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ABSTRACT

Within the global pharmaceutical and biotech industries, there is significant interest in identifying
in vitro screening systems that are more human-relevant—i.e., that offer greater utility in predicting
subcellular and cellular physiological responses in humans in vivo—and that thereby allow investigators
to reduce the incidence of costly late-stage failures during pharmaceutical clinical trials, as well as to
reduce the use of animals in drug testing. Currently incumbent in vitro screening methods, such as
culturing human hepatocytes in suspension, while useful, are limited by a lack of long term cellular
function. In order to address this limitation, we have established an integrated, microfluidic, in vitro
platform that combines the patented HWREL™ microdevice with a hepatic coculture system. In the
present report, we use this platform to study clearance and metabolite generation of a battery of
molecular entities. The results show that the flow-based coculture system is capable of clearing, with
improved resolution and predictive value, compounds with high, medium, and low clearance values. In
addition, when coculture is coupled with flow, higher metabolite production rates are obtained than in

static systems.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Collectively, the pharmaceutical and biotechnology industries
have long been interested in identifying in vitro screening systems
that are more human-relevant—i.e., that offer greater utility in
predicting subcellular and cellular physiological response in
humans in vivo. An improved screening system would allow
investigators to reduce the incidence of costly late-stage failures
during pharmaceutical clinical trials, as well as to reduce the use
of animals in drug testing. While static in vitro cell-based assays
are used quite frequently within the pharmaceutical industry,
they are limited by the fact that they do not adequately mimic the
complexity of the physiological environment and thus may not
accurately give effect to relevant human parameters. In addition,
because human hepatocyte cultures rapidly lose function over
time, they are of limited use in cases where compounds clear
slowly, or where metabolites are generated over extended periods
of time. While animal testing replicates some complex inter-
cellular and inter-tissue effects, animal studies are expensive,
labor-intensive and, in certain instances, not relevant to the
human physiological response. Thus, a need exists for the
development of stable and effective human cell-based in vitro
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methods that can improve the prediction of in vivo drug
disposition.

Many primary hepatocyte based culture methods are limited by
their lack of long term in vitro function. Most hepatospecific
functions are typically lost in the first days of culture. Methods to
stabilize in vitro adult primary hepatocyte function have been
developed, and include techniques which use specific extracellular
matrices (ECM), which spatially orient hepatocytes between layers
of extracellular matrix, or which involve coculture with nonpar-
enchymal cells [1]. For example, it has been shown that when
primary hepatocytes are cultured with nonparenchymal cells,
there is a marked increase in hepatocyte function as compared to
hepatocytes cultured alone [2,3]. In general, systems yielding the
most promising results are based upon the promotion of
homotypic hepatocyte interactions induced by the coculture [2].

Another consideration is the format used for culturing
hepatocytes. The vast majority of current in vitro screening assays
utilize cells cultured under static conditions. In this format,
continuous flow of culture media over the isolated hepatocytes,
mimicking the physiologic state, is absent. A fairly large number of
prior studies have demonstrated the beneficial effects of flow on
hepatocyte function [4-13]. For example, a small-scale bioreactor
incorporating rat hepatocytes was shown to provide superior
performance in drug metabolism studies [14]. More recent studies
have explored a number of adherent mammalian cells in
microbioreactors, and in some cases have incorporated two
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chamber microfluidic designs seeded with HepG2 cells and L2 lung
cells or 3T3 adipocytes in series. A number of studies have
incorporated primary hepatocytes into microfluidic arrays to
create a more physiologically relevant model of liver metabolism
[15-17].

In a prior report, we described a set of clearance and
metabolism studies using a microfluidic cell culture analog
(CCA) system seeded with primary human hepatocytes alone
[18]. In the present report, we use an improved, more stable
coculture system within the microdevice to study clearance and
metabolite generation of a battery of molecular entities. The
results show that the flow-based coculture system is capable of
clearing, with resolution and improved predictive value, com-
pounds with high, medium, and low clearance values. In addition,
when coculture is coupled with flow, higher metabolite production
rates are obtained than in static systems.

2. Materials and methods
2.1. Materials and reagents

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO)
unless specified otherwise. Sildenafil was obtained from American
Custom Chemicals Corporation (San Diego, CA). Methanol and all
other organic solvents were purchased from Fisher Scientific
(Waltham, MA). Cryopreserved human hepatocytes were obtained
from Celsis in vitro technologies (Baltimore, MD). Rat tail collagen
type I, BD Biocoat™ collagen 1 96-well microplates were obtained
from BD Biosciences (Franklin Lakes, NJ). Polystyrene HWREL®
biochips, Hurel PlatinumHeps™ media and the polycarbonate
housing sets were obtained from HWREL®™ Corporation (Beverly
Hills, CA)

2.2. Preparation of polystyrene HWREL™ biochips

The biochips were sterilized by soaking in 70% isopropanol for
an hour followed by rinsing with sterile distilled water. The
biochips were then dried and subsequently treated with air plasma
using a high frequency generator (Electro-Technic Products Inc.)
for 3-5s to modify the surface properties of the biochips to be
more hydrophilic, and to increase the collagen-coating efficiency.
The “liver chamber” of the biochips was coated with rat tail type I
collagen (BD Biosciences) and the biochips were stored aseptically
at 4 °C until use. The biochips were rinsed with phosphate buffered
saline (PBS) (Gibco-Invitrogen), three times before cell seeding.

2.3. Cell culture

2.3.1. Preparation of hepatocyte/nonparenchymal cell cocultures

Cryopreserved human hepatocytes were removed from liquid
nitrogen and thawed quickly in a water bath at 37 °C. Human
hepatocytes were transferred to a 50 mL conical tube containing
20 mL warm Hurel PlatinumHeps™ medium, 9 mL Percoll (Sigma),
1mL 10x PBS (Gibco-Invitogen) and centrifuged at 500 x g
(Beckman Coulter, TJ-25) for 5 min at room temperature. After
removing the supernatant, the cells were re-suspended in Hurel
PlatinumHeps™ medium with a cell density of 4 x 10 cells/mL for
seeding. The cell viability and number were determined using
trypan blue exclusion (70-95% viable).

Nonparenchymal cells (passages 10-20) were passed in a CO,
incubator at 37 °C until used for experimental plating. On plating
day cells were detached from the plate surface using standard
trypsinization, suspended in 15mL DMEM medium (Gibco-
Invitogen) and centrifuged at 1000 x g for 7 min at room
temperature to obtain a cell pellet. After removing the supernatant,
the cells were re-suspended in Hurel PlatinumHeps™ medium

with a cell density of 4 x 10° cells/mL for seeding. The cell viability
and density were determined using trypan blue exclusion (75-95%
viable).

2.3.2. Static culture in 96-well microplates

For the monoculture conditions human hepatocytes suspended
in Hurel PlatinumHeps ™ medium were confluently seeded in BD
Biocoat™ collagen 1 96-well microplates. For the coculture
condition, human hepatocytes and nonparenchymal cells were
premixed and confluently seeded. The cells were allowed to attach
in a CO, incubator at 37 °C for 4 h before 100 L media is replaced.
Media was replaced every 48 h for duration of experiments. On the
experimental day, drug solutions were prepared and pre-warmed
to 37 °C. The cell containing plates were incubated with 100 L of
respective drug solution for 24 h in a CO, incubator at 37 °C on an
orbital shaker with a shaking speed of 670 rpm. Compounds used
in the clearance studies (buspirone, imipramine, sildenafil, timolol,
nifedipine, diclofenac, indomethacin, carabamazepine, antipyrine)
were dosed at a starting concentration of 1 M. Compounds used
in metabolite generation studies (midazolam, bupropion, detro-
methorphan, phenacetin, warfarin, 7-hydroxy coumarin, and
omeprazole) were dosed at a starting concentration of 25 M.
Supernatant aliquots of 5 pL were taken at pre-determined time
points (0, 1, 2, 4, 24 h) and added to 100 p.L methanol containing
10 ng/mL loperamide as the internal standard. Samples were
stored at —20 °C until analyzed by LC/MS/MS.

2.3.3. Flow-based culture

Monocultures and cocultures suspended in the plating medium
were confluently seeded in the “liver chamber” of the HWREL®
biochips. The cells were allowed to attach to the biochips in a CO,
incubator at 37 °C for 4 h before assembling the biochips to the
HWREL®™ housing sets and applying the flow of culture medium.
Once the biochips were enclosed in the housing sets and connected
to the tubing and the pump, the microfluidic device was
transferred to a humidified CO, incubator at 37 °C for 10 min to
equilibrate the system. The exposure of the cells to the drugs was
initiated by replacing the reservoirs to drug containing culture
medium. Compound concentrations for the clearance and metab-
olite studies are the same as described for the static culture system.
Aliquots of 5 pL were taken from the reservoirs at pre-determined
time points add to 100 pL methanol containing 10 ng/mL
loperamide (internal standard). Samples were stored at —20 °C
until analyzed by LC-MS/MS.

2.4. LC-MS/MS method

Samples were centrifuged at 1000 x g for 10 min, and an
aliquot (10 pL) of the supernatant was analyzed by LC-MS/MS.
The LC-MS/MS system comprised a Shimadzu LC-10ADvp pump
(Shimadzu, Columbia, MD), HTS PAL CTC autosampler (Leap
Technologies, Carboro, NC), and an API 4000 mass spectrometer
with a Turbo Ion Spray probe (Applied Biosystems/MDS SCIEX,
Ontario, Canada). The separation of compounds was achieved
using a reversed phased stationary phase (Synergi Hydro,
Phenomenex). The mobile phase was a gradient with 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) with a
flow rate of 0.8 mL/min. The initial composition of the mobile
phase was 5% of B for 0.1 min, followed by a linear gradient to 90%
of B over 1.1 min, held at 90% B for 0.2 min, and back to 5% B in
0.1 min. Most samples, with the exception of diclofenac,
indomethacin, 7-hydroxy coumarin, 7-hydroxy coumarin sulfate,
and 7-hydroxy coumarin glucuronide were detected using
multiple reaction monitoring (MRM) in positive ion mode. The
three exceptions were detected using MRM in negative ion mode.
The area ratio of the analytes to the internal standard was
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calculated using the Analyst®
Biosystems).

software v. 1.4.1 (Applied

2.5. Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR)

RNA isolation was carried out using Promega SV Total Isolation
Kit according to manufacturer instructions for seeded cells. RNA
was purified and concentration was quantified using Molecular
Devices Analyst GT spectrophotometer. TagMan Reverse Tran-
scription Reagents (Applied Biosystems) were used to transcribe
RNA. Reactions were initiated using 1 g RNA and transcribed in a
Applied Biosystems GeneAmp PCR System 9700. PCR was initiated
using 15 pL TagMan Universal PCR Master Mix (2x), 1.5 pL
Tagman gene expression assay and 3 pL target cDNA in a total
volume of 30 L on Applied Biosystem 7900HT Fast Real Time PCR
System in a 96 well optical plate format. Gene transcription was
evaluated using the [delta][delta]Ct method normalized to 3-actin,
a cytoskeletal microfilament, and to RNA from freshly thawed
human hepatocytes as well as nonparenchymal cells.
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2.6. Bile canaliculi analysis

To detect functional bile canaliculi we incubated hepatocytes
with 2 pg/mL of 5(6)-carboxy-2’,7'-dichlorofluorescein diacetate
(CDFDA) for 10 min, washed with phenol red-free media, and
imaged using fluorescence microscopy.

2.7. Data analysis

2.7.1. Calculation of the intrinsic clearance for the static
culture system

The in vitro human hepatocyte intrinsic clearances (CLj,) are
calculated from the substrate concentration profile in the hepato-
cyte incubation medium for static the based culture systems using
previously described method [18]. In the static conditions, the well-
defined and widely used well-stirred model [19] is used to scale up
the in vitro intrinsic clearance to the estimated hepatic clearance
(CLy), assuming the drug is totally unbound in the serum-free
culture medium. A human hepatic blood flow of 20.7 mL/min/kg and
a scaling factor (2.3) from in vitro to in vivo [20].
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Fig. 1. Metabolic clearance for representative compounds under static culture conditions. Each data point represents the clearance of the parent compound in terms of (mL/
min/kg). Clearance rates were evaluated at 1, 2 and 6 days after initial cell seeding. Each time point includes clearance rates of the static coculture (white) and static
monoculture (black). The data were presented as a mean + standard deviation with at least three replicates. Asterisks (*) indicate a statistically significant difference (p < 0.05) as

determined by a Student’s t-test.
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Fig. 2. RNA expression and metabolite generation under static culture conditions. (A, C, E, G, I) demonstrate the temporal RNA fold expression for the static coculture (white)
and static monoculture (black) systems, determined using quantitative PCR methods. (B, D, F, H, ]) demonstrate the corresponding enzymatic function in the static coculture
system. The data were presented as a mean =+ standard deviation with at least three replicates.
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(b)

Fig. 3. Functional polarization in static coculture. (a) Phase micrograph of primary human hepatocytes in static cocultures following 6 days of culture. (b) Fluorescence image
of phase three transporter activity in primary human hepatocytes in cocultures (day 6). CDFDA is internalized by hepatocytes, cleaved by intracellular esterases and excreted
into bile canaliculi as fluorescent CDF by active MRP2. The scale bar represents a distance of 10 um.

2.7.2. Calculation of the intrinsic clearance for the flow culture system
For the flow conditions, the liver chamber in the system is the sole
eliminating compartment, which is connected to a non-eliminating
compartment, the reservoir. The clearance of the flow system by
hepatocytes cultured in the device can be calculated from previously
described equations [18].In short, a clearance rate is first established
from the substrate concentration profile. This in turn is then used to
calculate an extraction ratio. Finally, the predicted human hepatic
clearance for cells under flow can be obtained by up-scaling the
extraction ratio by multiplying by the human liver flow rate.

2.8. Statistical analysis

Statistical calculations were performed using Microsoft Excel
(Redmond, WA). Each data point represents the mean of at least
three experiments (each with three biological replicates), and the
error bars represent the standard deviation of the mean. Statistical
significance was determined using the Student’s t-test for unpaired
data.

3. Results
3.1. Optimization of static coculture

In the current report, we describe an integrated microfluidic
platform that combines a previously described HuREL micro-
fluidics device [18] with a hepatic coculture system. As the first
step in these studies, we used the coculture system in a static
environment to measure the clearance of nine compounds
(described in Section 2) over a period of 10 days of culture, with
media changes occurring prior to the addition of the drug every the
other day. A representative set of results is shown in Fig. 1 which
compares the clearance of six compounds in monoculture and
coculture formats. In virtually all cases, the coculture out-
performed the monoculture, and in general maintained activity
over longer periods of time. In a second set of studies, we assessed
CYP and phase Il enzyme gene expression in both formats, and also
measured metabolic formation rates for a variety of metabolites.
As shown in Fig. 2 messenger RNA for CYP 3A4, 1A2, 2C19, and the
phase II enzyme UGT were all expressed at significant levels
throughout the period of analysis. In addition to monitoring gene
expression, we also measured metabolite formation of Kkey
compounds on multiple days throughout the culture period. As

can be seen in Fig. 2(B, D, F, H, ) the temporal trend in metabolite
formation rates parallels that of mRNA expression.

As a final step of coculture characterization, we probed whether
the cocultured hepatocytes expressed bile canaliculi. This was
accomplished by staining static cultures with 5(6)-carboxy-2',7'-
dichlorofluorescein diacetate as described in Section 2, at days 1-
10. Positive staining for bile canaliculi was observed as early as day
4, and was maintained through day 10. A representative image is
presented in Fig. 5, from the coculture at day 6 (Fig. 3).

3.2. Performance of optimized culture under flow

After demonstrating superior performance in our coculture
system, we then plated the coculture cell suspension within the first
chamber of the HWREL® chip, termed the hepatocyte chamber. After
cell seeding, the chip was mounted within the device housing, and
flow was applied. The first set of experiments conducted with the
combined coculture and flow platform was an evaluation of the
clearance of compounds used in the prior analysis of the static
coculture system. Fig. 4 shows results from three compounds each
representing a high, moderate, or slow clearing compound.

We next evaluated whether the clearance data obtained using
the integrated coculture and flow platform, would yield superior in
vivo clearance prediction. To accomplish this, we analyzed the
clearance of nine compounds by human hepatocytes cultured under
four conditions: flow based culture in the presence and absence of
nonparenchymal cells, and static culture in the presence and
absence of the nonparenchymal cells. The intrinsic rates determined
for the static system were scaled, as previously described [18].
Extraction ratios for the flow system were calculated and scaled to in
vivo values, also as previously described [18]. As can be seen from
regression of the data (Fig. 5), a R-squared coefficient of 0.9 is
obtained for the coculture system under flow, whereas poorer
correlations are obtained for the monoculture flow and static
coculture systems (0.7), and for the static monoculture system (0.6).

In addition to assaying hepatic clearance, we also evaluated
metabolite generation in the integrated system, in a manner
similar to the multi day static experiment. As can be seen in Fig. 6,
the coculture system in conjunction with flow outperformed the
static cultures as well as monoculture under flow, except in the
case of phase Il enzymes (SULT, UGT) at day 1. Furthermore, when
extending the analysis to multiple days, in this case in the
metabolism of midazolam (Fig. 7), it appears that the increased
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Fig. 4. Metabolic profiles of model compounds by human hepatocytes cocultured
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medium clearance), and buspirone (A, low clearance) with initial concentration of
1M was plotted as a function of time. The data were presented as a
mean + standard deviation with at least three replicates.

performance obtained from adding flow to the coculture system is
also maintained.

4. Discussion

A major effort in drug discovery is focused on evaluating the
hepatic metabolism and pharmacokinetics of new molecular
entities. However, with currently incumbent in vitro screening
systems, drug discovery and preclinical development are at times
limited in their predictive capabilities [21,22]. One retrospective
study of a variety of randomly selected investigational drugs
estimated that a single 10% improvement in preclinical screens
could reduce total cost of drug development by over $100 million
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per approved drug [23]. The development of rapid and predictive
preclinical screens requires the engineering of new microenviron-
ments which more completely recapitulate tissue microenviron-
ments. With respect to this goal we have developed a robust
culture system that provides an improved coculture method for
use in conjunction with the previously described Hurel micro-
fluidics system [18].

It is important to note that when using cells from human
subjects, initial levels of metabolic competency vary from donor to
donor. This is unavoidable and drives the need for evaluating
culture systems such as the one described herein with multiple
donor lots of varying initial phase I and Il enzyme expression levels.
It may also be beneficial to combine a number of lots into one
multi-lot culture which may be more representative of the overall
population. However, irrespective of initial enzymatic levels,
maintenance of those levels is the focus of our studies. Many
prior studies have shown that long-term hepatocyte viability and
function are maintained during coculture with fibroblasts or
endothelial cells [24-26]. It is thought that this synergistic
interaction is mediated through a combination of cell-cell
contacts, secreted extracellular matrix (ECM) as well as soluble
factors. In our studies as well, we demonstrated the benefit of
coculture with a nonparenchymal cell type with respect to the
maintenance of metabolic competency for the majority of
Cytochrome P450 enzymes (3A4, 1A2, 2C19, 2C9), as well as the
phase Il enzyme UGT. Furthermore, we also demonstrated that bile
canaliculi appear as early as day 4 after plating. Future experiments
will address the maintenance of other phase I and Il enzymes
involved in drug metabolism as well as the use of substrates that
demonstrate Michaelis-Menten kinetics at clinical concentrations.

Following optimization of the coculture system, we tested its
functional capacity within the Hurel microfluidics device [18]. There
is a body of evidence suggesting that fluid flow applied to various
culture systems can result in better function via a variety of means
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Fig. 5. In vitro in vivo correlation at day 1 for nine benchmarked compounds. The IVIVC calculations were generated based on scaled clearance data for nine compounds for
each of the four culture conditions: (a) Static monoculture; (b) Monoculture flow; (c) Static coculture; (d) Coculture flow. To scale the static systems, an in vitro intrinsic
clearance rate was first determined and then scaled to an in vivo value using a well stirred model. For the flow systems, and intrinsic clearance rate was determined, used to
calculate an extraction ratio, and then scaled to an in vivo value by multiplying by the liver flow rate. The predicted in vivo values were then compared to published clinical

data to obtain the R-squared values.
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Fig. 6. Metabolite formation rates on day 1 of culture. The concentrations of the metabolites were monitored over time, and used to calculate metabolite formation rates. Each
plot represents a different enzyme. The data were presented as a mean + standard deviation with at least three replicates. Asterisks (*) indicate a statistically significant

difference (p < 0.05) from other culture conditions as determined by a Student’s t-test.

including: (1) increased mass transport [27], (2) maintenance of
better enzymatic activities for long term culture of primary
hepatocytes [1,15] and of cell lines [28], (3) better preservation of
the viability and morphology of liver tissue slices [29], and (4) better
metabolism of xenobiotics by hepatocytes [16,30-32]. In our
studies, we have shown that adding the element of fluid flow to
the coculture system provides resolution with regard to clearance of
compounds with different clearance rates, a result which is often
difficult to obtain in static culture systems [33]. As an illustrative

plot, Fig. 4 shows the discrimination of three different categories of
compound clearance, namely buspirone, a high clearance compound
with an in vivo clearance value of 28 mL/min/kg, sildenafil, a
medium clearance compound with an in vivo clearance value of
7.5 mL/min/kg, and indomethacin, a low clearance compound with
an in vivo clearance value of 1.4 mL/min/kg. When this analysis was
then applied across all four culture conditions (i.e. coculture versus
monoculture, and static verses flow) to determine the degree of in
vitro in vivo correlation for nine compounds, we found that a greater
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Fig. 7. Midazolam (a) and dextromethorphan (b) metabolism under flow (white)
and in static culture (black). The concentrations of the metabolites were monitored
over time, and used to calculate metabolite formation rates. The formation rates
were then scaled with respect to the highest formation rate observed over the 6 day
study, for each metabolite independently. The data were presented as a
mean + standard deviation with at least three replicates. Asterisks (*) indicate a
statistically significant difference (p < 0.05) as determined by a Student’s t-test.

correlation was obtained for the flow systems with an R-squared
value of 0.69 for the monoculture flow system, 0.89 for the coculture
flow system, as compared to 0.61, and 0.70 for the static
monoculture and static coculture systems, respectively.

We also conducted a comparison of the four conditions
mentioned above with respect to metabolite formation. Again
the system with coculture and fluid flow showed an increased
metabolite formation rate as compared to either of the static
systems or the monoculture flow system. Furthermore, this
increased formation was maintained over multiple days. Although
this study addressed the formation of primary metabolites, it is
understood that in drug development full metabolite profiles must
be generated and that these results (i.e. larger quantities of
metabolites generated with an equivalent number of cells) will
become more important as secondary and tertiary metabolite
generation and identification takes a more prominent role in drug
evaluation [34,35].

As to the reason for our observations of increased functional
capacity under flow, we can offer two initial hypotheses. The first
hypothesis is that the addition of flow has a direct effect on the
cells leading to an up-regulation of key functional genes [36,37].
While this is plausible and has been demonstrated for other
culture systems [38], we conducted PCR analysis on the cells
under flow at multiple time points (data not shown), and observed
no major shift in the gene profile for cells under flow, as compared
to cells in the static condition. The second hypothesis is that the

fluid flow simply increases mass transport within the system. The
benefit in the flow system may be two-fold, with a thinner
boundary layer forming than in the static system leading to higher
clearance for transport limited reactions or additional enhanced
transport because of the shallower overall fluid volume above the
cells as compared to the situation with the conventional 96 well
plate in the static culture embodiment. In addition, increased
mass transport may potentially remove unwanted by-products
[39,40]. A third possibility involves shear stress induced cellular
uptake [41]. We are currently performing additional detailed
experiments and analysis in order to better characterize the
mechanism of enhanced function.

In summary, we have developed a microfluidic, hepatic cell-
based assay platform that combines the attributes of coculture and
flow, and which has yielded both superior metabolite generation
and superior IVIVC prediction, when compared to traditional
culture approaches. Current and future studies are focused on
developing an understanding of the mechanisms underlying the
improved function observed, and on developing additional
capabilities of this system.
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