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Hepatocytes and their in vitro models are essential tools for preclinical screening studies for drugs that affect the
liver. Most of the current models primarily focus on hepatocytes alone and lack the contribution of non-
parenchymal cells (NPCs), which are significant through both molecular and the response of the NPCs
themselves. Models that incorporate NPCs alongside hepatocytes hold the power to enable more realistic
recapitulation and elucidation of cell interactions and cumulative drug response. Hepatocytes and liver sinu-
soidal endothelial cells (LSECs) account for *80% of the liver mass where the LSECs line the walls of blood
vessels, and act as a barrier between hepatocytes and blood. Culturing LSECs with hepatocytes to generate
multicellular physiologically relevant in vitro liver models has been a major hurdle since LSECs lose their
phenotype rapidly after isolation. To this end, we describe the application of collagen gel (1) in a sandwich and
(2) as an intervening extracellular matrix layer to coculture hepatocytes with LSECs for extended periods.
These coculture configurations provide environments wherein hepatocyte and LSECs, through cell–cell contacts
and/or secretion factors, lead to enhanced function and stability of the cocultures. Our results show that in these
configurations, hepatocytes and LSECs maintained their phenotypes when cultured together as a mixture, and
showed stable secretion and metabolic activity for up to 4 weeks. Immunostaining for sinusoidal endothelial 1
(SE-1) antibody demonstrated retention of LSEC phenotype during the culture period. In addition, LSECs
cultured alone maintained high viability and SE-1 expression when cultured within a collagen sandwich
configuration up to 4 weeks. Albumin production of the cocultures was 10–15 times higher when LSECs were
cultured as a bottom layer (with an intervening collagen layer) and as a mixture in a sandwich configuration,
and native CYP 1A1/2 activity was at least 20 times higher than monoculture controls. Together, these data
suggest that collagen gel-based hepatocyte-LSEC cocultures are highly suitable models for stabilization and
long-term culture of both cell types. In summary, these results indicate that collagen gel-based hepatocyte-
LSEC coculture models are promising for in vitro toxicity testing, and liver model development studies.

Introduction

L iver is a complex multifunctional organ with a large
range of functions, supporting almost every other organ

in the body, and is the prime organ for drug metabolism.1–4

Several in vitro models comprising of microsomes, cell
lines, primary hepatocytes, and liver slices have been devel-
oped to provide predictive information related to drug tox-
icity.5–10 Primary hepatocytes are relatively easy to isolate
and retain most of the important in vivo functions for several
days in monolayer static culture,11–13 and up to 2 weeks or
longer when cocultured with stromal cell support,14–16 under
collagen gel or on micropatterned surfaces,15–17 and continue

to be the most studied for drug screening purposes in various
formats.9,10,18 A major advance in primary hepatocyte culture
is the use of a collagen gel sandwich, wherein primary he-
patocytes are cultured between two layers of type I collagen
gel for extended time periods.11,13 However, this method still
lacks the contribution of non-parenchymal cells (NPCs) and
the importance of the drug response of NPCs in addition to
hepatocytes is being slowly realized. This necessitates the
development of models which incorporate NPCs, while
maintaining long-term phenotype and function.

Within the liver, hepatocytes and liver sinusoidal endo-
thelial cells (LSECs) comprise *80% of the total cell
mass.19–21 In the liver sinusoid, LSECs and hepatocytes are
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arranged in layers with the intervening space occupied by the
extracellular matrix (ECM) of the perisinusoidal space (space
of Disse); collagen I is one of the major components in this
matrix.22–25 While hepatocytes are primarily responsible for
various secretion and metabolic functions of the liver; LSECs
line the sinusoids, isolating hepatocytes from the sinusoid
flow and are first to be exposed to various toxic and benign
factors circulating through the hepatic sinusoids.26–28 There
is growing evidence that LSECs also participate in various
metabolic activities, and are the primary target for some he-
patic toxicants.15,29–34 Although LSECs have a significant
role in drug exposure and toxicity, their use in drug screening,
alongside hepatocytes, is limited as they lose their phenotype
rapidly after isolation and are not viable in monoculture be-
yond a few days.29–38

Several strategies have previously been proposed to cul-
ture LSECs while retaining their phenotype.37–43 LSECs,
cultured in media supplemented with lipids and oleic acid,
in particular, was shown to maintain their metabolic and en-
docytotic activity for up to 5 days by influencing Akt/PKB
and ERK signaling pathways.39 Another study with culturing
LSECs and hepatocytes in a three-dimensional (3D) micro-
reactor shows retention of LSEC phenotype expression for 13
days, primarily through modulation of vascular endothelial
growth factor in the culture media.38 Coculturing LSECs as
a layer of cells on top of hepatocytes sandwiched within a
multilayer polyelectrolyte maintained the phenotype of LSECs
for up to 12 days, whereas monocultures lost their pheno-
type within 3 days.37 Despite these advances in culture of
LSECs alone, or with hepatocytes, their long-term culture
and viability is still poorly understood.44,45 While several
strategies for LSEC culture have been proposed,15,39,46 long-
term maintenance of LSECs remains challenging.

Previously, we have developed a 3D model mimic of an
in vivo cellular arrangement by overlaying cardiac endothelial
cells on top of collagen-embedded hepatocytes.47,48 This
work demonstrated that the collagen gel-based culture con-
figuration induces the early recovery of hepatocytes following
cell isolation with albumin and fibrinogen protein secretion

and gene expression increasing by twofold by day 4 of cul-
ture. Surprisingly, early recovery was not caused by growth
factors or cytokines, or by secreted ECM, but rather by the
release of the amino acid proline by endothelial cells, which
promoted the hepatocellular production of new collagen.48

This work extends the sandwich-collagen gel model to a
coculture system consisting of hepatocytes and LSECs. The
premise of this approach is providing native cues to the
hepatocyte and endothelial cell cocultures, since collagen is
one of the major components in the space of Disse.22 LSECs
were cultured with hepatocytes (above, below, or together)
in a coculture in different arrangements while enabling ex-
posure to secretion factors through the matrix. Standard
collagen sandwich culture of hepatocytes was extended to
enable layering LSEC above, below, or as a mixture with
hepatocytes (Fig. 1). A key feature of this model is the use
of subconfluent (* 50%) coverage of either cell type. While
two configurations separated LSECs and hepatocytes with
an intervening layer, a third configuration enabled the for-
mation of hepatocyte-LSEC contacts. Stability of cocultures
were established using hepatocyte specific secretory (albu-
min and urea) and enzymatic (CYP1A) assays as well as
immunostaining of endothelial surface markers [sinusoidal
endothelial 1 (SE-1)] for up to 4 weeks. LSECs maintained
their phenotype when cultured with hepatocytes as the
bottom most layer (with an intervening collagen gel) or as a
mixture, and hepatocytes in these configurations produce
higher albumin when compared with other configurations,
and this function is sustained for up to 4 weeks. Methods
described in this work for the separation and use of cocul-
tures could enable the development of a drug-screening
platform, which incorporates other NPCs in addition to
hepatocytes.

Materials and Methods

Materials

Hepatocyte culture media was prepared with high glucose
(4.5 g/L) Dulbecco’s modified Eagle’s medium (DMEM)

FIG. 1. Schematic showing he-
patocyte and liver sinusoidal en-
dothelial cell (LSEC) coculture
configurations. Hepatocytes and
LSECs are cocultured as stacked
layers in sandwich collagen gel.
Coculture configurations with col-
lagen–hepatocyte–collagen–
LSEC–collagen (C1), collagen–
LSEC–collagen–hepatocyte–colla-
gen (C2), and collagen–(hepato-
cyte + LSEC)–collagen (C3) were
prepared and single cell controls
with collagen–hepatocyte–collagen
with 50% hepatocyte coverage
(C4) and collagen–LSEC–collagen
(C5) were prepared.
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supplemented with 10% fetal bovine serum, 0.02 mg/L
epidermal growth factor, 0.01428 mg/L Glucagon, 7.5 mg/L
Hydrocortisone, 500 U/L Insulin, 2 mM Glutamine, and 2%
Penicillin–Streptomycin. Type I Collagen was prepared by
extracting acid-soluble collagen from Lewis rat-tail tendons
as previously reported.11 Percoll was purchased from GE
Biosciences. Rat albumin (Cat. No. 0855952) and peroxidase-
conjugated sheep IgG fraction to rat albumin was purchased
from MP Biomedicals (Cat. No. 0855776). The Urea assay
kit was purchased from Stanbio laboratory (Cat. No. 0580–
250). Earle’s balanced salt solution (EBSS; Cat. No.
14155063), Live Cell Imaging Solution (Cat. No.
A14291DJ), the Live/Dead Viability kit (Cat. No. L-3224),
and the NucBlue Live Ready Probes Reagent (Cat. No.
R37605) were purchased from Life Technologies. Hepatic
sinusoidal endothelial cell antibody (SE-1; Cat. No. NB110-
68095G) was purchased from Novus Biologicals. All other
chemical reagents were purchased from Sigma.

Primary rat hepatocyte isolation

Hepatocytes were obtained from female Lewis rat using
two-step collagenase protocol. Two to 3 month old female
Lewis rats (Charles River Laboratories) weighing 180–200 g
were used as a hepatocyte source and were maintained in
accordance with the National Research Council guidelines.
Experimental protocols were approved by the Subcommittee
on Animal Care, Committee on Research at Massachusetts
General Hospital. Using a modification on the two-step
collagenase perfusion method,49,50 involves purification of
cell suspension by means of centrifugation over Percoll.
About 200–300 million cells were obtained from one rat
isolation with viability between 85% and 95% (evaluated by
Trypan Blue exclusion) and used immediately.

Primary rat LSEC separation

LSECs were separated from NPC fraction using density
separation in a Percoll gradient.51 The NPC fraction was
obtained from the same liver perfusions as the hepatocyte
isolations. The supernatant remaining after the primary rat
hepatocyte separation contained the LSECs and other liver
cell types (NPC fraction). Briefly, the NPC fraction was
aliquoted into 50 mL conical tubes and centrifuged at 300 g
for 15 min. The supernatant was discarded and the pellet
was resuspended in ice cold phosphate buffered saline
(PBS). Typically, the NPC fraction from a rat was re-
suspended in 20 mL PBS. A Percoll gradient was prepared
in 50 mL conical tubes with 15 mL of 50% Percoll (isotonic)
on the bottom and 20 mL of 25% Percoll (isotonic) layered
on top of it. Ten milliliters of the NPC fraction (in PBS) was
carefully placed on the 25% Percoll layer and centrifuged at
900 g for 25 min, without brake. At the end of the centrifu-
gation, the layer between 25% and 50% percoll gradient
(10–17.5 mL level) was collected and diluted in ice cold PBS
and centrifuged at 900 g for 25 min (without brake) to pellet
the cells. Any remaining Percoll was aspirated and the cells
were suspended in fresh hepatocyte culture media (10 mL).
To remove any contaminating cells (Kupffer), the cell frac-
tion was incubated on a 10-cm-diameter tissue culture dish
for 1–2 min and the nonadherent cells were collected. From
each isolation, 30–40 million LSECs were obtained and used
immediately for preparing cocultures.

Coculture sample preparation

Samples were prepared in 12-well plates with 200mL of
collagen gel per layer. Collagen gel mixture was prepared
by mixing Type I collagen (1.25 mg/mL) and 10 · DMEM in
a ratio 9:1 at 4�C and used immediately. Collagen mixture
(200mL) was added to each well and allowed to gel for 1 h
at 37�C before addition of media. Cocultures were prepared
with 0.25 million hepatocytes and 1 million LSECs, whereas
single cell controls contained 0.25 million hepatocytes or 1
million LSECs in sandwich configurations.

Collagen–hepatocyte–collagen–LSEC–collagen (C1) sam-
ples were prepared by (1) seeding 0.25 million hepatocytes
on a collagen gel and stabilization for 24 h, (2) addition of a
collagen gel on top and incubation for 24 h, (3) addition of 1
million LSECs on top, followed by the (4) addition of a
collagen gel on top.

Collagen–LSEC–collagen–hepatocyte–collagen (C2) sam-
ples were prepared by (1) seeding 1 million LSECs on a
collagen gel and stabilization for 24 h, (2) addition of a
collagen gel on top and incubation for 24 h, (3) addition 0.25
million hepatocytes on top, followed by the (4) addition of a
collagen gel on top.

Collagen–(hepatocyte + LSEC)–Collagen (C3) samples
were prepared by (1) seeding a mixture of 1 million LSECs
and 0.25 million hepatocytes on a collagen gel and stabili-
zation for 24 h and (2) addition of a collagen gel on top.
Single cell controls were prepared by seeding cells on a
collagen gel followed by the addition of a second collagen
layer on top after 24 h.

Control samples were prepared with (1) 0.25 million
hepatocytes (C4), (2) 1 million LSECs (C5) in collagen gel
sandwich configurations.

All cultures were maintained in 400mL hepatocyte culture
media at 37�C and 10% CO2 and media was replaced every
24 h. Media samples collected while changing media were
stored at 4�C for analysis with Day 1 considered 24 h after
the top collagen gel was added on top of the configurations.
In the case of C1 and C2, cocultures were prepared from two
different isolations over a period of 3 days. The coculture
(C3) was prepared from hepatocytes and LSECs from the
same isolation.

Albumin enzyme-linked immunosorbent assay

Albumin concentration in the media was measured using
an in-house enzyme-linked immunosorbent assay (ELISA)
protocol. Briefly, 96-well high-binding ELISA plates were
coated with 5 mg/well rat albumin in 100mL PBS and in-
cubated overnight at 4�C. Coated plates were washed with
PBS-Tween (0.05%) at least four times and 50mL of the
media or standards were added to the wells in the plate.
Each plate has a set of standards. Peroxidase-conjugated
albumin antibody was diluted 1:10,000 in PBS-tween and
50 mL was added to each well and incubated overnight at
4�C or for 2 h at 37�C. At the end of incubation, the plates
were washed with PBS-Tween (0.05%) at least four times.
A substrate solution of o-Phenylenediamine dihy-
drochloride (400 mg/mL) and 4 mM hydrogen peroxide was
prepared in a citric acid buffer. Fifty microliters of the
solution was added to each well and incubated for 5 min.
Reaction was stopped by the addition of 50 mL of 8 N
sulfuric acid and the absorbance was measured at 490 nm.
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Urea assay

Urea concentration in the media was measured using a
Stanbio Urea BUN assay kit with the protocol provided by
the manufacturer. Briefly, Urea assay reagent was prepared
by mixing two parts of the acid reagent and one part of the
color reagent (150 mL/well; *15 mL per 96 wells). To
10 mL of media or standards, 150 mL of the urea reagent
mix was added and incubated at 60�C for 90 min. At the
end of incubation, the plate was allowed to cool to room
temperature (5–10 min) and absorbance was measured at
520 nm.

CYP 450 (EROD) assay

Cytochrome P450 1A1 activity of the cocultures was
evaluated using 7-ethoxyresorufin. Samples were induced
with 3-methylcholantherene (3-MC; 2 mM) for 48 h before
the assay in 2 · daily media (800 mL). Control samples
were incubated with vehicle (dimethyl sulfoxide) under
similar conditions. Media in both control and induced
samples were not changed for 48 h. At the end of the in-
cubation, wells were rinsed with EBSS at least three times
to remove any Phenol red from the media and collagen gel.
To each of the wells, 500 mL of the substrate mixture
(10 mM 7-ethoxyresorufin + 80 mM Dicumarol in EBSS)
was added and incubated at 37�C. Hundred microliters of
the reagent was withdrawn at 5, 10, 15, and 25 min inter-
vals. Fluorescence from the collected sample was mea-
sured at lex = 525 – 10 nm and lem = 580 – 10 nm. The rate
of resorufin production was calculated by preparing
resorufin standards in EBSS.

Endothelial cell staining

Endothelial cells were identified by staining for surface
expression of SE-1. Briefly, cells were washed with fresh
media and incubated with a solution of 1:1000 dilution of
hepatic sinusoidal endothelial cell antibody (SE-1) and
NucBlue stain for 1 h at 37�C. Samples were washed in the
live cell imaging solution and images were obtained using a
fluorescent microscope.

Live/Dead assay

The Live/Dead assay was performed on the samples using
a commercial kit from Life Technologies as per the manu-
facturer’s protocol. Briefly, to 10 mL of media, 5 mL of
Calcein AM reagent, 20mL Ethidium Homodimer, and 10
drops of NucBlue stain were added. Five hundred microli-
ters of this reagent was added to the sample and incubated at
37�C, 10% CO2 for 15 min. Media in the sample were re-
placed with Live Cell Imaging Solution and imaged on a
microscope.

Results

Creation of hepatocyte–LSEC sandwich cocultures

The coculture configurations in this work require hepa-
tocytes and LSECs from two different isolations and cul-
tured within collagen gel layers (see ‘‘Materials and
Methods’’ section). Cell isolation protocols were established
for repeated isolation of hepatocytes and LSECs with high
purity and viability. Hepatocytes from subsequent isolations

were obtained with high viability ( > 85%) and had similar
secretion functions (Supplementary Figs S1 and S2; Sup-
plementary Data are available online at www.liebertpub
.com/tec) and > 90% of the LSECs expressed SE-1 (Sup-
plementary Fig. S3). In a standard 12-well plate, a 50%
surface area coverage was achieved by seeding 0.25 million
hepatocytes and 1 million LSECs and this ratio was main-
tained in all the culture configurations. The surface coverage
of these cells is chosen based on the cell size, wherein
LSECs have much smaller size when compared with hepa-
tocytes.

Morphology and viability of hepatocytes and LSECs
in various configurations

Phase contrast microscopy was used to identify the mor-
phological differences of cells in various coculture config-
urations within sandwich cultures up to 4 weeks. Staining
using Calcein AM (fluorescent green), Ethidium Homodimer-
1 (fluorescent red) and 4¢,6-diamidino-2-phenylindole (fluo-
rescent blue) was used to assess cell viability. Fluorescence
images of the cells in various configurations at Days 13, and
28 are shown in Figure 2, and Days 7 and 20 are shown in
Supplementary Figure S4. In case of C3, C4, and C5, all the
cells were within the same plane (in a sandwich), whereas in
the case of C1 and C2, hepatocytes and LSECs were in two
different layers, in close proximity. In configuration C3,
hepatocytes show typical cuboidal morphology with LSECs
occupying the remaining space; with high viability at 13 and
28 days of culture. In the other configurations C1 and C2,
where the cells were originally separated with a collagen gel
layer in between, cells eventually appeared to reorganize
within the layer to form a contiguous layer of cells. Similar
to C3, hepatocytes in the configurations C1 and C2 main-
tained their morphology as seen in phase contrast images of
the cocultures. However, in the control monoculture (C4),
hepatocytes seem to show deteriorated morphology and vi-
ability by 4 weeks. This could be due to subconfluent
seeding of hepatocytes in the control monoculture, and the
hepatocyte seeding was kept the same in all the culture
configurations (C1–C4). In addition, LSECs cultured alone
within the collagen sandwich (C5) retained morphology and
show high viability over the 4 week period (Fig. 2 and
Supplementary Figs S4 and S6).

Expression of SE-1 marker in various configurations

A major premise of this study is the preservation of
LSECs phenotype in coculture with hepatocytes. To evalu-
ate the maintenance of LSEC phenotype, the configurations
C1, C2, and C3, and the LSEC only control (C5) were
stained with SE-1 at regular intervals for up to 4 weeks.
LSECs cultured as the bottom most layer (C2) and as a
mixture with hepatocytes (C3) maintained expression of SE-1
up to 4 weeks, whereas configuration C1 showed a decrease
(Fig. 3 and Supplementary Figs S5, S7–S9). These results
indicate that the LSECs maintain their phenotype in the case
of C2 and C3 configurations, whereas the phenotypical ex-
pression in C1 is lost rapidly (Fig. 3 and Supplementary
Figs S5 and S7). Interestingly, SE-1 expression is retained
by LSECs cultured alone in the collagen sandwich (C5),
with high viability (Fig. 2 and Supplementary Fig. S5) over
4 weeks.

416 BALE ET AL.



Hepatocyte function (albumin and urea) comparison
in various coculture configurations

Urea and albumin production were monitored to deter-
mine whether LSECs stabilized the hepatocytes and influ-
ence their function in various configurations. Normalized
albumin and urea secretions of primary hepatocytes in
various culture configurations, over a period of 4 weeks, are
shown in Figures 4 and 5, respectively. Our results indicate
that hepatocytes have higher albumin secretion in C2 and C3
configurations whereas C1 has similar albumin secretion
when compared with the control hepatocyte culture (C4).
Albumin secretion by hepatocytes in C2 and C3 increased
up to Day 9 and remained stable for up to 4 weeks. To
compare results from different experiments, data in each
experiment were normalized to secretion of albumin from
Day 1 of control hepatocyte culture (C4). Figure 4B shows
the fold increase in the production of albumin in various
coculture configurations when compared with control he-
patocytes from n = 3 experiments, which includes hepato-
cytes and LSECs from six isolations. Results are expressed
as mean – standard deviation and statistical significance was
analyzed by Student’s t-test. Differences were considered
significant at p < 0.05 and are shown in the figure accordingly.

Figure 4A is a representative time course of albumin pro-
duction, whereas Figure 4B is the averaged data from mul-
tiple experiments normalized to control hepatocyte culture.
While hepatocytes in control (C4) and configuration C1
show similar albumin secretion (4–5 times), hepatocytes in
C2 and C3 configurations show a higher albumin secretion
(10–13 times) after 2 weeks. In contrast to albumin, the urea
secretion levels were similar across different culture con-
figurations (Fig. 5A, B).

Cytochrome P 450 1A activity comparison
in various configurations

CYP450 activity is a critical function of hepatocytes and
is an essential indicator of metabolism of toxins, drugs, and
pharmaceuticals.2,52,53 CYP450 activity of the culture con-
figurations was monitored at weekly intervals up to 4 weeks
(Fig. 6). CYP1A activity of the hepatocytes in these con-
figurations was measured under native and induced 3-MC
(2mM) conditions. Hepatocytes in configurations C1, C2,
and C3 showed 7–10 times higher CYP1A activity when
compared with control hepatocyte cultures under native
(noninduced) conditions while LSECs have negligible CYP
activity (Fig. 6A). The higher activity of the coculture

FIG. 2. Phase contrast and Live/Dead microscopy images of coculture configurations on Days 13 (A, B) and 28 (C, D) of
culture. C1, C2, and C3 show stable hepatocyte morphology with high viability up to 4 weeks. C4 shows loss of hepatocyte
morphology and viability when compared with coculture configurations. C5 (LSEC) show good cell morphology and
viability up to 4 weeks. Scale bar is 100mm.
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configurations was sustained over a period of 4 weeks, when
compared with hepatocyte only monocultures. In contrast to
the native activity, under induced conditions (incubation
with 2mM 3-MC), hepatocytes in the coculture configura-
tions C1, C2, and C3 showed similar activity when com-
pared with the hepatocyte only control (C4).

Discussion

To identify the culture configuration that can enable long-
term stable coculture of hepatocytes and LSECs, LSECs
were introduced into a collagen gel sandwich configuration
along with hepatocytes. Since collagen gel sandwich is al-
ready known to promote long-term maintenance of hepa-
tocytes, it could be an ideal culture configuration for
incorporating LSECs along with hepatocytes.11,50 The co-
cultures of hepatocytes and LSECs within a collagen sand-
wich layer are prepared by culturing LSECs above, below,
and with hepatocytes in a collagen gel sandwich. Specifi-
cally, LSECs were combined with hepatocytes in multi-

layer configurations, collagen–hepatocyte–collagen–LSEC–
collagen (C1), collagen–LSEC–collagen–hepatocyte–collagen
(C2), and collagen–(hepatocyte + LSEC)–collagen (C3). As
single cell controls, collagen–hepatocyte–collagen (C4) and
collagen–LSEC–collagen (C5) were used (Fig. 1; ‘‘Materi-
als and Methods’’ section). While the coculture configura-
tions (C1 and C2) enable cell–cell communication by
secreted factors (there is an intervening collagen gel layer to
prevent cell–cell contact), C3 allowed for direct cell–cell
contact of hepatocytes and LSECs within the same layer.
These configurations enable coculture in an environment
which allows for (1) cell–cell contact (C3) and (2) cell–cell
interaction through secreted factors (C1, C2, and C3) lead-
ing to enhanced stability and function.

The results from the coculture experiments suggest that
interactions between hepatocytes and LSECs led to (1)
stabilization of hepatocytes and retention of LSEC pheno-
type, (2) LSECs stabilization of hepatocytes, leading to a
higher albumin production, (3) higher CYP activity of he-
patocytes in coculture with LSECs, and (4) maintenance of

FIG. 3. Phase contrast and sinusoidal endothelial 1 (SE-1) expression of LSECs within cocultures on Days 15 (A, B) and
28 (C, D) of culture. C1 showed decrease in SE-1 expression whereas C2 and C3 show high SE-1 expression up to 4 weeks.
C5 (LSECs only) shows similar levels of SE-1 expression. Scale bar is 100 mm.
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stable function for up to 4 weeks. Whereas the configuration
C1 shows similar albumin production as the control hepa-
tocyte culture (C4), and a decreased SE-1 expression of
LSECs. LSECs within the coculture C1 have either lost their
SE-1 expression (Fig. 3 and Supplementary Figs S5 and S7)
or did not survive leading to a configuration similar to C4,
and with an additional layer of collagen gel on top. In case
of C2 and C3, hepatocytes are viable (Fig. 2 and Supple-
mentary Fig. S4) and there is retention of SE-1 expression of
LSECs (Fig. 3 and Supplementary Figs S5, S8, and S9),
which indicates that secretion factors from both LSECs and
hepatocytes are interacting in a mutually beneficial way. An
interesting observation is the viable culture of LSECs and
retention of SE-1 expression as single cell cultures (C5)
(Fig. 3 and Supplementary Fig. S5). Our results indicate that
in the coculture configurations C2 and C3, both hepatocytes
and LSECs remain viable and maintain their phenotype–
which indicates a stable configuration enabled by hetero-
typic cell interactions. Despite LSECs maintaining their
phenotype in the collagen double gel monocultures (C5), in
the culture configuration C1, they show loss in expression of
SE-1 (Fig. 3 and Supplementary Fig. S7). Further, the en-
trapment of LSECs within the collagen gel leads to the
stabilization of LSECs, and maintain their phenotype with

high viability (Figs. 2 and 3). In the case of configurations
C2 and C3, LSECs remain viable and maintain their phe-
notype (Fig. 3 and Supplementary Figs S8 and S9) and thus
are able to secrete factors which enhance hepatocyte func-
tion. This is consistent with previous reports where other
cell types are known to enhance albumin function of he-
patocytes by a number of mechanisms, including direct cell–
cell contact and/or soluble factors.15,48 The configuration C1
shows lower albumin secretion when compared with C3 and
C4. This could be due to the loss of LSECs in C1 and
perhaps due to the presence of two layers of collagen gel on
top of hepatocytes, adversely affecting the albumin function.
Despite these differences in albumin secretion of coculture
C1 from C2 and C3, the native CYP 1A1 activity was ob-
served to be similar over the 4 week period. Further, the
native CYP 1A1 activity of hepatocytes in C1 was higher
than the control monoculture (C4).

In this study, all four configurations result in long-term
culture of hepatocytes. The urea function is similar in all
four configurations suggesting that cues provided by LSECs
do not influence urea secretion. In the case of CYP function,
the induced CYP activity is similar for all four configura-
tions suggesting that 3-MC mediated induction of CYP ac-
tivity is the dominant mechanism, which most likely masks

FIG. 4. Albumin secretion
by hepatocytes cultured in
various coculture configura-
tions. (A) Time course albu-
min secretion of hepatocytes
cultured in cocultures. C2
and C3 show higher albumin
secretion, whereas C1 shows
similar amount of albumin
secretion as control hepato-
cyte cultures (C4). (B) Al-
bumin secretion of various
coculture configurations nor-
malized to albumin secreted
by control (C4) at day 1 from
n = 3 experiments. Statistical
analysis is done with respec-
tive control values (C4) on
days 13 and 28.
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FIG. 5. Urea synthesis by
hepatocytes cultured in vari-
ous coculture configurations.
(A) Time course urea syn-
thesis of hepatocytes cultured
in cocultures in different
configurations. All the cul-
tures with hepatocytes show
similar urea secretion. (B)
Urea secretion of various
coculture configurations nor-
malized to urea secreted by
control (C4) at day 1 from
n = 3 experiments. Urea se-
cretions by hepatocytes were
similar in various coculture
configurations.

FIG. 6. CYP 1A1 (EROD)
activity of hepatocytes in co-
culture configurations. (A)
Coculture configurations C1,
C2, and C3 show high native
CYP activity when compared
with hepatocyte only (C4)
control cultures. (B) Induced
cocultures C1, C2, and C3
show similar levels of activity
when compared with control
hepatocyte cultures (C4).
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any potential effect of LSECs. By contrast, LSECs enhanced
native CYP activity of hepatocytes in all the coculture
configurations (C1–C3). The albumin function across dif-
ferent culture configuration is more complicated. LSECs do
enhance albumin secretion (C2 and C3) of hepatocytes.
Although in the case of C1 configuration, the presence of
two layers of collagen on top of hepatocytes most likely
detrimentally affected albumin function. Elucidation of the
exact mechanism through which C1 configuration reduces
albumin function and not urea and CYP activity will require
further study. It is plausible that the albumin function of
hepatocytes is more sensitive to the ECM environment
(single vs. two layers of collagen on top) as compared to
other functions. In fact in a prior study,48 proline mediated
ECM remodeling greatly influenced albumin function
of hepatocytes whereas urea and CYP function were not
affected.

Conclusions

In summary, our results indicate that coculture of hepa-
tocytes with primary LSECs in a collagen gel sandwich with
a 50% surface coverage retains the LSEC phenotype while
enhancing hepatocyte function. Hepatocytes cultured with
LSECs in the same plane or with hepatocytes cultured on
top of LSECs show higher albumin function when compared
with hepatocyte alone for up to 4 weeks. Further, hepatocyte
coculture with LSECs showed an increased native CYP
activity when compared with pure hepatocyte cultures
suggesting enhanced cell–cell interactions within the co-
cultures. Hepatocyte activities within the matrix and co-
culture are controlled by the organized network, secretion
factors, and cell–cell interactions with LSECs in the in vitro
model. This model provides a simple method to recreate a
matrix and geometry and an in vivo microenvironment of
the liver. We envision that the described methods to co-
culture hepatocytes with LSECs provides a convenient
platform for engineering hepatocyte cocultures with NPCs
for drug screening applications and generation of in vitro
liver models.
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