microscopy and Image Analysis.
Fluorescence images were acquired using an epifluores-
cence microscope (Metamorph) equipped with 20× objec-
tive. Fluorescence from MCB-GSH adduct was excited
by light provided by xenon lamp using 10 nm band-pass
filter centered at 360 nm in the light path and emitted
through a 460 nm long-pass filter, while fluorescent
calcein was excited at 483 nm excitation and 535 nm
emission. Image analysis to obtain fluorescent intensity
used Scion Image (Scion Corporation, Frederick, MD).

Microplate Assay. To study the toxicity of naphtha-
lene metabolites, L2 cells were treated with 0.01 to 20
µg/mL of various naphthalene metabolites for 6 h in 96-
well plates (Corning). The toxicity was determined from
(1) MTS assay, (2) intracellular GSH, and (3) hydrogen
peroxide (H2O2) production. L2 cells were plated at 3,000
cells per well for MTS assay and 50,000 cells per well
for the experiments that measure intracellular GSH and
H2O2 production and incubated overnight. These 3 assays
were performed independently. The MTS assay measured
the cellular metabolic activity and was performed ac-
cording to standard procedure (14).

GSH measurement was determined following protocol
from Sebastia et al. (15). After L2 cells had been treated
with naphthalene metabolites, cells were washed twice
to completely remove serum and excess metabolites.
Next, 100 µL of 10 µM MCB in DMEM serum-free
medium was added to each well and incubated at 37 °C
for 1 h, protected from light. The experiment was
terminated by removing the MCB solution and replacing
with fresh DMEM without phenol red. The fluorescence
of the MCB-GSH adduct was immediately observed with

excitation at 380 nm and emission at 470 nm. Results
were obtained by subtracting blank values and presented
as a percentage of control cells not exposed to naphtha-
lene.

Hydrogen peroxide was quantified by using an Amplex
Red hydrogen peroxide assay, according to the manufac-
turer’s instruction. Medium was DMEM (without phenol
red) serum-free medium. The samples were read for
absorbance at 560 nm. To correct for background absor-
bance, each point value was subtracted from the value
of negative control.

Statistics. An unpaired Student’s t-test was used for
data analysis. Significant difference was defined at the
95% confidence level.

Results
Design and Microfluidics of a Four-Chamber

µCCA. A schematic diagram and an actual size four-
chamber µCCA are illustrated in Figure 1. The culture
medium or blood surrogate first entering the system
through the inlet passes through to the “lung”, after
which 9%, 25%, and 66% of fluid go into the “fat”, “liver”
and “other tissue” chambers, respectively. The fluid from
these three chambers is then combined before being
pumped out through the outlet and circulated back to
the inlet.

To verify the microfluidics, the residence time mea-
sured in each chamber was compared with the actual
residence time. According to Table 1, the measured
residence time values are fairly close to the design
residence time values, although there are some variations
in the “liver”, “fat”, and “other tissue” chambers. This
finding also suggests that the µCCA device has achieved
the desired passive flow split from the “lung” chamber
to other chambers.

Selection of Cell Lines. A rat lung cell line, L2, was
used in the lung compartment and was used as a reporter
cell line for toxicity (16). L2 contains no detectable P450
activity. In our macroscale studies (1, 2), the H4IIE cell
line was used as a model for liver because it possesses
cytochrome P4501A1 and glutathione-S-transferase ac-
tivity, which are critical enzymes in naphthalene me-
tabolism. Recently, the HepG2/C3A cell line, a subclone
of HepG2, has been reported to express high P450 activity
(17). We compared the P450 activity of H4IIE with that
of C3A. Our result indicated that the C3A cell line
expressed P4501A activity 30 times higher per cell basis
than that of the H4IIE cell line, although the C3A level
is still below that in primary cells. In our initial study,
we operated the µCCA device with L2 and H4IIE in the
lung and liver compartments, respectively, and chal-
lenged this system with naphthalene. We did not observe
any changes in GSH in either cell type (data not shown).
This result is consistent with the findings from Ghanem
and Shuler (2) and Sin (11). The C3A cell line is used to
represent the liver compartment in this study. Although
we refer to “lung” and “liver” in the following discussion,
the reader must recognize that these cell lines are far
from authentic representations of such organs.

Table 1. Comparison between Residence Time Measured
from the Chip and Residence Time Used in Calculation;
Measurement Was Repeated at Least Three Times

compartment
calculated

residence time (s)
measured

residence time (s)

lung 2 2
liver 28 38 ( 10
fat 134 120 ( 12
other-tissue 207 200 ( 20
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µCCA Naphthalene Toxicity. Naphthalene concen-
tration was maintained at the saturation level (50 µg/
mL in medium supplemented with serum (11)); naph-
thalene’s high volatility would lead to significant losses
and constantly decreasing concentration. In each experi-
ment, three control µCCA devices were operated in
parallel to three naphthalene-treated devices. Afterward,
cells were stained with Calcein and MCB. Calcein stain
was used as an indicator for viable cells, while MCB
stained for GSH.

Calcein stain showed that cells in both compartments,
lung and liver, remained attached and viable throughout
the experiment (data not shown). Figure 3 presents
intracellular GSH, as percentage of controls, of L2 and
HepG2/C3A cells after being treated with naphthalene
at varying lengths of time. The level of GSH in both
naphthalene-treated L2 and C3A cells gradually de-
creased to about 60% of control cells at 6 h. However,
unlike L2 cells, the level of GSH in C3A was slightly
higher at 4 h than at 2 and 6 h.

µCCA Control Experiment. To determine if C3A
cells in the liver compartment were responsible for GSH
depletion in L2 cells, µCCA devices were operated in the
following combinations: (1) L2 in lung and no cell in liver
compartment (lung-blank), (2) L2 in both lung and liver
compartments (lung-lung), and (3) C3A or (4) H4IIE cells
in liver compartment without any cell in lung compart-
ment (blank-liver). GSH status in each combination was
compared to GSH in µCCA devices containing L2 in lung
and C3A in liver (lung-liver). Results are summarized
in Table 2.

After 6 h experiment, there was no intracellular GSH
depletion in L2 observed in the L2-blank combination as
compared to controls. This result shows that naphthalene
by itself does not have any effect on GSH depletion in
L2 cells. To test whether metabolizing cells are respon-
sible for depleting GSH as shown in Figure 3, µCCA
devices were operated with L2 cells in both lung and liver
compartment under the same conditions. GSH level in
L2 cells in the lung-lung system was similar to GSH level
in the control experiment, indicating that metabolizing
cells are required for GSH depletion in L2 cells.

To determine whether C3A cells were affected by
circulating metabolites, a blank-liver system was used
(no cell in lung compartment). The level of GSH in C3A
cells was reduced to about half of that of control cells,
which is consistent with the finding from Figure 3,
suggesting that naphthalene metabolites do affect the
intracellular GSH in C3A cells. When C3A cells were
replaced by H4IIE cells, the level of GSH in H4IIE did
not vary significantly from control experiment, possibly

because H4IIE cells did not have sufficient P450 activity
to convert a significant level of naphthalene into toxic
metabolites.

Results from Figure 3 and Table 2 strongly support a
hypothesis that reactive metabolites generated in the
liver compartment are responsible for GSH depletion in
both lung and liver cells.

Naphthalene Metabolites Toxicity. To characterize
which reactive metabolites of naphthalene are respon-
sible for cytotoxicity in L2, L2 cells were treated with
various concentrations of naphthalene metabolites (0.01-
20 µg/mL) in static environment for 6 h. According to the
naphthalene metabolic pathway (Figure 2), naphthalene
is metabolized into many different reactive intermediates.
In this study, we focused on the toxicity of four metabo-
lites: 1-naphthol, 1,2-dihydro naphthalene 1,2-diol (naph-
thalene dihydrodiol), 1,2-naphthalene diol, and 1,2-
naphthoquinone.

MTS Assay. Toxicity of naphthalene metabolites was
assessed using a colorimetric MTS assay (Figure 4a).
MTS tetrazolium compound is bioreduced by metaboli-
cally active cells into a colored formazan product, which
can be related to the metabolic state of the cells and cell
viability (18). Result was expressed in percentage of cell
viability in treated cells to that of untreated cells. As
shown in Figure 4a, 1-naphthol and naphthalene dihy-
drodiol isomers did not affect the viability of L2 cells even
at high concentration (20 µg/mL) where cell viability
remained at about 90-98%. On the other hand, both
naphthalene diol and naphthoquinone significantly de-
creased cell viability (p < 0.0001) in a concentration-
dependent manner. Naphthoquinone is shown to be more
toxic toward L2 than naphthalene diol, as the EC50 of
naphthoquinone (1.5 µg/mL) was much less than that of
naphthalene diol (10 µg/mL). Nonetheless, L2 cells
remained unaffected by these metabolites up to a con-
centration of 0.5 µg/mL. L2 cells were also treated with
1:1 ratio mixture of naphthalene diol and naphtho-
quinone. The mixture was less toxic than naphtho-
quinone but more toxic than naphthalene diol, which
implied that there was no synergistic effect between
reactive metabolites.

GSH Determination. We also investigated the effect
of naphthalene metabolites on GSH depletion in L2 cells
(Figure 4b). L2 cells were treated under the same
condition as in the MTS assay. Naphthol and naphtha-
lene dihydrodiol did not significantly alter intracellular
GSH, as GSH level remained high throughout the
experiment. However, both naphthalene diol and naph-
thoquinone significantly decreased GSH (p < 0.001),
although GSH level did not vary significantly at lower
concentration of both metabolites (0.01-0.5 µg/mL). GSH
depletion was also concentration-dependent, and naph-
thoquinone was more potent in GSH reduction as com-
pared to naphthalene diol. Interestingly, 2.5 and 5 µg/
mL of naphthalene diol increased GSH level in L2. In

Figure 3. Typical GSH response of L2 (lung) and C3A (liver)
cells in µCCA devices after being treated with saturated
naphthalene at various time (n ) 3).

Table 2. GSH Level in L2 and C3A in Control
Experimenta

conditions
lung chamber

GSH (% of control)
liver chamber

GSH (% of control)

(1) L2-blank 102 ( 7.5
(2) L2-L2 106 ( 10.5
(3) blank-C3A 49 ( 10
(4) blank-H4IIE 95 ( 8.5

a µCCA system was operated in the following combinations: (1)
L2 in both lung and liver chambers, (2) L2 in lung and no cell in
liver, (3) C3A in liver and no cell in lung, and (4) H4IIE in liver
and no cell in lung chamber (n ) 3),
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general, GSH depletion profiles of all four naphthalene
metabolites matched well with cytotoxicity profiles ob-
tained from MTS assay. These results demonstrated that
naphthoquinone was more cytotoxic toward L2 cells than
naphthalene diol, whereas naphthol and naphthalene
dihydrodiol were not cytotoxic to this cell line.

H2O2 Production. To further confirm the mechanism
of naphthalene toxicity, H2O2 formation in L2 cells
treated with various naphthalene metabolites was mea-
sured as an indicator of redox cycling and oxidative
stress. This experiment was carried out in serum-free
DMEM medium without phenol red because phenol red
and serum protein interfered with fluorescence detection.
According to Figure 4c, only naphthalene diol and naph-
thoquinone accumulated H2O2 in a concentration-de-

pendent manner. At the same concentration, the amount
of H2O2 was highest in cells treated with naphtho-
quinone. This evidence suggests that naphthalene diol
and naphthoquinone, but not naphthol and naphthalene
dihydodiol, undergo redox cycling in L2 cells.

µCCA Naphthoquinone Toxicity. We challenged the
µCCA system with 10, 50, and 100 µg/mL of naphtho-
quinone for 6 h, using the same experimental apparatus
as in the naphthalene toxicity study. Calcein stain
revealed that naphthoquinone drastically changed the
morphology of L2 cells from fibroblast-like (Figure 5a)
to more rounded structure (Figure 5b-d). This effect was
more pronounced at high concentration. Interestingly,
calcein was unevenly distributed in L2 cultures treated
with 50 and 100 µg/mL naphthoquinone. Unlike L2 cells,
the morphology of C3A did not change upon being
exposed to naphthoquinone (data not shown).

GSH in both cell lines, L2 and C3A, decreased with
increasing concentration of naphthoquinone (Figure 5e).
However, L2 cells were more sensitive than C3A, as the
level of GSH in L2 was much less than that of C3A
treated at the same concentration of naphthoquinone.

GSH Depletion by Naphthoquinone. To investigate
the different responses between L2 and C3A cell lines
on GSH depletion causing by naphthoquinone, both cells
were incubated with various concentrations of naphtho-
quinone for up to 6 h. This study was carried out in a
96-well tissue culture plate. At the end of the experiment,
GSH level in both cell types was measured on the basis
of fluorescence intensity of GSH-MCB adduct. As shown

Figure 4. L2 cells were treated with various concentrations of
naphthalene metabolites (naphthol, naphthalene dihydrodiol,
naphthalene diol, and naphthoquinone) for 6 h. The cytotoxicity
of these metabolites was determined based on (a) MTS assay,
(b) intracellular GSH, and (c) H2O2 production. NDD, ND, and
NQ indicate naphthalene dihydrodiol, naphthalene diol, and
naphthoquinone, respectively (n ) 6).

Figure 5. Comparison of the morphology of (a) untreated L2
cells with L2 cells treated with (b) 10, (c) 50, and (d) 100 µg/mL
of naphthoquinone for 6 h in µCCA devices. Cells were stained
with calcein (×20). In addition, (e) the GSH level in L2 (lung)
and C3A (liver) was determined at the end of the experiment
(n ) 3).
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in Figure 6a, GSH level in L2 cells decreased in a
concentration- and time-dependent manner. On the other
hand, the level of GSH in C3A cells reached the minimum
at 4 h and then, except for naphthoquinone at 20 µg/mL,
increased to about 80-100% of GSH in control cells
(Figure 6b). This result suggests a significant level of
GSH resynthesis in C3A cells after 4 h. The GSH
resynthesis in C3A cells exposed to the highest concen-
tration of naphthoquinone (20 µg/mL) is not adequate to
replenish the depleted GSH within the cells. Overall,
GSH resynthesis rate of C3A is faster than that of L2
cells.

Discussion

The “fat” compartment is added to the previous three-
chamber µCCA system to better mimic the fluid distribu-
tion in rapidly and slowly perfused organs and more
accurately predict the response of animals to chemicals.
To validate the microfluidics, the residence time in each
chamber was measured and compared to the actual
residence time (Table 1). These residence times matched
reasonably well, confirming the correct fluid distribution
into the “liver”, “fat”, and “other tissue chamber”. The
fluid flow is passively controlled by channel geometry
that also determines the resistance of the fluid channel

(19). By balancing the fluid resistance between the “liver”,
“fat”, and “other tissue” chambers, pressure required to
introduce fluid into these particular chambers is similar
and therefore the desired fluid distribution is achieved.
However, variation in residence time in the “liver”, “fat”,
and “other tissue” was observed, possibly from pulsation
in the external peristaltic pump. Although this peristaltic
pump can handle µL/min flow rate, it is difficult to use
macroscopic equipment to control microscopically. To
overcome this limitation, a micropump will be integrated
into the future µCCA device. A diaphragm micropump
has been developed and is capable of producing recircula-
tion flow and precisely controlling the flow rate as low
as 2 µL/min (20). In addition, the nonphysiologically
realistic external residence time outside the µCCA chip
due to the debubbler will be significantly reduced.

A key feature of µCCA device is the dynamic co-culture
system that allows us to address different roles of
metabolizing cells (HepG2/C3A) and nonmetabolizing
cells (L2) in naphthalene toxicity. The primary biomarker
for toxicity in this study is glutathione depletion. Our
results demonstrate that reactive metabolites produced
by HepG2/C3A cells in the liver compartment circulate
to lung compartment and decrease GSH level in L2 cells
in a time-dependent manner. C3A cells were also affected
by naphthalene metabolites. Although the metabolites
were not directly measured in this system, results from
naphthalene and control experiments indicate the forma-
tion of metabolites in liver cells that then circulated to
the “lung” compartment, altering L2 GSH. According to
the lung-lung and lung-blank controls, naphthalene is
not cytotoxic and the presence of P450 enzyme is neces-
sary for naphthalene-induced GSH depletion, which is
consistent with the accepted understanding of naphtha-
lene toxicity. Also, the C3A cell line is superior to the
H4IIE cell line in mimicking liver metabolism, as a result
of higher P450 enzyme activity. Note that H4IIE cells
were not capable of metabolizing naphthalene at signifi-
cant rates, as there was no reduction in GSH level
observed in either L2 or H4IIE when H4IIE cells were
cultured in liver compartment.

These responses in the µCCA are consistent with
observations from the macroscopic CCA systems (lung-
liver-other tissues) and the corresponding PBPKs (1, 2,
4). In those systems toxicity was related to P4501A1
activity and whether the design allowed for significant
formation of 1-naphthol. Although early animal studies
on naphthalene metabolism suggested that the naphtha-
lene epoxides were the toxic agents (21, 22), the CCA
models and more recent experiments (5, 23-26) all
suggest that toxicity is related to quinone formation. With
the µCCA system used here, naphthalene epoxides could
not be active agents. The half-life of naphthalene epoxide
is 3.6 min in aqueous medium (27) because of relatively
rapid rearrangement into 1-naphthol. Since the liquid
residence time in the debubbler unit was large (50 min),
very little of the naphthalene epoxide (less than 0.007%)
formed in the HepG2/C3A line would have been returned
to the lung.

Our results indicate that up to 20 µg/mL of either
naphthol or naphthalene dihydrodiol did not alter cell
viability or GSH level in L2 cells. On the other hand,
naphthalene diol and naphthoquinone significantly de-
creased cell viability and depleted GSH in a concentra-
tion-dependent manner. In addition, naphthoquinone was
the most toxic toward L2 cells among all metabolites
tested and there was no synergistic interaction between
naphthalene diol and naphthoquinone (Figure 4a and c).
Only quinone has the potential to form thiol conjugates

Figure 6. GSH responses of (a) L2 cells and (b) HepG2/C3A
cells upon incubation with various concentrations of naphtho-
quinone for up to 6 h (n ) 6).
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with cellular nucleophiles, such as GSH, DNA, and
protein, leading to cellular damage (28, 29). Naphthalene
diol likely depleted GSH in L2 cells by reacting to form
quinone through the redox cycle, which then conjugated
with GSH. Previous studies have suggested that naph-
thalene can also induce oxidative stress in experimental
animals (30, 31). Only naphthalene diol and naphtho-
quinone were capable of generating H2O2, which confirms
that a redox cycling mechanism exists in this in vitro
model. In addition, the cytotoxic effects were related to
their ability to produce H2O2, as H2O2 accumulation has
been previously shown to induce cell death by changing
cellular redox state (24, 32). These observations suggest
naphthalene diol and naphthoquinone are the circulating
metabolites responsible for GSH depletion of L2 cells in
µCCA device.This suggestion is strengthened by direct
addition of naphthoquinone to the µCCA. L2 cells were
more susceptible to cellular damage than C3A cells when
µCCA devices were treated with various concentrations
of naphthoquinone. Naphthoquinone not only reduced
GSH level but also caused morphological changes in L2
cells possibly from lipid peroxidation, a common sign of
oxidative stress (33). These changes were not observed
in C3A cells, and reduction in GSH was not to the same
extent. Thus, naphthoquinone toxicity is cell type specific.
The lung cells are more sensitive to toxicity compared to
the hepatoma cells, possibly because of slower GSH
resynthesis rate (34, 35), as also shown in Figure 6.

In naphthalene toxicity experiments (Figure 3), we
found that the GSH level in L2 and C3A decreased to
about the same level (∼60% of control), whereas in
naphthoquinone toxicity experiments (Figure 5), the GSH
level in L2 cells was significantly less than in C3A cells.
This evidence shows that naphthoquione and naphtha-
lene diol may not be the only two metabolites affecting
the level of GSH in liver cells. Naphthalene epoxide has
been shown to conjugate with protein and GSH in cells
expressing cytochrome P4501A1 (5, 36). Even though
naphthalene epoxide is relatively unstable, it can conju-
gate with GSH within liver cells in situ as naphthalene
was metabolized intracellularly. This effect is, however,
not relevant for the GSH depleting effect in lung cells
because of long circulation time from liver to lung
chamber.

Although the µCCA described here provides a useful
framework to probe naphthalene toxicity mechanisms
and is satisfactory for proof-of-concept experiments, it has
many limitations. Most importantly is that isolated cell
lines are not authentic mimics of true organs. This
limitation plagues all in vitro systems. However, the
µCCA system can be easily redesigned to accommodate
tissue engineered constructs employing mixed popula-
tions of cells that show more metabolically authentic
behavior. Tissue engineering is an area of intense
research, and such constructs are in development.

Another limitation is that this µCCA was designed to
mimic a rat with respect to ratio of one cell type to
another and fluid residence time in each organ; however,
the addition of a “debubbler” add a large volume that
rendered the circulation dynamics unrealistic. A “debub-
bler” was necessary to obtain reliable fluid recirculation
(3, 11).

Further, a two-cell-type model is of limited utility.
However, the design and use of models with many more
compartments are straightforward. We have cultured
differentiated adipocytes in the fat chamber to simulate
the bioaccumulation of tested compounds and anticipated
that the presence of fat tissue will modify the dynamic
response because of the absorption. In addition, the

future µCCA design will incoporate the debubbler as part
of the “other tissues” compartment to obtain more
realistic distribution of metabolites.

Conclusions

This study demonstrates that the µCCA or “animal-
on-a-chip” system provides a useful in vitro model to
probe naphthalene metabolism. A four-chamber (“lung”-
“liver”-“fat”-“other tissue”) µCCA contains culture L2 cells
in the “lung” as target organ and HepG2/C3A or H4IIE
cells in the “liver” as metabolizing organ. Our results
indicate that naphthalene is metabolized by “liver” into
reactive metabolites, which then circulate to the “lung”,
causing GSH depletion in L2 cells. Naphthalene-induced
toxicity strongly depends on cytochrome P4501A1 enzyme
activity. 1,2-Naphthalenediol and 1,2-naphthoquinone
are identified as the circulating reactive metabolites
responsible for GSH depletion in L2 cells. In addition,
L2 cells are more sensitive toward naphthoquinone than
HepG2/C3A, possibly because of slower GSH resynthesis.

These studies verify the potential of a very simple
µCCA system to provide mechanistic insight into chemi-
cal toxicity. A more complete µCCA system can be readily
fabricated to provide in vitro ADMET studies on new
drugs or drug combination.
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