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The liver carries out a variety of essential functions regulated in part by autocrine signaling, including hepatocyte-
produced growth factors and extracellular matrix (ECM). The local concentrations of autocrine factors are governed
by a balance between receptor-mediated binding at the cell surface and diffusion into the local matrix and are thus
expected to be influenced by the dimensionality of the cell culture environment. To investigate the role of growth
factor and ECM-modulated autocrine signaling in maintaining appropriate primary hepatocyte survival, metabolic
functions, and polarity, we created three-dimensional cultures of defined geometry using micropatterned semi-
synthetic polyethylene glycol–fibrinogen hydrogels to provide a mechanically compliant, nonadhesive material
platform that could be modified by cell-secreted factors. We found that in the absence of exogenous peptide growth
factors or ECM, hepatocytes retain the epidermal growth factor (EGF) receptor ligands (EGF and transforming
growth factor-a) and the proto-oncogenic mesenchymal epithelial transition factor (c-MET) ligand hepatocyte
growth factor (HGF), along with fibronectin. Further, hepatocytes cultured in this three-dimensional microenvi-
ronment maintained high levels of liver-specific functions over the 10-day culture period. Function-blocking in-
hibitors of a5b1 or EGF receptor dramatically reduced cell viability and function, suggesting that signaling by both
these receptors is needed for in vitro survival and function of hepatocytes in the absence of other exogenous signals.

Introduction

Autocrine growth factor signaling by hepatocytes
in the liver is a central mechanism for both physiolog-

ical homeostasis and pathophysiological response of hepa-
tocytes to stresses including inflammation and surgical
resection. Epidermal growth factor receptor (EGFR) ligands,
including transforming growth factor-a (TGF-a) and EGF,
are produced by hepatocytes as well as nonparenchymal
cells, and concentration gradients of these molecules influ-
ence a variety of cell behaviors in the intact liver.1 Extra-
cellular matrix (ECM) molecules can also serve autocrine
functions; for example, hepatocytes produce plasma fibro-
nectin (FN) while also expressing its receptor a5b1 integrin
and the coreceptor syndecan-4.2 FN fills the Space of Disse
within the liver sinusoid, offering an adhesive matrix while
allowing hepatocytes access to the circulating blood.3 Thus,
in vivo, hepatocytes manipulate their microenvironment via
production of autocrine factors essential to their survival and
function, in dynamic response to external cues.

Exogenous EGF or TGF-a is typically added to serum-free
culture media to enhance hepatocyte survival and function,

especially in 2D culture formats,4–9 and EGF enhances
spontaneous formation of three-dimensional (3D) spheroidal
aggregates of adult hepatocytes cultured on minimally ad-
hesive 2D substrates.10–13 Hepatocytes in 3D spheroidal
floating aggregates secrete ECM and exhibit long-term
maintenance of liver functions11,12,14–19 compared with cells
cultured in 2D formats, wherein addition of DMSO or other
cell types is required for functional maintenance.20

Unlike insulin and other hormones added to serum-free
cell culture media, hepatocytes produce autocrine EGFR
ligands in vitro.6,21 The need for additional exogenous EGFR
ligands in 2D culture, or in the formation of spheroids from
cells seeded on 2D culture substrates, may arise from a
failure of autocrine ligands to be retained locally; that is,
ligands produced by cells in 2D can readily diffuse into the
medium before recapture by cell surface receptors.22

The contribution of autocrine ligands to enhanced main-
tenance of liver-specific functions in 3D spheroidal cultures
of hepatocytes is unclear. Spheroidal cultures are often
characterized by a layer of cells with flattened morphology at
the outer rim,23,24 a phenomenon that may arise from gra-
dients in diffusible autocrine growth factors (which may
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accumulate in the interior portion of the spheroid but diffuse
freely from the surface into culture medium); from me-
chanical stresses associated with contraction and compaction
of cells against a free surface; or from loss of appropriate
ECM, such as FN, at the outer boundaries.

Here, we investigate the roles of autocrine growth factors
and ECM in fostering viability, function, and polarization in
adult rat hepatocytes using an experimental micromolded gel
system that controls the geometry of 3D cell aggregation,
presents a diffusion barrier to loss of autocrine factors, pro-
vides an initially inert (to cell adhesion) template that can be
altered by ECM deposition to engage cells mechanically with
the substrate, and provides a mechanically compliant envi-
ronment that approximates the compliance of liver. Although
collagen gels are serviceable for hepatocyte culture20,25 and
have been widely used to create micropatterned environ-
ments for other cell types,26–28 hepatocyte adhesion to colla-
gen via collagen-binding integrins induces cell signaling and
phenotypes that might mask the effects of autocrine factors or
drive cells to undesirable phenotypes.25,29,30 To foster en-
gagement of cell adhesion by cell-secreted FN, while damp-
ening adhesive interactions during initial stages following cell
seeding, we therefore focused on a semisynthetic gel com-
prising polyethylene glycol (PEG) linked to denatured fi-
brinogen (PEG–fibrinogen). Unlike endothelial cells and other
avb3 integrin-expressing cells, hepatocytes do not bind di-
rectly to fibrinogen but may interact with fibrinogen indi-
rectly through FN, which both binds to fibrin and is also
recognized by a5b1 receptors on hepatocytes.17,31 As fibrinogen
is denatured during the process to form PEG–fibrinogen gels,
the tertiary structure, which typically prevents fibrinogen–
FN interaction, is lost and the secondary structure of fibrino-
gen peptides characteristic of the native protein is evident in
the PEG-modified state,32 and hence, presumably, it can bind
FN. PEG–fibrinogen gels are relatively easy to micromold via
UV-crosslinking processes and can be fabricated with me-
chanical properties comparable to liver33–35; hence, these gels
provide an attractive experimental system for controlling
hepatocyte aggregation and local retention of ECM produced
by hepatocytes. Their permeability and degradation proper-
ties can also be tailored over a wide range through inclusion of
additional PEG diacrylate with the PEG–fibrinogen macro-
mer in the polymerization process.36

Exploiting these advantages of micropatterned PEG–
fibrinogen hydrogels, this study probes the nature and action
of autocrine loops in regulating survival and function of pri-
mary hepatocytes. Using a combination of immunostaining
and function-blocking inhibitors, we demonstrate that pri-
mary hepatocytes in micromolded PEG–fibrinogen gels retain
autocrine growth factors (EGF, hepatocyte growth factor
[HGF], TGF-a) and cell-derived matrix (FN). These factors are
necessary and sufficient to maintain hepatocyte differentiation
in culture, as determined by cell morphology and metabolic
function. This culture system may prove useful for analysis of
other aspects of hepatocellular biology or as a platform to
study hepatocyte metabolism of pharmacological agents.

Materials and Methods

Culture of primary hepatocytes in micromolded gels

Primary cells were isolated from male Fisher rats weigh-
ing between 150 and 250 g as previously described.20 Fol-

lowing isolation, primary hepatocytes were resuspended in
serum-free hepatocyte growth medium (HGM; low-glucose
DMEM supplemented with 4 mg/L insulin, 100 nM dexa-
methasone, 0.03 g/L proline, 0.1 g/L l-ornithine, 0.305 g/L
niacinamide, 2 g/L d-(þ)-galactose, 2 g/L d-(þ)-glucose,
1 mM l-glutamine, 50 mg/L gentamicin, 54.4 mg/L ZnCl2,
75 mg/L ZnSO4 � 7H2O, 20 mg/L CuSO4 � 5H2O, 25mg/L
MnSO4) without EGF.37 Cells were plated onto micromolded
gels at a density of 100,000 cells/cm2 (720,000 cells/mL) in a
12-well tissue culture dish and spun at 100 g for 3 min; this
process was repeated twice. After seeding, gels were trans-
ferred to new wells with fresh HGM to remove excess cells.
HGM was replaced after 24 h and again after every fourth
day of culture. Cells were incubated at 378C under 5% CO2

and 95% humidity for the time periods indicated; EGF was
included in cultures at 10 ng/mL as indicated. For experi-
ments with cyclic arginine–glycine–aspartate (cRGD) pep-
tide, 10mM of the peptide cyclo(Arg-Gly-Asp-D-Phe-Val)
c(RGDfV) was included at the time of plating and main-
tained during culture (Peptides International). For experi-
ments with EGFR inhibitor, 10 mM of the monoclonal
antibody mAb225 against EGFR was included at the time of
plating and refreshed at each medium change (kind gift from
H. Steve Wiley Lab, PNNL). Twenty-four-well plates ad-
sorbed with collagen I (BioCoat; BD Biosciences) with EGF
containing HGM were used as controls in some experiments.

Synthesis of PEG–fibrinogen

PEG was acrylated similar to previously published pro-
tocols.38,39 Briefly, acryloyl chloride (Alfa Aesar) was reacted
with PEG-diol (6 or 10 kDa; Sigma) at 4� molar excess to
available alcohol groups in benzene and under nitrogen
pressure in the presence of triethylamine (Sigma) overnight
at room temperature with protection from light. The result-
ing PEG-diacrylate (PEGDA) product was purified by mul-
tiple rounds of diethyl ether precipitation, vacuum dried,
lyophilized, and stored under nitrogen gas and at �208C.
Acrylation efficiency was determined by H-NMR and ranged
from 85% to 95%.

Fibrinogen was PEGylated by reacting PEGDA (10 kDa)
with full-length fibrinogen in 4�molar excess to the number of
cysteines on fibrinogen at room temperature in 8 M urea in
phosphate-buffered saline (PBS), pH 7.4, for 3 h in the pres-
ence of tris(2-carboxyethyl)phosphine hydrochloride (Sig-
ma).39,40 The PEGylated fibrinogen product was precipitated
in acetone and dialyzed for 24 h over three changes of PBS at
48C. The fibrinogen content of each batch of material was
quantified with a BCA protein assay (Pierce Chemicals), and
the PEG content was quantified by weighing the lyophilized
product and subtracting out the contributions of PBS and fi-
brinogen.39 The fibrinogen content was 7.2� 0.2 mg/mL and
the PEG content was 29� 3.3 mg/mL (both mean� standard
error).

Micromolding of PEG–fibrinogen gels

Microwell patterns, a 5�7 array of 500-mm-diameter cir-
cles, were designed using AutoCAD (Autodesk). A trans-
parency mask was created from the CAD design and printed
using a high-resolution printer (PageWorks). The transpar-
ency mask was used in photolithography of SU-8 photoresist
to create 200 mm high patterns on the silicon wafer master.
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Micropatterned stamps were made by replica molding of
polydimethylsiloxane (PDMS; Sylgard 184) and curing the
degassed elastomer mix (10:1, base:curing agent) over the
silicon master overnight in a 608C oven. Polymerized PDMS
micropatterned stamps were peeled off the silicon master
and used for patterning the PEG–fibrinogen hydrogel; 100mL
of a premixed solution containing PEG–fibrinogen (3.6%,
wt/vol), 5% PEG-DA (MW¼ 6 kDa) and 0.2% Irgacure 2959,
was placed on the PDMS stamp, covered with a poly-
carbonate support scaffold,41 and cured under a handheld
long-wave UV lamp, B-100YP, (UVP) for 4 min. Partially
polymerized hydrogels were removed from PDMS stamps
and cured with feature side up for one additional minute.
PEG-DA (Mw¼ 6 kDa)–micropatterned gels were made in
the same manner with 0.2% Irgacure 2959. The resulting
polymerized PEG–fibrinogen or PEG-DA micropatterns
were hydrated in PBS and UV sterilized before cell seeding.
Measurements of PEG–fibrinogen feature sizes done after
hydration in PBS indicate that microwells were 522� 27mm
in diameter and 213� 19mm deep, measured by confocal
imaging of microwells filled with 20-mm-diameter fluores-
cent beads (Fig. 1).

Evaluation of mechanical properties
of PEG–fibrinogen hydrogels

Polymer solutions that matched the composition of those
used in cellular experiments, of approximately 250mL vol-
ume, were polymerized between 18 mm coverslips. The
bottom coverslip was functionalized with aminopropyl-
triethoxysilane to covalently link the hydrogel for ensuing
testing. Several samples from four different PEG–fibrinogen
stocks were measured using atomic force microscopy-enabled
nanoindentation. An atomic force microscope (MFP-3D;
Asylum Research) was used for all mechanical characteriza-
tion experiments conducted on hydrogels in 1�PBS at room
temperature. Calibration of atomic force microscope cantile-
vers of spring constant k¼ 34.60 pN/nm and nominal probe
radius R¼ 25 nm (MLCT; Veeco) was conducted as previ-
ously described.42,43

For each measurement of Young’s elastic moduli, a grid of
16�16 (256 total) indentations to maximum depths of 25 nm
were acquired over a 50 mm2 area on each hydrogel to ac-
count for material inhomogeniety. Acquired probe deflection-
displacement responses were converted offline (Igor Pro;
Wavemetrics), to force-depth responses. Young’s elastic
moduli E were calculated by applying a modified Hertzian
model of spherical contact to the loading segment of the force-
depth response, as detailed elsewhere,42,43 with the scientific
computing software MATLAB (2007a, TheMathWorks).
The computed elastic moduli E are reported as average�
standard error of measurement. The elastic modulus of the
gels comprising 5% exogenous PEG diacrylate was
17.5� 0.3 kPa (mean� standard error of the mean), which is
intermediate to that of estimates for normal and diseased liver
as discussed in the text.33–35

Immunofluorescence microscopy

Samples were fixed in 3.7% formaldehyde in PBS for
25 min at room temperature, permeabilized with 0.1% Tri-
ton-X for 10 min at 48C, and washed twice with PBS for
15 min each. For accumulation of growth factors, samples

were blocked for 1 h with 10% normal goat serum (Invitro-
gen) and 1% bovine serum albumin (Sigma). Samples were
incubated with primary antibodies overnight at 48C and then
washed thrice with PBS for 20 min each. Samples were then
incubated with secondary antibodies, AlexaFluor568 or
AlexaFluor488 phalloidin, and 40,6-diamidino-2-pheny-
lindole (DAPI) or Hoechst nuclear stains for 1 h at room
temperature with protection from light before being washed
thrice with PBS for 20 min each. Samples were then stored in
PBS at 48C with protection from light. Visualization was
done using a Zeiss Observer A1 microscope equipped with a
Photometrics Quant EM S12SC camera and BD CARV II
spinning disc confocal (Biovision Technologies). Images were
acquired using MetaMorph software. Confocal images
shown in the figures in this report are single confocal cross-
sections taken within the centermost 25% of the tissue
structure. Tissue structures were typically 180–200mm deep
in the absence of inhibitors (and comparable for presence or
absence of soluble EGF), 120–150 mm deep (when intact) in
the presence of cRGD integrin inhibitor, and 100–120 mm
deep in the presence of mAb225 EGFR inhibitor. Zeiss Ste-
REO Discovery V12 stereoscope equipped with AxioCam
and fluorescent lamp was used for observing accumulation
of TGF-a, EGF, and HGF in PEG–fibrinogen microwells.
Consistent exposure times were maintained to assess relative
fluorescent staining between conditions. For EGF, TGF-a,
and HGF immunofluorescence detection, samples incubated
with secondary antibody alone were imaged to ensure that
the observed fluorescence was not due to an artifact, such as
nonspecific secondary antibody binding or autofluorescence.

For visualization of functional bile canalicular networks,
samples were washed thrice with Hanks’ balanced salt so-
lution and then incubated for 10 min at 378C with 2mM 5(and
6)-carboxy-20,70-dichlorofluorescein diacetate (CDFDA; In-
vitrogen) and 16.2 mM Hoechst stain. After incubation, con-
focal images were taken at days 3 and 6 (representative
image from day 6 is depicted in Fig. 5E).

Primary antibodies include anti-rat FN at 1:100 (Millipore),
anti-rat CD26 at 1:100 (BD Pharmingen), anti-rat TGF-a at
1:500 (Abcam), anti-rat HGF at 1:200 (Abcam), and anti-rat
EGF at 1:200 (Abcam). Secondary antibodies at 1:200 and
phalloidin dyes at 1:200 were all AlexaFluor conjugates (In-
vitrogen). Nuclear stains were used at 1mg/mL for DAPI
(Sigma) and 16.2 mM for Hoechst 33342 (Invitrogen).

Quantification of cell viability

Cell viability was determined using the Live/Dead
Viability/Cytotoxicity Kit (Invitrogen). Cells were cultured
as described above on PEG–fibrinogen gels for the indicated
time periods, with or without 10 ng/mL EGF, or in the pres-
ence of 10mM cRGD or 10 mM mAb225, or cultured on
adsorbed collagen I in the presence of 10 ng/mL EGF. For
PEG–fibrinogen gels, confocal Z-stack images of three to five
randomly chosen microwells were taken from each of three
to four gel samples per time point using a 10� objective to
capture the entire well (10mm step size in z-stacks). Total cell
number was determined by DAPI staining of nuclei and the
number of nonviable cells was determined by ethidium bro-
mide nuclear staining. A total of 200–600 nuclei were counted
in each microwell to obtain total cell number. For adsorbed
collagen samples, in each well, four to six randomly chosen

AUTOCRINE-CONTROLLED FORMATION AND FUNCTION OF TISSUE-LIKE AGGREGATES 1057



fields (one from each quadrant of the well) were observed
using a 10�objective, and all nuclei were counted in each field
(300–600 total nuclei per field). The experiments were per-
formed at least three times (for both PEG–fibrinogen and
adsorbed collagen samples) and data were statistically ana-
lyzed with analysis of variance followed with Tukey’s test
with alpha¼ 0.05.

Quantification of albumin and urea production

Culture medium was replaced at 48 h prior to collection on
the indicated days. Albumin levels were determined using
Rat Albumin ELISA Kit (Bethyl Labs). Urea levels were de-
termined using the QuantiChrom Urea Assay Kit (BioAssay
Systems). Samples, standards, and controls were tested in
duplicates and experiments were repeated three to six times.
Data were normalized to account for sample volumes for
both assays. Results are reported as nanograms of product
(urea or albumin) per milliliter per day (Fig. 7). The data
were normalized to account for cell number at day of sample
collection and are presented as micrograms of product (urea
or albumin) per 106 cells per day (Supplementary Fig. S5).
Cell number per day was calculated based on the total cell
counts from the cell viability data for each specific time
point. The data were statistically analyzed with analysis of
variance followed with Tukey’s test with alpha¼ 0.05.

Results

Micromolding of PEG–fibrinogen gels to create
a 3D niche for primary hepatocytes

A PEG–fibrinogen hydrogel formulation was chosen to
create niches for primary hepatocytes based on several cri-
teria: amenable to micromolding (to isolate small numbers of
hepatocytes); intrinsically nonadhesive for hepatocytes, but
possessing specific adhesive domains for cell-secreted ma-
trix, to allow interpretation of effects from retention of cell-
secreted matrix; physiologically relevant stiffness (similar to
liver) should cellular ECM secretion result in adhesion of the
cells with the microwell walls. The precise permeability
properties of the hydrogel were a secondary consideration,
as the cell aggregate itself provides a means of concentrating
autocrine factors locally during initial stages of culture,
compared with the case of 2D minimally adhesive surfaces.
These criteria were not met by commonly used hydrogels
such as collagen and agarose. PEG–fibrinogen hydrogels met
these criteria while providing the additional advantage that
secreted FN can interact with fibrinogen subunits within the
hydrogel, improving sequestration of cell-derived matrix
while only providing adhesion upon autocrine FN retention.

The micromolding scheme is presented in Figure 1,
wherein arrays of microwells filled with 20 mm fluorescent
beads illustrate the appearance of the wells following final
processing steps. The dimensions of the cylindrical features
(nominal height, h¼ 200 mm, and nominal diameter, d¼ 500
mm; actual h¼ 213� 19 mm, d¼ 522� 27 mm) were guided by
previous studies on the length scales for self-assembly of
isolated hepatocytes (confirmed in these studies; data not
shown) and diffusion into 3D cultures.44 Bulk elastic moduli
of these micromolded hydrogels were measured via atomic
force microscopy-enabled indentation (E¼ 17.5� 0.3 kPa
[mean� standard error of the mean]), which agrees reason-

ably well with that reported for liver tissue.33–35 PEG–
fibrinogen hydrogels can be proteolytically degraded, with
degradation rates highly dependent on the content of addi-
tional PEG-DA added during polymerization.45 The formu-
lation used here, containing 5% PEG-DA, is in a regime
associated with relatively slow degradation, and we saw
no evidence of bulk degradation during the course of the
experiments.

Primary hepatocytes seeded into microwells in the ab-
sence of exogenous EGFR ligands or adhesive matrix mole-
cules aggregated into tissue-like structures over the first 24 h,
formed strong adhesions to the gel matrix, and persisted
in tissue-like structures over 10 days of culture (Fig. 1B).
A modest but noticeable compaction of the tissue structures
occurred in the first few days of culture, as expected by in-
creasing cell–cell contacts causing the structures to pull away
from some regions of the walls of the microwells, while re-
maining firmly attached over about 50% of the contact area.
Attempts to culture primary hepatocytes on 2D (nonmolded)
PEG–fibrinogen gels were unsuccessful; cells did not at-
tach to the gel, instead forming floating spheroids with little
retention of FN, in keeping with previous attempts to cul-
ture hepatocytes on fibrinogen.17 Similar results were found
with micromolded PEG-DA (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertonline
.com/tea) and agarose gels (data not shown), on which, de-
spite intact features, cells did not attach or persist in microwells
but rather formed viable floating spheroids.

Primary hepatocytes retain cell-derived FN
and growth factors within micropatterned wells

Hepatocytes lack receptors for fibrinogen. Hence, the ob-
servation that primary hepatocytes formed adherent tissue-
like structures in the wells of PEG–fibrinogen gels in the
absence of serum or other sources of exogenous ECM or
growth factors suggested that the microwells were capable of
retaining autocrine factors, including ECM, necessary for cell
survival. To determine if primary hepatocytes were able to
retain FN matrix and growth factors produced by cells
post-isolation, immunofluorescence microscopy was used to
monitor the presence of several key autocrine factors pro-
duced by hepatocytes.

FN—ubiquitously present in liver ECM—is assembled
from its soluble form into fibrils in an integrin-dependent
manner (a5b1 in the case of hepatocytes).46 In culture, thin
(5–25 nm) fibrils forming interconnected networks appear in
the extracellular environment early in culture, form networks
around cells, and mature into thicker fibril bundles at later
stages of culture.46 Immunofluorescence staining, as illus-
trated by confocal imaging of a single slice in the central tissue
region, shows the presence of FN in and around primary
hepatocytes seeded and cultured in micromolded PEG–
fibrinogen hydrogels, with a staining pattern that suggests
formation of fibrils and their maturation over time into fibril
bundles (Fig. 2). Hepatocytes were cultured, as described
earlier, for 3, 7, and 10 days before being fixed, stained with
antibodies against FN, and imaged by confocal microscopy to
view the region of tissue approximately halfway between the
top and bottom of the tissue structure (75–100 mm below the
top of the gel). Culture medium was serum free and did not
contain any exogenous matrix molecules or peptide growth
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FIG. 1. Micromolding of PEG–
fibrinogen hydrogels. (A) PEG–
fibrinogen gels were polymerized
as described in the Materials and
Methods section, on top of a poly-
carbonate support scaffold visible by
phase microscopy. After polymeriza-
tion, fluorescent microbeads were
placed on the patterned gel and soni-
cated for 30 s to allow the beads to
settle inside the negative features of the
PEG–fibrinogen gel. The gel was sub-
sequently washed with phosphate-
buffered saline to remove floating
beads and imaged by fluorescence
microscopy. Microwells filled with
beads are indicated by arrow; support
scaffold channels are indicated by
arrowhead. For reference, the
microbeads have d¼ 20 mm and sup-
port scaffold channels have d¼ 340mm.
Scale bar¼ 1 mm. (B) Freshly isolated
primary hepatocytes were plated onto
molded gels, as described in Materials
and Methods, at a density of 100,000
cells/cm2 (720,000 cells/mL) in hepa-
tocyte growth medium lacking growth
factors (except for insulin). Three days
after plating, cultures were fixed and
stained to label the nuclei (blue) and the

actin cytoskeleton (orange). Single confocal cross-sections taken within the centermost 25% of the structure are shown. Scale
bar¼ 100 mm. PEG, polyethylene glycol. Color images available online at www.liebertonline.com/tea.

FIG. 2. Primary hepatocytes
retain FN matrix within
micropatterned wells. Primary
hepatocytes were plated as
previously described. At 3, 7,
and 10 days, cells were fixed
and stained for FN (green) and
nuclei (blue). Confocal images
were taken at 20�and digital
zoom of red highlighted
regions is illustrated in top
right insets. Single confocal
cross-sections taken within the
centermost 25% of the structure
are depicted. Note intracellular
FN (arrowheads), FN fibrils
(arrows), and staining for
secreted, soluble FN trapped
in the walls of the microwell
(open arrowheads). For phase
images, see Figs. 1 and 6
(day 3), Supplementary Fig. S4
(day 7), and Supplementary
Fig. S5 (day 10). Scale bar
100 mm. FN, fibronectin. Color
images available online at
www.liebertonline.com/tea.
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factors, except for insulin; hence, observed FN was produced
by hepatocytes. FN with a bright staining pattern characteristic
of fibrils is present surrounding cells in the central region of the
tissue structures by day 3 and persists at days 7 and 10 (Fig. 2,
arrows), with a coarsening and thickening of the apparent
network by day 10 (Fig. 2). In addition to fibrils, diffuse staining
is observed within the gel adjacent to the microwell by day 7
(Fig. 2). The diffuse appearance of FN staining inside the gel
indicates that soluble FN secreted by hepatocytes diffuses into
the gel and remains associated with it, as anticipated by the
known propensity of FN to associate with regions of fibrino-
gen. We postulate that interactions between FN and fibrinogen
in the gel provide a bridge to link hepatocyte tissue structures
firmly to the gel, even as the tissue structures appear to contract
slightly and draw away from some regions of the microwell
wall at later stages of culture (Fig. 2). The gap between the
tissue structure and the gel following this slight contraction
appears as a dark region between the brightly staining tissue
and the diffuse-staining support gel. The retention of soluble
FN within the microwell support structure and the assembly of
FN fibrils within the tissue aggregate are unique to cultures
within PEG–fibrinogen microwells, as cells cultured in PEGDA
microwells show diminished fibril assembly within the tissue
aggregate and no diffuse staining in the gel wall adjacent to the
tissue structure (Supplementary Fig. S1).

The requirement for growth factor signaling, including
HGF and EGFR ligands (including EGF and TGF-a), to
maintain primary hepatocyte cultures has been well docu-
mented.47–50 The ability of primary hepatocytes to form
tissue-like structures on micromolded PEG–fibrinogen gels
in the absence of any of these growth factors provided ex-
ogenously implicates autocrine signaling. To examine the
presence of autocrine growth factors, primary hepatocytes
were cultured in serum-free medium devoid of exogenous
growth factors and then fixed and stained with antibodies
against EGF, HGF, and TGF-a at days 3, 7, and 10. This

protocol detects membrane-bound proforms of the growth
factors as well as shed factors that become cross-linked to
ECM or cell surfaces during fixation. Tissue structures were
imaged with low magnification to assess uniformity of stains
across multiple wells. All three growth factors are present in
the day 3 tissue structures formed by culture of primary
adult rat hepatocytes in the microwells (Fig. 3) and expres-
sion is sustained through days 7 and 10 (Supplementary Fig.
S2). The apparent lack of staining in the gel adjacent to the
tissue structure is not surprising, as growth factors are likely
consumed locally in autocrine fashion such that only low
(undetectable) concentrations escape into the gel.

Autocrine matrix and growth factors are necessary
and sufficient to maintain the viability of primary
hepatocytes in culture

The formation and maintenance of tissue-like aggregates of
primary hepatocytes within microwells of nonadhesive PEG–
fibrinogen was associated with retention of autocrine factors
including FN (Fig. 2), EGF, TGF-a, and HGF (Fig. 3). Previous
studies in 2D culture have shown that survival of primary
adult rat hepatocytes is diminished but not abolished in the
absence of EGFR ligands.51–53 To determine if autocrine sig-
naling from cell-secreted FN and EGFR ligands is sufficient
for cell survival the number and viability of primary adult rat
hepatocytes cultured on the PEG–fibrinogen gels in the ab-
sence of serum or exogenous growth factors was measured as
a function of time in culture. Total cell numbers were enu-
merated by counting all nuclei in 3–5 microwells in 3–4 gel
samples (at least 200–600 nuclei were counted in each mi-
crowell) and nonviable cells were labeled by uptake of ethi-
dium bromide. In micromolded gel substrates, cell number
showed a slight (*7%) but statistically insignificant decline
over the 10 days of culture, with no statistically significant
difference between cultures with or without soluble EGF (Fig.

FIG. 3. Primary hepatocytes retain
autocrine growth factors in micro-
patterned wells. Cells were cultured as
previously described, in the absence of
serum or exogenous growth factors
(except for insulin). After 3 days,
samples were fixed and stained with
antibodies against EGF, HGF, and
TGF-a. As a negative control, a sample
was incubated with secondary anti-
body alone to confirm that signal was
from primary antibody. Fluorescence
indicates retention of TGF-a, EGF, and
HGF. Microwells filled with cells are
indicated by arrow; support scaffold
channels are indicated by arrowhead.
Support scaffold channels have
d¼ 340mm. Scale bar¼ 1 mm (magni-
fication: 35�). For days 7 and 10, see
Supplementary Figure S2. EGF, epi-
dermal growth factor; HGF, hepato-
cyte growth factor; TGF, transforming
growth factor. Color images available
online at www.liebertonline.com/tea.
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4A). On 2D collagen I-coated substrates in the presence of
EGF, a modest (*10%) but statistically significant increase in
cell number was observed over 10 days in culture (Fig. 4A)
consistent with other reports for these culture conditions.29 A
similar trend was observed in cell viability during the culture
period. Cell viability was assessed by the fraction of cells that
excluded ethidium bromide versus total cells stained with
DAPI at days 1, 3, 7, and 10. Cells plated on adsorbed collagen

I supplemented with EGF exhibit a high level of viability (Fig.
4B). Viability of cells in PEG–fibrinogen cultures was 80%–
90%, with no statistical difference between cultures supple-
mented with 10 ng/mL EGF and those without. The fate of
dead cells was not assessed, and it is possible that cells ap-
pearing as nonviable at early time points persist in culture.
These data indicate that the autocrine factors present within
the microwells are sufficient to sustain hepatocyte viability in
long-term culture.

To determine if signaling from either integrin a5b1 or EGFR
is necessary for hepatocyte survival, primary hepatocytes
were cultured as described above but in the presence of in-
hibitors. To block a5b1-mediated signaling, cells were cul-
tured with a cRGD peptide to prevent FN and other ECM
ligands from binding to this integrin. To block EGFR signal-
ing, cells were cultured in the presence of a monoclonal an-
tibody against EGFR (mAb225), which blocks ligand binding
to EGFR, inhibiting autocrine signaling by EGF, TGF-a, and
any additional autocrine EGFR ligands such as amphiregulin
and HB-EGF that may be present. mAb225 binding induces
slow internalization and trafficking of EGFR, but does not
result in phosphorylation and activation of the EGFR or any
known EGFR-mediated signaling events.54 mAb225 was re-
plenished at each medium change to mitigate effects of re-
ceptor-mediated downregulation. The presence of either
inhibitor resulted in comparable declines in cell number
(Fig. 4A) and cell viability (Fig. 4B) compared with control
cultures. Total cell numbers in the presence of inhibitors on
day 1 were *85% of control values and declined further to
*50% of control values by day 10 (Fig. 4A), a trend mirrored
by cell viability (Fig. 4B). Both inhibitors (i.e., cRGD or EGFR
function-blocking antibody) caused a marked decrease in the
levels of cell-associated EGF, TGF-a, and HGF as observed by
immunofluorescent staining of microwell structures (Sup-
plementary Fig. S3). Compared with control cultures, a faint
background staining was observed uniformly on the gels for
the EGFR-inhibited case, suggesting that cells are still shed-
ding these factors, and in the absence of EGFR uptake, they
are adsorbing to the gel-associated ECM. The apparent loss of
tissue-associated staining for growth factors in the inhibited
cases may be attributed to the decline in cell number due to
decreased viability or due to cross-talk between integrins and
growth factors controlling a positive feedback loop of auto-
crine production, an area for further study.

Micropatterned PEG–fibrinogen hydrogels support
formation of functional bile canalicular networks

In vivo, hepatocytes adopt an atypical cell polarity in which
the apical cell surface composes the bile canalicular network
into which bile is secreted and funneled to the bile duct. To
determine the presence of bile canaliculi, cells cultured for 3
days were stained with antibodies to CD26, a marker of the
apical surface, and imaged by confocal microscopy. Figure 5A
and B show a cross-sectional image of a representative tissue-
like structure with apical staining at the cell–cell junctions
where canaliculi form. Another aspect of this polarity is the
presence of FN at the apical surface: unlike other epithelia,
hepatocytes lack a canonical basement membrane; instead,
FN is found at apical, basal, and lateral surfaces.55 To deter-
mine whether FN was localizing to the apical surface in
addition to the general staining seen in Figure 2, cultures were

FIG. 4. Autocrine signaling is necessary and sufficient for
the survival of primary hepatocytes in vitro. (A) Total cell
numbers as a function of time in culture. (B) Quantification of
cell viability expressed as percentage of viable cells. Freshly
isolated primary hepatocytes were plated onto molded gels at
a density of 100,000 cells/cm2 in hepatocyte growth medium
with 10 ng/mL EGF (white, sEGF), no EGF (dark gray, no
EGF), no EGF with 10mM cRGD peptide (light gray, cRGD), or
no EGF with 10mM mAb225 (black, mAb225). Hepatocytes
were cultured on adsorbed collagen I at a density of 100,000
cells/cm2 in hepatocyte growth medium supplemented with
10 ng/mL EGF (diagonal pattern, Ads Col I). At the indicated
time points, viable cells were identified by their ability to
exclude ethidium bromide and total cell numbers were de-
termined with 40,6-diamidino-2-phenylindole staining. The
horizontal lines depict total number of cells seeded on
PEG–fibrinogen gels and adsorbed collagen substrates. For
PEG–fibrinogen gels, total number of cells effectively seeded
into 35 microwells per culture is based on measurements of
the number of nuclei in 20 microwells in four samples at 24 h
after plating. *Statistical significance when compared with
PEG gel-soluble EGF condition on that specific day; p< 0.05,
n> 3. cRGD, cyclic arginine–glycine–aspartate.
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costained with antibodies against FN and CD26. Figure 5C
and D show that FN does colocalize with CD26 at discrete
regions of the apical domain of the hepatocytes. The func-
tionality of the canalicular network was examined using
CDFDA. CDFDA is actively taken up by hepatocytes, dees-
terified intracellularly to fluorescent CDF, and secreted into
the canaliculi, allowing visualization of canalicular domains
with intact tight junctions during a 10–15 min period before
contraction of canaliculi releases their contents into the me-
dium. Results of this assay are shown in Figure 5E, wherein
the CDF is visible in a pattern similar to the CD26 staining.
Thus, primary hepatocytes are capable of recapitulating as-
pects of their complex in vivo morphology in vitro with only
autocrine signals to direct them.

Autocrine FN is necessary for formation
and maintenance of tissue-like structures

FN is abundant in the liver sinusoid where this ECM
protein is in direct contact with the hepatocytes that are re-
sponsible for production of plasma FN. Similarly, in micro-

molded PEG–fibrinogen gels, primary hepatocytes retain FN
and create fibrillar networks in the extracellular environ-
ment. To determine whether this autocrine ECM is crucial for
the survival of primary hepatocytes and the formation or
maintenance of tissue-like structures, hepatocytes were cul-
tured in the presence of a cRGD peptide that blocks cell-
surface a5b1 integrins from binding FN. Cells were cultured
as described above but 10 mM of the cRGD peptide inhibitor
was included at the time of plating and subsequent media
changes. Cultures were fixed at 3, 7, and 10 days and stained
with anti-FN and anti-CD26 antibodies.

Blocking a5b1 integrin prevents the formation of viable
tissue-like aggregates such as those seen in control cultures on
day 3 and, instead, results in dissociated, rounded cells (Fig. 6)
that gradually become more diffuse by days 7 and 10 (Sup-
plementary Figs. S4 and S5), concomitant with significantly
reduced viability compared with controls (Fig. 4). In control
cultures, abundant fibrillar FN networks are observed in the
microwells by day 3 (Figs. 5 and 6, top), whereas cultures with
the cRGD inhibitor lack detectable extracellular FN, even
though intracellular FN is present. Further, cells cultured in

FIG. 5. Micropatterned
PEG–fibrinogen hydrogels
support three-dimensional
polarization of primary he-
patocytes and the formation
of a functional bile canalicu-
lar network. Cells were plated
and cultured in hepatocyte
growth medium without EGF
as previously described and
then fixed and stained for the
indicated epitopes. Single
confocal cross-sections taken
within the centermost 25% of
the structure are depicted. (A,
B) Cells cultured for 3 days
and stained for CD26 (green),
nuclei (blue), and the actin
cytoskeleton (orange); sam-
ples are imaged at 10�(A) and
63�(B). (C, D) Cells cultured
for 7 days and stained for
CD26 (orange), FN (green),
and nuclei (blue); samples are
imaged at 20�(C) and
40�(D). (E) Visualization of
functional bile canaliculi by
confocal microscopy on day 6
using 5(and 6)-carboxy-20,70-
dichlorofluorescein (CDF)
diacetate at 20�(with digital
zoom of red highlighted re-
gion in top right inset). For
reference, support scaffold
channels have d¼ 340 mm.
Scale bar¼ 50mm in each im-
age. Note regions of plasma
membrane showing CD26 and
FN colocalization (arrows),
and concentrated CDF stain-
ing in the three-dimensional
tissue structure, which is similar to CD26 staining in A and B (arrowheads¼ bile canaliculi; dotted arrows¼ intracellular
uptake of CDF). Color images available online at www.liebertonline.com/tea.

1062 WILLIAMS ET AL.



the presence of cRGD fail to organize CD26 into canalicular
like-structures at early (Fig. 6) or late (Supplementary Figs. S4
and S5) stages of culture, instead showing diffuse staining
throughout the cell body. The rounded, individual cell
morphologies revealed by both FN and CD26 staining show
that the cells treated with cRGD have little functional cell–cell
contact compared with control cultures. This combined failure
to localize CD26 and the absence of extracellular FN fibrils is in
stark contrast to images of control tissue-like aggregates, which
show a consistent colocalization of FN fibrils with bile cana-
licular structures (Fig. 5C, D).

To determine if EGFR signaling was also crucial to the
formation or maintenance of the tissue-like structures, he-
patocytes were cultured in the presence of the function-
blocking EGFR antibody mAb225. The antibody was added
to cultures at the time of plating and subsequent media
changes, and then cells were fixed and stained for FN and
CD26 at 3, 7, and 10 days. The tissue structures formed un-
der inhibition of EGFR had a much more compact mor-
phology than controls at day 3, with many dead, dissociated
cells in the bottom of the microwell (Fig. 6, compare phase
and DAPI stains). This highly compact morphology com-
pared with controls (Fig. 6) arose from both reduction in
cell number by about 40% compared with controls (Fig. 4)
together with a closer spacing of cells than in the RGD-
inhibited case (where cells were partially or completely dis-
sociated), as evidenced by the close location of nuclei in
EGFR-inhibited cultures; these patterns were accentuated by
day 7 (Supplementary Fig. S4) and again by day 10 (Sup-
plementary Fig. S5). Interestingly, the total cell numbers and
viabilities as a function of time were comparable for both the
integrin-inhibited and EGFR-inhibited cultures (Fig. 4), yet
these cultures had strongly divergent morphologies, with
RGD-containing cultures lacking a tissue-like structure (Fig.

6 and Supplementary Figs. S4 and S5). The pattern of FN and
CD26 staining in EGFR-inhibited cultures appears to be
predominantly diffuse in intracellular (FN) and membrane
(CD26) staining (Fig. 6 and Supplementary Figs. S4 and S5),
without the reticular structures seen in controls; bright,
condensed regions of staining appear related to the com-
pactness of the culture rather than functional cell–cell con-
tacts, although occasional CD26 reticular structures are seen
in the EGFR-inhibited case.

PEG–fibrinogen hydrogels promote maintenance
of hepatocyte metabolic functions in vitro

Primary hepatocytes rapidly dedifferentiate and lose
metabolic functions when grown by standard cell culture
techniques, as determined by measuring certain standard
metabolic functions of hepatocytes: conversion of ammo-
nia to urea and the production of albumin. As the PEG–
fibrinogen gels are capable of recapitulating other aspects of
hepatocyte function, such as formation of bile canaliculi and
production of FN, their metabolic function was monitored
and compared with hepatocytes cultured on tissue culture
plastic with adsorbed collagen I. Cells were cultured as de-
scribed above for 10 days and the production of albumin and
urea in the conditioned media was assessed. A comparison
of the total daily amount of albumin secreted by cells
maintained under various culture conditions reveals that at
all time points measured, hepatocytes cultured in the mi-
cromolded PEG–fibrinogen gel format produce statistically
greater amounts of albumin compared with cells on ad-
sorbed collagen I (Fig. 7A). Interestingly, minimal to no
difference is observed in cultures maintained with or without
EGF. The presence of inhibitors of integrin a5b1 or EGFR
function suppress albumin secretion dramatically to levels

FIG. 6. Blocking a5b1 but
not EGFR disrupts tissue-like
structures. Cells were plated as
described above and cultured
for 3 days in the absence or
presence of 10mM cRGD pep-
tide or mAb225. After 3 days,
cultures were fixed and stained
for FN (green), CD26 (orange),
and nuclei (blue). Note the ab-
sence of FN fibrils or discrete
CD26 staining and the loose,
dissociated cells in the micro-
wells of cultures with cRGD.
Also note the smooth edges of
the aggregates, loose cells in
the bottom of the well, and
staining for FN and CD26
similar to control culture in the
microwells of cultures with
mAb225. For reference, sup-
port scaffold channels have
d¼ 340mm. Scale bar¼ 100mm.
For days 7 and 10, see Supple-
mentary Figures S4 and S5.
EGFR, epidermal growth factor
receptor. Color images avail-
able online at www
.liebertonline.com/tea.
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<20% of control levels. These trends are further accentuated
when albumin production rates (shown in Supplementary
Fig. S6A) are normalized to viable cell number (Fig. 7A).
Production of urea follows similar trends across treatment
conditions (Fig. 7B and Supplementary Fig. S6B). These re-
sults are in keeping with results presented elsewhere in this
report that the retention of autocrine FN and growth factors
allow hepatocytes in vitro to maintain aspects of their in vivo
morphology and function.

Discussion

The data presented here implicate autocrine ligands of a5b1
and EGFR as effectors of hepatocyte function in long-term
culture by combining immunostaining, illustrating the pres-
ence of a subset of known ligands for each receptor type (FN
for integrin a5b1 and TGF-a and EGF for EGFR) with function-
blocking inhibitors. In the absence of exogenous adhesion

ligands and growth factors, primary hepatocytes cultured in
micromolded PEG–fibrinogen gels are capable of modifying
their microenvironment to maintain their differentiation and
metabolic function. The PEG–fibrinogen hydrogel system of-
fered a practical advantage for microwell culture of hepato-
cytes, in that it is not intrinsically adhesive to hepatocytes,
which are not known to express receptors for fibrinogen, but
can become adhesive in the presence of cell-secreted ECM.

In comparing behavior of hepatocytes seeded onto 2D
PEG–fibrinogen substrates formed by the same gelation
process to behavior of cells in microwells, we found that
hepatocytes adhered to the gels only when cultured in mi-
crowell format. Although hepatocytes did form spheroidal
aggregates on the 2D substrates, as they have been observed
to do on many minimally adhesive 2D substrates,12,45 these
aggregates failed to adhere to the 2D PEG–fibrinogen gel
substrate. In the microwell format, the local cell environment
fosters accumulation of cell-secreted factors simply because
of very high local cell density22 compared with 2D. This
phenomenon may be further accentuated if the gel also
serves as a diffusion barrier or if it binds factors to provide a
local depot for sequestration. The precise permeability
properties of these gels were not measured; however, they
are expected to be less permeable than PEG–fibrinogen for-
mulations commonly used for cell encapsulation pur-
poses36,39,40 as they were formed with a relatively high ratio
of 6 kDa PEG-DA (5%) to PEG–fibrinogen (3.6%). Pure PEG-
DA gels formed with 10–20 kDa PEG with 10% polymer
content present significant diffusion hindrance to proteins
above 20 kDa, including HGF, which has a molecular weight
*60 kDa56,57; small proteins such as EGF likely diffuse rela-
tively unhindered in the as-polymerized gels.

Thus, the differences in formation of adherent cell aggre-
gates during the first day of culture in the microwell format
compared with 2D culture on the same substrate may arise
from higher local concentration of small peptide factors such
as EGF, because of locally high cell concentrations in mi-
crowells compared with 2D. These effects may be coupled
with enhanced retention of larger autocrine factors such as
HGF and enhanced local concentrations of FN due to re-
duced permeability of the gel to large proteins. Another
factor that may be operative in early stages to facilitate in-
teractions between ECM and the gel in microwell format
compared with 2D is attainment of locally high concentra-
tions of proteases. Extracellular proteases may degrade the
gel to increase the surface area for gel–ECM interaction in the
microwell compared with 2D format. Secreted proteases
range in size from about 20 kDa to over 100 kDa; hence, a
substantial fraction of proteases would likely exhibit hin-
dered diffusion in the gel compared with culture medium.
As reported previously,36 PEG–fibrinogen gels polymerized
with high additional PEG-DA macromer content exhibit
relatively slow enzymatic degradation compared with pure
PEG–fibrinogen gels, but even a modest degree of local re-
modeling may enhance adhesion of ECM and cells. Although
other types of cells encapsulated in or cultured on PEG–
fibrinogen gels have been observed to migrate into gels, we
did not observe cellular ingrowth into the gels or observe
any signs of bulk gel degradation (e.g., swelling or fracturing
of the gels) for cells cultured in the microwell format. Adult
hepatocytes are not highly migratory13 and proteases tend to
act in a highly local fashion; hence, we would not anticipate,

FIG. 7. PEG–fibrinogen hydrogels promote maintenance
of hepatocyte metabolic functions in vitro. Primary hepa-
tocytes were cultured on micromolded PEG–fibrinogen gels
or adsorbed collagen I as described in Materials and Meth-
ods. Conditioned medium was collected at the indicated time
points and metabolites of interest were quantified as de-
scribed in the Materials and Methods section. Samples,
standards, and controls were tested in duplicate. (A) Albumin
synthesis; (B) urea synthesis. *Statistically significant differ-
ence from sEGF-supplemented PEG–fibrinogen samples at a
specific day; p< 0.05, n> 3. Data has been normalized to
number of viable cells at each day. For absolute (non-
normalized) rates of secretion, see Supplementary Figure S6.
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nor did we observe, bulk gel degradation for a format where
cells are so highly localized.

Previous work has found a role for FN in a variety of
developmental, regenerative, and disease processes in the
liver. For example, during regeneration after partial hepa-
tectomy, there are elevated levels of FN and a5 and b1 in-
tegrin subunits and decreased levels of gap junctions in the
plasma membrane of hepatocytes prior to and during re-
generation.58 Our work here supports that role, as a blockade
of a5b1 hinders viability of hepatocytes. It is also interesting
to speculate if this increase in cell–matrix adhesions coinci-
dental to a decrease in cell–cell adhesions during regenera-
tion explains the ability of the cRGD peptide to inhibit
formation of tissue-like aggregates as we find that bile ca-
naliculi fail to form in the absence of FN fibrils and a5b1
signaling (Fig. 6 and Supplementary Figs. S4 and S5). In vivo,
FN is observed at all hepatocyte plasma membrane domains:
sinusoidal, lateral, and apical/canalicular.55,58,59 However,
during development and oncogenesis, the distribution of the
nonintegrin FN receptor AGp110 correlates with the differ-
entiation state of hepatocytes; AGp110 localization at the
apical (canalicular) membrane indicates a differentiated
state.60–62 Hence, the loss of metabolic function in the ab-
sence of FN fibril formation and a5b1 signaling may be due
to dedifferentiation resulting from the lack of cell polarity. It
is also possible that more generalized signals from FN are
crucial to the survival and differentiation of hepatocytes,
without which the cells dedifferentiate and are rendered in-
capable of maintaining cell–cell contacts and other functions.

Growth factors also play a crucial role in liver develop-
ment and regeneration, notably, HGF (ligand for proto-
oncogenic mesenchymal epithelial transition factor [c-MET]),
and EGFR ligands, including TGF-a and EGF. The relation-
ship between these growth factors is complex, with a high
level of redundancy amongst EGFR ligands as well as syn-
ergy with other growth factor receptors.63,64 For instance,
mouse knockouts of TGF-a or EGF show no impairment of
liver development and loss of TGF-a does not impair liver
regeneration. However, loss of EGFR—the signaling nexus
for multiple extracellular ligands—causes impairment of
liver regeneration in some models,65,66 though not others,67,68

wherein conflicting results may be attributed to differences
in species, strain, and the specificity of silencing EGFR in
hepatocytes. Although the effects of EGFR ablation on re-
generation are equivocal, loss of c-MET, the receptor for
HGF, dramatically impairs both embryonic development
and liver regeneration.65,69 In cultures where EGFR autocrine
stimulation was blocked by mAb225, we observed a very
significant loss of viability compared with control cultures
(Fig. 4A, B); thus, in vitro, it appears that c-MET stimulation
by autocrine HGF (Fig. 4 and Supplementary Fig. S3) does
not completely compensate for the loss of EGFR signaling.

Determining the role of individual autocrine growth fac-
tors is further complicated by the potential for synergy or
cooperativity with integrins. In a variety of cell types, it has
been shown that integrin ligand binding and clustering re-
sult in increased growth factor receptor phosphorylation and
enhanced signaling in shared downstream pathways.70–73 In
light of these facts, it is not surprising that hepatocytes in
micromolded PEG–fibrinogen cultures require both integrin
as well as growth factor signaling for proper survival and
morphology as well as maintenance of differentiated meta-

bolic functions. This system may be useful in further dis-
secting the intersecting and overlapping pathways between
integrin and growth factor receptors that constitute the au-
tocrine signaling network in the liver.

Conclusion

Autocrine matrix and growth factor regulation of primary
rat hepatocyte survival and function in the absence of exog-
enous growth factors and adhesive ligands was studied using
micropatterned PEG–fibrinogen hydrogels to provide an ap-
propriate environment for 3D culture. Retention of autocrine-
generated FN, TGF-a, EGF, and HGF by hepatocytes was
observed in these 3D cultures, which assumed a tissue-like
appearance and developed attachment to the walls of the
microwells. Hepatocytes cultured in microwells adopted
complex polarity including a functional bile canalicular net-
work and maintained their viability and production of urea
and albumin. Inhibition of a5b1 integrin binding to FN and
inhibition of EGFR signaling in this culture format resulted
in decreased hepatocyte survival and metabolic function and
a decrease in soluble TGF-a, HGF, and EGF sequestration
in the 3D tissue structure. Further, inhibition of a5b1 integrin
showed a deficiency in fibrillar FN assembly, a disruption
in the formation of tissue-like aggregates, and a failure of cells
to polarize. Thus, this report indicates that autocrine matrix
and growth factors are necessary and sufficient for mainte-
nance of hepatocyte differentiation and survival in vitro.
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