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ABSTRACT: Bioartificial liver (BAL) devices have been
developed to treat patients undergoing acute liver failure.
One of the most important parameters to consider in
designing these devices is the oxygen consumption rate of
the seeded hepatocytes which are known to have oxygen
consumption rates 10 times higher than most other cell
types. Hepatocytes in various culture configurations have
been tested in BAL devices including those formats that
involve co-culture of hepatocytes with other cell types. In
this study, we investigated, for the first time, oxygen uptake
rates (OUR)s of hepatocytes co-cultured with 3T3-J2 fibro-
blasts at various hepatocyte to fibroblast seeding ratios.
OURs were determined by measuring the rate of oxygen
disappearance using a ruthenium-coated optical probe after
closing and sealing the culture dish. Albumin and urea
production rates were measured to assess hepatocyte func-
tion. Lower hepatocyte density co-cultures demonstrated
significantly higher OURs (2 to 3.5-fold) and liver- specific
functions (1.6-fold for albumin and 4.5-fold for urea pro-
duction) on a per cell basis than those seeded at higher
densities. Increases in OUR correlated well with increased
liver-specific functions. OURs (Vm) were modeled by fitting
Michaelis–Menten kinetics and the model predictions
closely correlated with the experimental data. This study
provides useful information for predicting BAL design
parameters that will avoid oxygen limitations, as well as
maximize metabolic functions.
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Introduction

Orthotopic liver transplantation is an effective treatment for
end-stage liver disease. However, due to the severe shortage
of donors, many patients with acute liver failure die while
waiting for a donor liver. The extracorporeal bioartificial
liver (BAL) device is a promising therapeutic modality that
could provide temporary support for patients with liver
failure until an organ is available or until the patient’s native
liver regenerates. Although most clinical trials of BAL
devices have used designs that incorporate hollow-fiber
technology, it has been suggested that these devices are
subject to oxygen and substrate limitations that could result
in reduced hepatocyte viability and function (Catapano,
1996; Hay et al., 2000), and therefore, could account for
their limited therapeutic efficacy (Demetriou et al., 2004;
Ellis et al., 1996). Cultured hepatocytes exhibit very high
oxygen uptake rates (OURs) (Balis et al., 1999; Foy et al.,
1994; Rotem et al., 1992; Shatford et al., 1992; Smith et al.,
1996), and adequate oxygen delivery to the hepatocytes is
imperative for their ability to maintain stable liver-specific
functions. As a means of supplying adequate oxygenation
to the hepatocytes in a BAL device, designs that have
incorporated membrane oxygenators have demonstrated
improved bioreactor performance (De Bartolo et al., 2000;
Peng and Palsson, 1996; Shito et al., 2003; Tilles et al.,
2001a).

It has previously been reported that hepatocytes
co-cultured with other cell types improve hepatocyte
function and life span in culture (Bhatia et al., 1999; Fraslin
et al., 1985; Guguen-Guillouzo et al., 1983), whereas
� 2006 Wiley Periodicals, Inc.



primary hepatocytes cultured alone lose their characteristic
morphology and function. In co-culture systems, hetero-
typic cell–cell contact plays an important role for the
maintenance of liver-specific function (Bhatia et al., 1998;
Mesnil et al., 1987). Hepatocyte function varies depending
on the seeding ratio of hepatocytes and other cell types. BAL
devices with co-culture systems have been employed to
maintain stable liver-specific functions (Park et al., 2005;
Tilles et al., 2001b). Although OURs of hepatocytes have
been measured when cultured alone in various culture
configurations, such as in 3-D gels (Nyberg et al., 1993, 1994;
Sielaff et al., 1997), on microcarriers (Smith et al., 1996), and
in monolayers (Balis et al., 1999; Foy et al., 1994; Rotem
et al., 1992; Yarmush et al., 1992), no studies have reported
on OURs of hepatocytes for various seeding ratios in co-
culture systems.

In this study, to evaluate the effect of seeding parameters
on OUR and the expression of liver-specific functions,
isolated rat hepatocytes were co-cultured with fibroblasts
(3T3-J2) at hepatocyte to fibroblast ratios of 1 to 9 (low
hepatocyte density), 1 to 3 (medium hepatocyte density),
and 9 to 1 (high hepatocyte density), while keeping the
initial number of total cells seeded per dish constant. There
was an inverse relationship between the hepatocyte density
and OURs of hepatocytes in co-culture. Hepatocytes seeded
at lower densities in co-culture demonstrated significantly
higher OURs compared to those seeded at higher densities.
The increased OUR correlated well with increased liver-
specific functions. The measured OURs for the co-cultures
were higher than those calculated by linear summation of
OURs of individual cell types. Hence, OURs (Vm) were
modeled by fitting Michaelis–Menten kinetics to predict the
experimental data measured in the co-culture system. The
predictions by a nonlinear Michaelis–Menten based model
closely correlated with the experimental data. The results
obtained in this study may be useful in the design of BAL
devices.

Materials and Methods

Materials

Hepatocyte culture medium consisted of DMEM supple-
mented with 10% fetal bovine serum (Gibco, Gaithersburgh,
Table I. Initial seeding ratios of hepatocytes and fibrobla

Hepatocyte:fibroblast ratio No. of hepatocytes

H:F¼ 1:9 0.2� 106/60-mm dish

(9.52� 103/cm2)

H:F¼ 1:3 0.5� 106/60-mm dish

(23.81� 103/cm2)

H:F¼ 9:1 1.8� 106/60-mm dish

(85.70� 103/cm2)

The surface area of 60-mm dish is 21 cm2.

Cho et
MD), 7 ng/mL glucagon (Bedford Laboratories, Bedford,
OH), 7.5 mg/mL hydrocortisone (Pharmacia Corporation,
Kalamazoo, MI), 0.5 U/mL insulin (Eli Lilly, Indianapolis,
IN), 20 ng/mL epidermal growth factor (Sigma Chemical
Co., St. Louis, MO), 200 U/mL penicillin, and 200 mg/mL
streptomycin (Gibco).
Hepatocyte Isolation and Culture

Hepatocytes were isolated from adult female Lewis rats
(Charles River Laboratories, Boston, MA) weighing 150–200
g, using a two-step collagenase perfusion procedure
modified from Seglen (1976) as described previously
(Berthiaume et al., 1996; Dunn et al., 1991, 1992). Typically,
200–300 million hepatocytes were obtained with viability
>90% as determined by trypan blue exclusion. Tissue
culture dishes (60 mm, surface area of 21 cm2) were coated
with a solution of type I rat tail collagen (0.11 mg/mL) for 30
min at 378C. After rinsing the dishes twice with PBS,
hepatocytes were seeded at three different densities (Table I)
in 2 mL hepatocyte culture medium, and kept in 90%
air/10% CO2 at 378C. To achieve uniform cell distribution,
the substrates were shaken every 15 min for the first
hour after cell seeding. The following day, after aspirating
the hepatocyte culture medium from the dishes, 3T3-J2
fibroblasts were seeded at three different densities, for a total
initial cell number (hepatocytesþ fibroblasts) of 2� 106

cells/60-mm dish, giving initial hepatocyte to fibroblast
ratios of 1 to 9 (low hepatocyte density), 1 to 3 (medium
hepatocyte density), and 9 to 1 (high hepatocyte density)
(Table I). The next day, the fibroblast medium was
aspirated, and 2 mL of hepatocyte culture medium was
applied to each dish. Culture medium was changed daily
and samples were stored at 48C for biological functional
analysis. OURs were measured 2, 7, 10, and 14 days
after hepatocyte seeding. The OURs of pure hepatocyte and
fibroblast cultures were also measured as controls. For
OUR measurement in pure hepatocyte cultures, 2 million
hepatocytes were seeded in 2 mL culture medium. OURs of
pure hepatocytes were measured on post-seeding day 1 to
compare with previously published values (Foy et al., 1994).
To measure OURs of pure hepatocytes in stable long-term
cultures, 2 million hepatocytes were seeded and cultured in
sts in co-cultures.

No. of fibroblasts No. of total cells

1.8� 106/60-mm dish 2.0� 106/60-mm dish

(85.70� 103/cm2) (95.24� 103/cm2)

1.5� 106/60-mm dish 2.0� 106/60-mm dish

(71.43� 103/cm2) (95.24� 103/cm2)

0.2� 106/60-mm dish 2.0� 106/60-mm dish

(9.52� 103/cm2) (95.24� 103/cm2)
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the collagen gel sandwich configuration (Dunn et al., 1989)
and OURs were measured after 14 days of culture. To
measure OURs of pure fibroblasts, 2 million fibroblasts were
seeded in 2 mL culture medium and were measured 0, 3, 4,
and 13 days after seeding. The fibroblast cell numbers
on each day were counted using a hemacytometer after
trypsinizing the cells. OURs of pure hepatocytes and
fibroblasts were normalized to cell number and expressed
as nmol/s/106 cells. Murine 3T3-J2 fibroblasts (purchased
from Howard Green, Harvard Medical School, Boston, MA)
were maintained in T175 tissue culture flasks in DMEM
(Gibco) plus 10% FBS and 2% penicillin and streptomycin
prior to seeding.
Oxygen Uptake Rate Measurement
Device and Technique

OURs of co-cultured hepatocytes and fibroblasts were
measured using a device described by Rotem et al. (1992)
and Foy et al. (1994). Briefly, the device consisted of a
polycarbonate disc machined to fit onto a 60-mm tissue
culture dish (Fig. 1). When the device was placed on the
tissue culture dish, an airtight seal was obtained by using
vacuum grease at the interface of the culture dish and the
device. A variable speed electric motor turned a magnetic
stir bar at a constant speed of 1,800 rpm to ensure uniform
mixing of the medium within the dish. Oxygen tension in
the culture was measured with a ruthenium-coated optical
probe (Ocean Optics, Dunedin, FL), which used the
florescence of a ruthenium complex in a sol–gel matrix
that is sensitive to partial oxygen pressure (Krihak and
Shahriari, 1996). Oxygen tension data were collected via a
USB interface card connected to a PC computer equipped
with signal processing software. Since it was a closed system
during the oxygen tension measurement, the change in
oxygen concentration versus time reflects oxygen uptake by
Figure 1. Schematic diagram o
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the cells. We assumedMichaelis–Menten kinetics for oxygen
uptake and fitted the experimental data to the equation:

dP

dt
¼ �VmP

K0:5 þ P

Nc

kV

� �
(1)

where P is the measured oxygen partial pressure (mmHg),

t is time (s), Nc is the number of cells in the device

chamber, k is the solubility of oxygen in water at 378C
(1.19 nmol/mL-mmHg), and V is the liquid volume in the

device chamber (11.5 mL). Prior to OUR measurement, a

calibration was performed using 21 and 0% oxygen tension

standards. The 21% oxygen standard was prepared by

incubating PBS in a 21% oxygen atmosphere at 378C for 2 h.

The 0% oxygen standard was prepared by adding saturating

amounts of sodium hydrosulfite (� 20%) into pre-warmed

de-ionized water at 378C. Calibration was repeated and the

oxygen tension measured in this second set of standards was

identical to the first set. Oxygen sensor calibration using the

first set of standards was performed before each measure-

ment to compensate for drift of the sensor. Following the

calibration, the culture medium was removed from the cell

culture dish and replaced with medium equilibrated in 90%

air/10% CO2 at 378C before the measurement. The oxygen

measurement device was assembled with the tissue culture

dish and the oxygen partial pressure versus time was

recorded. Oxygen uptake parameters (Vm and K0.5) were

computationally generated from the oxygen partial pressure

versus time curve. The K0.5 values were determined by

computing the slope of oxygen partial pressure versus time

curve at which the OUR is half-maximal of Vm.
Albumin and Urea Assays

The collected culture medium was analyzed for rat serum
albumin content by enzyme-linked immunosorbent assay
f oxygen measurement device.
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(ELISA) with purified rat albumin and a peroxidase-
conjugated antibody (MP Biomedicals, Aurora, OH). Urea
content was determined with a commercially available
kit (StanBio Laboratory, Boerne, TX). Standard curves
were generated using purified rat albumin or urea dissolved
in culture medium. Absorbances were measured with
a Thermomax microplate reader (Molecular Devices,
Sunnyvale, CA).

Immunofluorescent Staining

The in situ immunofluorescence staining of albumin was
visualized with fluorescein isothiocyanate (FITC) to track
hepatocytes in co-cultures. For intracellular albumin
staining of hepatocytes, cultures in 60-mm tissue culture
dishes were washed twice with phosphate-buffered saline
(PBS) and fixed in 2% paraformaldehyde in PBS at room
temperature for 20 min. After incubation, the dishes
were washed twice in PBS, followed by adding 0.2% Triton
X-100 in PBS to permeabilize cells for intracellular staining.
After 5 min incubation at room temperature, the cells were
washed twice in PBS and incubated in PBS/20% FBS/0.1%
Triton/0.5% DMSO for 60 min at room temperature to
block nonspecific antibody binding. After incubation, the
primary antibody, goat IgG to rat albumin (MP Biomedi-
cals, Aurora, OH), was added and incubated for 60 min at
room temperature. After washing twice in blocking solution,
the cells were incubated with the secondary antibody FITC-
conjugated rabbit IgG to goat IgG (MP Biomedicals, Aurora,
OH), for 60 min at room temperature, and washed twice at
room temperature. Cells were counterstained with 4,6-
diamidino-2-phenylindole (DAPI) for nuclear staining to
count number of cell nuclei and were visualized by
fluorescence microscopy (Zeiss, Thornwood, NY).
Cell Counting

For each culture condition tested, duplicate dishes
were sacrificed on days 2, 7, 10, and 14 for analysis.
Cultures were stained with FITC for intracellular albumin
and DAPI nuclear staining and visualized by fluorescence
microscopy (100� objective). In one field, cells positively
stained for albumin (corresponding to hepatocytes) were
manually counted. Individual hepatocytes could be easily
distinguished as membrane borders were clearly visible. A
multinucleated hepatocyte was counted as a single cell.
To determine fibroblast numbers, first the total number of
DAPI stained nuclei per field was counted using an
automated tool in Metamorph image analysis software
(Universal Imaging, Westchester, PA). Then, the number
of hepatocyte nuclei (in the albumin-positive regions of
the culture) were manually counted and subtracted from
the total number of nuclei. The result, corresponding to the
number of fibroblast nuclei, was used as an estimate of
fibroblast number, as fibroblasts are rarely found multi-
nucleated. Four to six fields were analyzed among duplicate
Cho et
culture dishes, and the results averaged. The numbers of
counted cells per field were normalized to the values
determined on day 2. To convert to cell numbers per dish,
the normalized values were multiplied by the known
number of seeded cells. This procedure was justified as the
cell numbers on day 2 were experimentally found to be
within 90% of the number of seeded cells.
Mathematical Modeling

To predict OURs (Vm) in co-culture systems, we developed
a nonlinear Michaelis–Menten based model:

OURðVm;cocultureÞ

¼ ðaVm;hepNhepÞt
1þ ðcVm;hepNhep þ dVm;fbNfbÞt

þ ðbVm;fbNfbÞt
1þ ðeVm;hepNhep þ fVm;fbNfbÞt

(2)

where Vm,coculture denotes OURs in co-culture (nmol/s/

60-mm dish); Vm,hep denotes OUR of pure hepatocytes

(nmol/s/106 hepatocytes), Vm,fb denotes OUR of pure

fibroblasts (nmol/s/106 fibroblasts); Nhep denotes the

hepatocyte number (�106 cells); Nfb denotes the fibroblast

cell number (�106 cells); and t denotes time (days). The

parameters a–f were calculated by constrained nonlinear

optimization using MATLAB. We used training data (OUR

for days, 2, 7, and 10) to optimize the parameters a–f. Day 14
data set was treated as test or validation data set and was

never used to generate the model parameters. Linear

summation of OURs, where OURs for co-culture were

the sum of OURs of individual cell types (Vm,coculture¼
Vm,hepNhepþVm,fbNfb), was also tested and compared with

the experimental data measured for the co-cultures.
Statistical Analysis

Results are expressed as mean� standard deviation (SD).
Statistical analysis on OUR (Vm) and liver-specific functions
(albumin and urea) was performed by a two-tailed unpaired
student’s t-test. Probability values less than 0.05 were
considered statistically significant.
Results

Oxygen Uptake Rates (OURs) of Hepatocyte
and Fibroblast Co-Cultures

The objective of this experiment was to examine OURs of
hepatocyte and fibroblast co-cultures at various seeding
ratios and to understand the effect of hepatocyte seeding
density on OURs and liver-specific functions. OURs at three
ratios of hepatocytes to fibroblasts (1:9, 1:3, and 9:1) were
measured 2, 7, 10, and 14 days after seeding. Figure 2 shows a
al.: Oxygen Uptake Rates of Hepatocyte and Fibroblast Co-Cultures 191
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Figure 2. Phase-contrast image of co-cultures 2 days after seeding (H:F¼ 1:3).

Scale bar, 100 mm.
phase contrast image of a co-culture having an initial
hepatocyte to fibroblast ratio of 1 to 3 (H:F¼ 1:3).

As controls, OURs of fibroblast (Vm,fb) and hepatocyte
(Vm,hep) monocultures were measured to evaluate the actual
contribution of hepatocytes to the OURs in the co-culture
system. Monocultures of hepatocytes in the early phase of
culture (day 1) consumed �38% more oxygen (0.33�
0.03 nmol/s/106 hepatocytes, n¼ 5) than those in stable
long-term cultures in the collagen gel sandwich configura-
tion at day 14 (0.24� 0.02 nmol/s/106 hepatocytes, n¼ 3).
The value on day 1 was in good agreement with previously
published data (0.38� 0.12 nmol/s/106 hepatocytes, n¼ 4)
by Foy et al. (1994). A much lower OUR (0.06� 0.02 nmol/
s/106 fibroblasts, n¼ 4) was measured for monocultures of
fibroblasts, and this value was constant over the culture time
period (days 0, 3, 4, and 13). Compared to fibroblasts,
OURs of hepatocytes were approximately 4–5.5 times
higher. Cell numbers in the co-culture systems, determined
by counting cell nuclei, increased continuously through day
Table II. Cell numbers (�106 cells) in hepatocyte and fi

Days

H:F¼ 1:9 H

#Hep #Fb #Hep

2 0.20� 0.00 1.80� 0.00 0.50� 0.00

7 0.34� 0.06 2.26� 0.16 0.97� 0.05

10 0.53� 0.10 2.64� 0.09 0.91� 0.12

14 0.57� 0.08 2.77� 0.11 0.99� 0.11

Cell numbers were determined by counting cell nuclei an
Materials andMethods section. It was assumed that cell num
cell numbers counted by hemacytometer after trypsin treatm
(>90%). Data are expressed as means� standard deviatio
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14 (Table II). Initial total cell numbers in co-culture (total
2� 106 cells/60-mm dish) had increased about 1.8 times
by day 14. Hepatocyte numbers in high, medium, and low
hepatocyte density cultures increased by approximately 1.4-,
2-, and 3-fold over 14 days, respectively. Lower hepatocyte
density co-cultures demonstrated greater hepatocyte
proliferation than those at higher densities.

For the hepatocyte/fibroblast co-cultures, the OURs
(Vmax) per dish (surface area of 21 cm2) increased over
time and reached a plateau on culture day 10 for the three
hepatocyte to fibroblast ratios tested (Fig. 3A). Among the
three ratios, the OUR on each day was greatest for the high
hepatocyte density co-culture. The OURs per unit surface
area (21 cm2) for the H:F ratios of 9:1, 1:3, and 1:9 at day 10
were 0.74, 0.62, and 0.49 nmol/s/60-mm dish, respectively,
indicating relatively high oxygen consumption per unit
surface area occurs at lower hepatocyte densities (H:F¼ 1:3
and 1:9) considering that the initial number of seeded
hepatocytes were fourfold and ninefold lower, respectively,
than at the high hepatocyte density (H:F¼ 9:1). To
determine the effect of hepatocyte density in co-culture
on hepatocyte OUR, the OURs of hepatocytes in co-culture
were calculated by subtracting the OURs of fibroblasts alone
(Vm,fb�No. of fibroblasts) from the measured OURs of
hepatocyte and fibroblast co-cultures (Vm,coculture), and then
normalizing to the hepatocyte number (Fig. 3B). Hepatocyte
OURs on days 2, 7, 10, and 14 at the low (H:F¼ 1:9) and
medium (H:F¼ 1:3) hepatocyte densities were significantly
higher than those at high (H:F¼ 9:1) hepatocyte density.
The OURs at the low hepatocyte density (H:F¼ 1:9) were
�2.5 times higher on day 2,�3.5 times higher on day 7, and
�2 times higher on days 10 and 14, compared to those at the
corresponding high hepatocyte density (H:F¼ 9:1). The
OUR for the low hepatocyte density co-cultures peaked on
day 7, and progressively declined on days 10 and 14. The
OURs at the medium and high hepatocyte densities
remained relatively constant throughout the culture period.
Figure 4 shows the correlation between hepatocyte seeding
densities and the OURs of hepatocytes in co-culture. In early
(day 2) and late (day 10) stages of culture, there was an
inverse relationship between the hepatocyte density and the
OURs of hepatocytes in co-culture. As the hepatocyte
broblast co-cultures.

:F¼ 1:3 H:F¼ 9:1

#Fb #Hep #Fb

1.50� 0.00 1.80� 0.00 0.20� 0.00

2.18� 0.08 2.12� 0.12 0.53� 0.06

2.26� 0.09 2.31� 0.09 0.85� 0.05

2.35� 0.15 2.49� 0.15 1.13� 0.08

d normalized to initial cell number as described in the
bers on day 2 were the same as initial cell numbers since
ent on day 2 were close to initial seeding cell numbers

ns.
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Figure 3. Maximal OUR (Vm) values of hepatocyte and fibroblast co-cultures. A: OURs of total cells per 60-mm dish (surface area¼ 21 cm2). B: OURs of hepatocytes

normalized to hepatocyte numbers (nmol/s/106 hepatocytes). OURs of hepatocytes per dish in co-cultures were obtained after subtracting the OURs of total fibroblasts, and then

normalized to hepatocyte numbers. Data shown are means� standard deviations (SD) of three independent experiments (n¼ 3–5). �P< 0.05; ��P< 0.005.
density increased, the OURs of hepatocytes in co-culture
decreased. These results show that lower seeding densities of
hepatocytes in co-cultures have significantly higher OURs
than those seeded at higher densities. The OURs began to
decline when the oxygen partial pressure dropped below
approximately 10–15 mmHg. The estimated K0.5 values
remained constant during the 14-day culture period. Lower
seeding densities of hepatocytes tended to have slightly
higher K0.5 values than those for higher seeding densities
both on days 10 and 14 (data not shown).
Figure 4. Effect of hepatocyte seeding density on OUR (Vm) in early (day 2) and

late (day 10) stages of culture. Data shown are means� standard deviations of three

independent experiments (n¼ 3–5).

Cho et
Hepatocyte Functions

Liver specific functions (e.g., albumin and urea synthesis
rates) were measured for the co-cultures at three
different hepatocyte-to-fibroblast ratios. The albumin
secretion rates of hepatocytes co-cultured with fibroblasts
progressively increased through culture day 10 for all three
hepatocyte-to-fibroblast ratios (Fig. 5A). On day 10,
albumin secretion rates per 60-mm culture dish were
approximately 167 mg/day for high density (H:F¼ 9:1), 100
mg/day for medium density (H:F¼ 1:3), and 62 mg/day for
low density (H:F¼ 1:9) hepatocyte co-cultures. The high
density hepatocyte co-cultures (H:F¼ 9:1), which initially
had nine times more hepatocytes per dish than low
hepatocyte density co-cultures (H:F¼ 1:9), exhibited
�2.7 times higher albumin secretion per dish than the
low density co-cultures. In contrast, when the albumin
secretion rates were normalized to the number of
hepatocytes per dish, as determined by cell nuclei counting,
the low (H:F¼ 1:9) and medium (H:F¼ 1:3) hepatocyte
densities co-cultures demonstrated higher albumin secre-
tion rates on a per hepatocyte basis than those culture seeded
at high (H:F¼ 9:1) hepatocyte density (Fig. 5B). The
albumin secretion rate per 1� 106 hepatocytes on day 10
was approximately 116 mg/day for low density (H:F¼ 1:9),
109 mg/day for medium density (H:F¼ 1:3), and 73 mg/day
for high density (H:F¼ 9:1) hepatocyte co-cultures. In
general, the urea synthesis rates per dish of hepatocytes
co-cultured with fibroblasts progressively increased through
culture day 10 for all three hepatocyte seeding densities
(Fig. 6A). There were no significant differences in the urea
synthesis rates for the three hepatocyte seeding densities on
days 10 and 14. In contrast, when normalized to the number
al.: Oxygen Uptake Rates of Hepatocyte and Fibroblast Co-Cultures 193
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Figure 5. Albumin secretion of hepatocyte and fibroblast co-cultures. A: Albumin secretion per 60-mm dish (mg/day/60-mm dish). B: Albumin secretion normalized to

hepatocyte number (mg/day/106 hepatocytes) on days 2, 7, 10, and 14. Data shown are means� standard deviations of three different experiments (n¼ 5–7). �P< 0.05; ��P< 0.005.
of hepatocytes per dish, the urea synthesis rates were
significantly higher for the low density hepatocyte co-
cultures compared to the medium and high density
hepatocyte co-cultures (Fig. 6B). The urea synthesis rate
for low density (H:F¼ 1:9) hepatocyte co-cultures on day 10
was approximately 4.5-fold and 1.6-fold higher than those
for high density (H:F¼ 9:1) and medium density
(H:F¼ 1:3) hepatocyte co-cultures on day 10, respectively.
The urea synthesis rates for the medium density hepatocyte
co-cultures were also significantly higher than the high-
density co-cultures.
Figure 6. Urea synthesis of hepatocyte and fibroblast co-cultures. A: Urea synthes

numbers (mg/day/106 hepatocytes) on days 2, 7, 10, and 14. Data shown are means� sta
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Correlation Between Oxygen Consumption Rates
and Liver-Specific Functions

Figure 7 shows the relationship between the liver specific
functions of the hepatocyte/fibroblast co-cultures, for the
three hepatocyte seeding densities, and their OURs. In early
(day 2) and late (day 10) stages of culture, there was a linear
relationship between albumin secretion rates or urea
synthesis rates and OURs. Similar trends were also observed
on days 7 and 14. In all cases, for lower hepatocyte seeding
density co-cultures, there was increased albumin and urea
is per 60-mm dish (mg/day/60-mm dish). B: Urea synthesis normalized to hepatocyte

ndard deviations of three different experiments (n¼ 5–7). �P< 0.05; ��P< 0.005.
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Figure 7. Correlation between OURs (Vm) and liver-specific functions (albumin secretion and urea synthesis) at various hepatocyte seeding densities. A: OUR versus albumin

secretion. B: OUR versus urea synthesis. Upper panels show day 2 data and lower panels show day 10 data.
production with increased OUR compared to higher
hepatocyte density co-cultures.
Mathematical Model Prediction of
Oxygen Uptake Rates

In an effort to predict the OURs of co-cultures with different
ratios of hepatocytes and fibroblasts, we developed a
mathematical model using the data on OURs of co-cultures
of hepatocytes and fibroblasts (Vm,coculture), OURs of
hepatocytes and fibroblasts alone (Vm,hep and Vm,fb), and
the cell numbers (Nhep and Nfb). First, linear summation
of OURs of individual cell types (Vm,coculture

¼Vm,hepNhepþVm,fbNfb) was tested and compared with
the experimental data measured for the co-cultures. As seen
in Figure 8A, OURs determined by linear summation did
not fit the data throughout the culture days and was always
lower than the measured co-culture OURs. The measured
Cho et
OURs for the co-cultures on day 10 were higher (71, 75, 22%
at low, medium, high hepatocyte densities, respectively)
than those calculated by linear summation of OURs of
individual cell types. Similar trends were observed on other
culture days. This suggested that in the co-culture system,
there might be a synergistic effect on hepatocyte metabolism
by heterotypic cell–cell interactions between the cultured
hepatocytes and fibroblasts. Hence, we adapted a nonlinear
Michaelis–Menten model for OUR (Vm) in the co-culture
systems (Eq. 2), and fitted the experimental data to this
equation. All model parameters (a¼ 1.0290, b¼ 1.3899,
c¼ 0.9994, d¼ 4.7173, e¼ 1.0000, f¼ 1.0000) were deter-
mined by constrained nonlinear optimization using
MATLAB. Using the cell numbers, model parameters,
and OURs of hepatocytes and fibroblasts alone, the
mathematical model was used to predict the experimental
data measured in the co-culture system. Figure 8B shows the
model predictions for both training (OUR for days 2, 7, and
10 of culture) and test data (day 14) obtained after
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Figure 8. Linear summation and mathematical model prediction of OURs over

time. A: Linear summation, B: nonlinear Michaelis–Menten (M–M) model. OUR values

used for Vm,hep and Vm,fb in linear summation and the model prediction were 0.24 and

0.06 (nmol/s/106 cells), respectively. Linear summation for co-culture is the sum of

OURs of individual cell types (Vm,coculture¼Vm,hepNhepþVm,fbNfb). For the Michaelis–

Menten model (Eq. 2), model parameters calculated by constrained nonlinear opti-

mization using MATLAB. The symbols show experimental data and the lines indicate

linear summation and model predictions. Experimental data shown are means�
standard deviations of three independent experiments (n¼ 3–5).
optimizing Equation 2 as explained in Methods section. As
can be seen, model predictions were close to experimental
data for both the training and test data sets (Fig. 8B).
Discussion

Hepatocytes are highly metabolic with high OUR. In static
culture conditions, hepatocytes may easily become hypoxic
due to the low solubility and limited diffusion of oxygen in
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aqueous media, a problem that is exacerbated in high
hepatocyte density cultures. In the optimal design of BAL
devices, a sufficient supply of oxygen, and other nutrients, to
the hepatocytes is critical. Several studies using oxygen-
permeable membranes have demonstrated their benefit in
enhancing oxygen transport to the cells in these devices (De
Bartolo et al., 2000; Roy et al., 2001; Tilles et al., 2001a,b). In
the present study, to examine the effect of hepatocyte
seeding density on OUR and liver-specific functions of
hepatocytes co-cultured with 3T3-J2 fibroblasts, we varied
the ratio of hepatocytes to fibroblasts while keeping the
initial number of total cells seeded per dish constant. We
demonstrated that lower hepatocyte density co-cultures had
significantly higher OURs, and albumin and urea synthesis
rates on a per hepatocyte basis than those seeded at higher
densities. Increases in OUR correlated well with increased
liver-specific functions.

In this study, the liver-specific functions (albumin and
urea) were measured in static tissue culture conditions. The
urea synthesis rates per culture dish were unaffected by the
seeding density after 10 days of culture. The fact that urea
synthesis levels per dish were similar for the three hepatocyte
to fibroblast ratios is consistent with the possibility of
oxygen limitation, and a previous report suggests that urea
synthesis per cell is proportional to oxygen partial pressure
at the cell surface (Bhatia et al., 1996). In cultured
hepatocytes, mitochondrial activity and urea synthesis are
both dependent on the oxygen concentration in the medium
(Jones, 1984; Kashiwagura et al., 1984). Schumacker et al.
(1993) reported that hepatocytes are capable of reversibly
reducing their metabolic activity and oxygen consumption
in response to reduced oxygen tension. In the case of
albumin secretion, prior studies suggest that albumin
secretion is not affected by the oxygen tension. Thus, it is
less likely that oxygen transport limitations play a role in the
higher albumin secretion per cell seen at lower hepatocyte to
fibroblast ratios. Other factors, such as the greater extent of
heterotypic cellular interactions at the lower hepatocyte to
fibroblast ratios could be involved (Bhatia et al., 1998). In
contrast to the measurement of liver-specific functions, the
OURs were measured under well-mixed conditions and
represent the maximum oxygen uptake capacity of the cells.
During the measurement of OURs, the oxygen tension as a
function of time decreased linearly down to �15 mmHg
(�2% oxygen). The OURs were based on the linear portion
of the curve, where no oxygen limitation occurs. The higher
OUR per cell at lower hepatocyte to fibroblast ratios,
therefore, represents an intrinsic difference in hepatocyte
metabolism. These results are consistent with previous
reports (Custer and Mullon, 1998; Patzer, 2004; Sand et al.,
1977; Sielaff et al., 1997), which showed that increasing
hepatocyte cell density decreases OUR of hepatocytes. It is
likely that this difference also contributes to the differences
in albumin and urea secretion mentioned above, but has not
been investigated yet.

Hepatocytes are known to consume more oxygen in the
early phase of culture (days 0–1) when attachment and
DOI 10.1002/bit



spreading occur, and tend to consume less oxygen (�40%)
at later time points in stable long-term cultures in collagen
sandwich configuration (Foy et al., 1994; Rotem et al., 1992;
Yarmush et al., 1992). The results herein are consistent with
these prior observations. Pure hepatocyte cultures (used as
controls) exhibited relatively high OUR in the early phase of
culture (day 1) and decreased by approximately 27% in the
stable long-term culture in collagen gel sandwich (day 14).
On a per cell basis, high hepatocyte densities (H:F¼ 9:1) in
long-term co-cultures had almost the same OUR (�0.24
nmol/s/106 hepatocytes) as that of pure hepatocyte cultures
in collagen gel sandwich configuration. However, lower
hepatocyte density co-cultures demonstrated significantly
higher OURs and liver-specific functions on a per
hepatocyte basis than those seeded at higher densities.
Values determined early in the culture (day 2), at which
point cell numbers were close to initial seeding densities,
also demonstrated that hepatocytes maintained higher levels
of functions and consumed more oxygen at low hepatocyte
densities than at high hepatocyte densities.

In this study, we took into account the proliferation of
hepatocytes and fibroblasts in co-cultures to determine
OURs and liver-specific functions on a per hepatocyte basis.
It is well known that primary hepatocytes have low mitotic
activity in vitro; however, our data suggest that hepatocytes
co-cultured with fibroblasts (3T3-J2) exhibit a measurable
proliferative activity. This finding is consistent with
previous reports which have demonstrated that hepatocytes
co-cultured with various types of nonparenchymal cells can
proliferate (Mizuguchi et al., 2001; Shimaoka et al., 1987;
Uyama et al., 2002). Lower hepatocyte density co-cultures
demonstrated greater hepatocyte proliferation than those at
higher densities. Hepatocyte numbers (determined by
nuclear counting) in high, medium, and low hepatocyte
density cultures increased by approximately 1.4-, 2-, and 3-
fold over 14 days, respectively. Previous reports have also
mentioned that hepatocyte proliferation was greater in
co-cultures seeded at lower hepatocyte densities (Corlu
et al., 1997; Nakamura et al., 1983; Shimaoka et al., 1987).
A potential explanation for this is that fibroblasts produce
growth factors and insoluble molecules for hepatocytes and
vice-versa (Gressner et al., 1993; Matsumoto et al., 1992;
Mizuguchi et al., 2001; Schmidtchen et al., 1990; Skrtic et al.,
2000; Story, 1989). Thus, it is expected that large numbers
of fibroblasts favor hepatocyte proliferation while large
numbers of hepatocytes favor fibroblast proliferation.
Conversely, fibroblasts and hepatocytes may inhibit their
own growth at high densities due to secreted factors or
contact inhibition of growth. A report describing hepatocyte
proliferation in the co-culture system will be published as a
separate article.

We developed a mathematical model to predict OUR in
the co-culture system and to investigate the correlation
between OUR of hepatocytes cultured alone and OUR of
co-cultured hepatocytes. OUR calculated by linear summa-
tion using OURs of monocultures of hepatocytes and
fibroblasts, and accounting for cell numbers, were not in
Cho et
good agreement with the experimental data and were always
lower than the measured OUR for the co-cultures. When the
measured OURs were modeled using Michaelis–Menten
kinetics, model predictions of OUR closely correlated with
the experimental data. The model predicted OUR within the
experimental data set (interpolation) as well as outside the
data set range (extrapolation). In the model, the parameters
a–f indicate the influence of OUR for a particular cell type
(in this case either hepatocytes or fibroblasts) on the total
OUR in co-culture. Essentially, the parameters decrease or
increase the effective contributions to the total OUR. Each
parameter adds weight to the effective OUR (Vm,jNj), in
terms of the jth component. Only parameter values close
to zero have no significance. The proposed model can in
principle predict OURs for various co-cultured cell types
and seeding ratios. Although the model shown earlier is for
two cell types, it can be easily adapted for co-culture systems
with multiple cell types as

OURðVm;cocultureÞ ¼
Xn
j¼1

bjVm;jNjt

1þ
Pn
i¼1

bi;jVm;iNit

0
BB@

1
CCA (3)

The necessity of the nonlinear formulation of OUR is based

on the fact that in the co-culture system, there is a synergistic

effect on hepatocyte metabolism from nonparenchymal cells

such as fibroblasts. The presented model can innately

capture the nonlinear contribution due to proliferating cells,

as well as the co-culture effect of various cell types on one or

many cells.

This study provides useful information for the design of
BAL devices. For example, in designing a clinically scaled
BAL device, the goal would be to maximize the liver-specific
functions per surface area available within the device. It is
estimated that approximately 10% of the liver mass is
necessary to support a patient with acute liver failure,
which corresponds to a device containing approximately
1010 hepatocytes, a cell seeding surface area of 10m2 (i.e., 105

cells/cm2), and a priming volume of 1 L. The results
obtained in this study indicate that cultures with low
hepatocyte to fibroblast ratios (H:F¼ 1:9) had the highest
albumin secretion rates on a per hepatocyte basis, whereas
the cultures with high hepatocyte to fibroblast ratios
(H:F¼ 9:1) secreted, in general, the most albumin on a
per surface area basis. In order to obtain equivalent albumin
secretion rates, cultures with a H:F¼ 1:9 would need a
surface area 2.7 times greater than that of cultures with a
H:F¼ 9:1. Using a flat-plate design, this larger surface area
requirement would directly translate into a BAL device with
a priming volume 2.7 times greater than that for a device
cultured with a H:F¼ 9:1, which would far exceed the ideal
maximum of 1 L. In contrast to albumin secretion rates, urea
synthesis rates when calculated on a surface area basis were
equivalent for all three H:F ratios tested on days 10 and 14.
This result is consistent with the possibility of oxygen
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limitations occurring at higher hepatocyte to fibroblast
ratios. Knowing this information is critical in designing BAL
devices that will avoid oxygen limitations, as well as
maximize liver-specific functions.

In summary, this study evaluated oxygen consumption
characteristics and liver-specific functions of hepatocytes in
co-culture with 3T3-J2 fibroblasts at various hepatocyte
to fibroblast seeding ratios. Lower hepatocyte density
co-cultures had significantly higher OURs and liver-specific
functions on a per hepatocyte basis than those seeded at
higher hepatocyte densities. Increases in OUR correlated
with increased liver-specific functions. We also modeled
OUR by fitting Michaelis–Menten kinetics and the model
predictions closely correlated with the experimental data.
This study provides information that is useful for the design
of efficient BAL devices.
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