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Abstract: In order to evaluate the sensitivity of hepatocel-
lular cultures to variations in both substrate stiffness and
bioactive ligand presentation, hepatocytes were cultured
on differentially compliant polyacrylamide gel discs func-
tionalized with varying amounts of the ECM ligand,
fibronectin (FN). Subconfluent cell cultures were estab-
lished in a multiwell plate format enabling the systematic
evaluation of cellular response to both underlying substrate
rigidity and substrate ligand concentration. Hepatocellu-
lar morphogenesis, regulated by a combination of both Ili-
gand density and substrate compliance, resulted in a broad
spectrum of patterns of cellular reorganization and assem-
bly ranging from highly two-dimensionally spread cells to
highly compact, three-dimensional spheroids. Cell com-
paction was promoted by increasing levels of substrate
mechanical compliance and generally inhibited by increas-
ing concentrations of substrate-bound FN. We identified
regimes of substrate compliance in which cells are highly
responsive or relatively insensitive to the level of substrate-
based ligands. For example, while FN presentation did not
have a large impact on cell morphogenesis for cultures on
highly compliant gels (G’ = 1.9 kPa), hepatocytes on “firm”
substrates of intermediate compliance (G’ = 5.6 kPa) ex-
hibited approximately a 2-fold increase in cell area be-
tween the highest and lowest FN concentrations used in
this study. Further, we show that increasing substrate
compliance at constant ligand concentration results in
increased levels of liver-specific alboumin secretion while
increasing levels of FN at constant substrate rigidity yield
reduced liver-specific functional activity. These substrate-
elicited differences in cell function also coincided with
analogous changes in the transcript levels of metabolic,
growth-related, and liver-specific gene markers. Notably,
these results also demonstrated that “firm” gel substrates
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elicit the most hepatocyte functional sensitivity to sub-
strate-based FN presentation. Overall, our findings indicate
that hepatocellular responsiveness to ligand concentration
can be acutely regulated by gradation of substrate com-
pliance, suggesting that concerted biochemical and bio-
physical design strategies may be critical toward the
fabrication of hepatospecific biomaterials that effectively
support desired levels of liver-specific function. © 2004
Wiley Periodicals, Inc.
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INTRODUCTION

In recent years the biophysical nature of the cellular mi-
croenvironment, in combination with its biochemical prop-
erties, has been well documented to critically modulate the
outcome of three-dimensional (3D) multicellular mor-
phogenesis during in vitro culture of anchorage-dependent
cells (Alenghat and Ingber, 2002; Curtis and Riehle, 2001;
Katz et al., 2000; Opas, 1989). A major challenge exists in
the design of materials suitable for supporting liver-derived
cell cultures, where hepatocyte morphology is known to
be intimately linked to the functional output of the cells
(Semler and Moghe, 2001; Singhvi et al., 1994a). Here, the
maintenance of functional competence of hepatocellular
cultures has often been compromised during the integra-
tion of cells with their biomaterial substrates, an event
that typically induces 2D cellular structure (Bucher et al.,
1990; Davis and Vacanti, 1996). To attain organ-equivalent
levels of tissue function from such cultures, the design
of hepatocellular constructs currently focuses not only on
the underlying hepatospecific chemistry but also on the
mechanosensitive nature of hepatocellular behavior in
order to achieve a highly differentiated cell phenotype.

For many types of cells, specific cellular phenotypes
have been previously linked to distinct patterns of cell sur-
vival, proliferation, motility, differentiation, and functional
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gene expression (Huang et al., 1998; Singhvi et al., 1994b).
This paradigm has been commonly observed for hepato-
cytes in vitro, particularly for culture systems that utilize
diverse biophysical attributes to elicit markedly variant
patterns of hepatocellular morphogenesis (Dispersio et al.,
1991; Hamamoto et al., 1998; Hamilton et al., 2001;
Hansen et al.,, 1994; Sawamoto and Takahashi, 1997;
Singhvi et al., 1994a). Notably, hepatocyte cultures, bio-
physically induced to be 3D in nature, exhibit a compacted,
spheroidal morphology and typically express elevated lev-
els of liver-specific functions indicative of a highly dif-
ferentiated state (Hamada et al., 1997; Hansen et al., 1998).
This is in direct contrast to the levels of functional activ-
ity reported for cultures that have adopted a more 2D
morphology (Baker et al., 2001; Hamamoto et al., 1998).
Here, spread or elongated cells maintain a phenotypic state
typically associated with increased cell growth behavior
(Hansen et al., 1994).

One biophysical parameter that has been strongly im-
plicated to determine the outcome of hepatocellular mor-
phogenesis is the substrate mechanical compliance, as
hepatocytes are believed to be highly sensitive to the me-
chanics of their surroundings. Previous studies have re-
ported marked variations in hepatocyte phenotype and
ensuing expression of liver-specific function upon chemical
crosslinking of the underlying substrate (Coger et al., 1997;
Semler et al., 2000). Here, the physical resistivity of the
cellular microenvironment is believed to govern cell shape
and, in turn, remodel the architecture of intracellular sig-
naling processes (Davis et al., 2002; Geiger et al., 2001;
Huang and Ingber, 2000). The effects of substrate com-
pliance on hepatocellular behavior are also likely to be
augmented by a number of biochemical factors, including
soluble as well as substrate-bound hepatospecific ligands
(Semler et al., 2000). To this end, we have previously uti-
lized differentially compliant basement membrane hydro-
gel (Matrigel) substrates in concert with soluble growth
factor stimulation in order to induce distinct patterns of
hepatocellular morphogenesis and demonstrate that mor-
phologically regulated levels of cell function can be further
amplified or repressed by the presence of biochemical cues
(Semler and Moghe, 2001). Despite studies such as these,
few efforts have investigated the regulation of hepatocyte
behavior via substrate mechanics as a function of system-
atic variations in substrate biochemistry.

In the current study, we developed a substrate system that
can elicit diverse patterns of hepatocellular morphogenesis
and function utilizing both variations in substrate mechan-
ical compliance as well as substrate adhesivity. In order
to accomplish this, as an alternative to the Matrigel sys-
tem used in our previous work, we designed a differentially
compliant culture system utilizing polyacrylamide-based
hydrogels. These substrates possess several significant ad-
vantages, including a basal nonadhesivity to cells, the abil-
ity to have bioactive ligands covalently coupled to the
gel surface (Beningo et al., 2002; Wang and Pelham,
1998), and precise control of substrate flexibility via the

ratio of crosslinker monomer present upon polymeriza-
tion (Pelham and Wang, 1997). For example, the differ-
ential crosslinking of polyacrylamide films can yield over
100-fold changes in their elastic storage moduli, a re-
sult that had pronounced effects on the shape and elonga-
tion of cells grown on their surfaces (Flanagan et al.,
2002; Jamney et al., 2001). Recently, concerted changes
in polyacrylamide gel stiffness and ligand density were
also demonstrated to have profound effects on the cyto-
skeletal organization and cell spreading behavior of aortic
smooth muscle cells (Engler et al., 2004).

For our studies, we formulated three distinct levels of
mechanical compliance of polyacrylamide gel substrates,
and conjugated varying levels of the highly adhesive ECM
ligand, fibronectin, to the gel surface. Using a 9-condition
array of these substrates, we established a wide range of
hepatocellular phenotypes that had distinct levels of gene
expression and liver-specific function markers. Our analy-
sis, which focuses on understanding the cooperative effects
of substrate rigidity and ligand presentation, highlights re-
gimes of substrate stiffness in which cell morphogenesis and
function are highly responsive and relatively insensitive to
ligand exposure.

MATERIALS AND METHODS

Preparation of Mechanically Variant Polyacrylamide
Hydrogel Discs

In order to establish a differentially compliant hepatospe-
cific culture system, polyacrylamide hydrogels were poly-
merized within glass molds separated by plastic spacers
(Bio-Rad, Hercules, CA), subsequently cut and adhered
to the bottoms of 96-well tissue culture plates in an array-
based format, and finally functionalized by covalent conju-
gation of fibronectin molecules. A schematic representation
of this process is depicted in Figure 1. The degree of me-
chanical compliance of each set of hydrogels was con-
trolled precisely by the ratio of bisacrylamide crosslinking
monomers to acrylamide backbone monomers present
during gel polymerization. More specifically, gels were
prepared from de-aerated aqueous precursor solutions of
20% (w/v) of acrylamide monomer (Acros, Somerville,
NJ) and 0.028-1.8% (w/v) of N'N’-methylene bisacryl-
amide monomer (Acros) using 0.5% (v/v) of N,N,N/N’-
tetramethylenediamine (TEMED) (Acros) as an accelerator
and 0.5% (v/v) of 7% (w/v) ammonium persulfate (APS)
(Acros) as an initiator. Immediately following APS ad-
dition and gentle swirling, 20 mL of gel precursor so-
lutions were poured into vertical molds between two
parallel glass plates (Bio-Rad) separated by 1.0-mm thick
plastic spacers producing a gel of dimensions 16 X 20 X
0.1 cm®. After allowing at least 1 h for polymerization
at RT to be complete, resulting gels were removed from
their molds, placed in 245 square mm Bioassay Dishes
(Corning, Corning, NY), and washed with excess MilliQ
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a: Schematic representation of the preparation process of ligand-presenting polyacrylamide gel disc substrates: gel surface chemistry initially

following polymerization; after photoactivation with Sulfo-SANPAH; following covalent ligand binding via aminolysis of SulfoNHS; and after
neutralization of any remaining active esters via ethanolamine. b: Diagram of array-based experimental design format for multiple assays of both ligand
and substrate compliance conditions in a 96-well plate. Samples were prepared in triplicate and outer wells do not contain gels; these wells will be filled
with buffer solution in order to prevent evaporation of inside wells during cell culture experiments.

H,O several times in order to remove any unreacted mono-
mers. Gels were then stored at least overnight in excess
MilliQ H,O in order for them to reach equilibrium swelling
volumes. Subsequently, pieces of gels were removed and
assayed for mechanical compliance, while the remainder
of the gel slab was cut into ;" discs using a hole punch.
This diameter (6.35 mm) is similar to that of a well in-
side a 96-well plate (6.4 mm). The '/,” discs were dabbed
dry and then adhered to the bottoms of 96-well plates
(Nunc Nalge International, Rochester, NY) in an array-
based format using a drop of optically clear glue (Norland,
Cranbury, NJ). (The 36 outside wells of each 96-well plate
were not utilized so that they could be filled with sterile
MilliQ H,O in order to minimize evaporation of liquid
from inner wells during experiments.) In order to com-
plete the adhesive process, plates were exposed to UV
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light using a Spectronics XL-1500 UV Crosslinker (Spec-
tronics, Westbury, NY) at a distance of 2” for 10 min. Sub-
sequently, affixed gel discs were washed thrice with 100 uL.
of MilliQ H,O and stored in 100 pL of MilliQ H,O until
the introduction of ligands.

In order to characterize the dimensions of hydrogel discs,
gel volumes were determined after equilibrium swelling had
been reached via measurement of gel heights and diameters
via micrometer calipers (Fisher, Pittsburgh, PA). Since
more loosely crosslinked hydrogels may expand in the
presence of aqueous solutions over time, hydrogel dimen-
sions were monitored up to several days after polymer-
ization in order to assess swelling behavior. In order to
determine the water content of mechanically variant gel
discs, the wet weight at equilibrium swelling conditions and
the dry weight of the gel discs were compared.
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Determination of Hydrogel Mechanical Compliance

The mechanical strength of polyacrylamide hydrogels was
probed by obtaining rheological measurements on a SR-
2000 Dynamic Stress Rheometer (Rheometrics, Piscat-
away, NJ), using a 25 mm cone-and-plate setup. Samples
were assayed via a dynamic frequency sweep test (strain-
controlled). A 23 mm cork borer (Osborne, Harrison, NJ)
was utilized to punch hydrogel discs from gel slabs, and gel
discs were kept in excess MilliQ H,O at 4°C until use. To
prepare samples for analysis, gel discs were placed evenly
over the lower plate, which was preheated to 37°C. After
allowing the gel discs several minutes to reach temperature
equilibrium in this configuration, gel samples were sub-
jected to oscillatory shear at a constant strain of 2% by
rotation of the upper plate. During this frequency sweep
test, viscosity and stress were measured as a function of
shear rate, while during the dynamic frequency sweep both
the elastic storage modulus (G’) and the loss modulus (G”)
were measured as a function of angular frequency.

Activation of Polyacrylamide Gel Discs

Polyacrylamide gel discs affixed to 96-well plates were
activated for subsequent ligand functionalization by adapt-
ing a protocol for preparing activated polyacrylamide sheets
(Wang and Pelham, 1998). Here, ligand immobilization to
polyacrylamide gel substrates was accomplished by uti-
lizing a heterobifunctional crosslinking group, Sulfo-
SANPAH (Pierce Biochemicals, Rockford, IL) that can be
coupled to the gel surface following gel polymerization and
then be subsequently used to covalently bind the amino
groups of proteins. To prepare gel surfaces for covalent
ligand coupling, hydrogel discs affixed to the bottoms of
96-well plates are overlaid with 50 pL of 0.64 mM Sulfo-
SANPAH (Pierce Chemicals) in 50 mM HEPES buffer at
pH 8.5 and then exposed to UV light for 5 min at a distance
of 2”. After exposure to UV light, darkened Sulfo-
SANPAH was removed from the gel surface and the photo-
activation procedure was repeated once to ensure sufficient
derivatization of the gel surface. Following this step, gels
were washed four times with 100 pL. of HEPES buffer
for 15 min each in order to remove any unreacted Sulfo-
SANPAH prior to ligand coupling. The amount of
SulfoNHS groups incorporated onto hydrogel surfaces was
subsequently measured via ferric hydroxamate by modify-
ing a previously published protocol (Schnaar and Lee, 1975).

Ligand Immobilization to Activated Hydrogel Discs

Following photoactivation of gel surfaces with Sulfo-
SANPAH, gels were washed and then overlaid with
100 pL of solutions of rat fibronectin (Sigma, St. Louis,
MO) in 50 mM HEPES at pH 8.5 over a wide range of
concentrations (bulk concentrations of 0—32 pug/mL). After
allowing conjugation of ligands to hydrogel surfaces to
occur overnight at 4°C under gentle agitation, gel substrates

were neutralized via exposure to 100 pL of 1 M ethanol-
amine (Fisher) at pH 8.0 for 1 h at 4°C, converting any
remaining active esters to neutral amides. Subsequently,
hydrogel discs were washed thrice with a solution contain-
ing 1 M NaCl and 0.1 M KH,PO, for 10 min each and then
thrice with a 0.01 M KH,PO, solution for 10 min each in
order to remove any entrapped proteins from within the gel
bulk. Finally, gel substrates were stored in 100 uL. of DPBS
(BioWhittaker, Walkersville, MD) at 4°C until use.

Detection of Immobilized Fibronectin

In order to detect fibronectin immobilized on hydrogel
surfaces via the aminolysis of SulfoNHS groups, ELISAs
were performed using a polyclonal rabbit antibody to fi-
bronectin (Sigma). First, gel-containing wells were washed
once with 100 pL of blocking buffer consisting of DPBS
supplemented with 3% (v/v) normal goat serum (Sigma).
Then, 100 uL. of 1 pg/mL antibody solution in blocking
buffer was added to each well for 1 h at RT under gentle
agitation. Hydrogels were then washed 4 X with 100 pL of
DPBS for 10 min each. Next, 100 pL of 1:5,000 diluted
HRP-conjugated goat antirabbit antibody to IgG (Sigma)
in DPBS was added to each well for 1 h under gentle agi-
tation. After this step, gel discs were again washed 4 X with
100 pL. of DPBS for 10 min each, and then 100 pL. of OPD
(o-phenylenediamine) solution prepared from a Sigmafast
OPD kit (Sigma) was added above each gel for 5 min.
Subsequently, 50 uL. of 3 N H,SO, was added to each well
to quench the reaction. The optical density at 450 nm
of each well was subsequently determined using a MR650
Microplate Reader (Dynatech Laboratories, Chantilly, VA),
and the resulting data from each set of gel-containing wells
was normalized to its corresponding background signal
arising from blank gels following logarithmic transforma-
tion. A quantitative measure of fibronectin surface density
was then obtained by comparing these values to standard
curves generated from 96-well immunosorbent Maxisorp
plates (Nunc) containing known amounts of adsorbed fi-
bronectin. In order to properly construct standard curves,
the adsorption efficiency of fibronectin on Maxisorp plates
was estimated by collecting the liquid in each standard-
containing well after overnight binding and transferring
this volume to a fresh well that was subsequently simul-
taneously analyzed via ELISA. By this technique, the ad-
sorption efficiency was determined to be ~90% for bulk
fibronectin concentrations between 1—10 pg/mL, while ap-
proaching nearly 100% at concentrations less than 1 pug/mL.

Hepatocyte Isolation

Hepatocytes were isolated from adult male Fisher rats
(180-220 g) under sterile conditions using a modification
of a two-step perfusion procedure (Seglen, 1976). Cell
yield and viability were determined via Trypan blue
exclusion and hemocytometry. Typically, 250-300 million
hepatocytes were harvested per rat liver with viability
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ranging from 85-92%. Following isolation, cells were
initially suspended in Dulbecco’s minimal essential me-
dium (DMEM) (BioWhittaker) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (BioWhittaker),
20 ng/mL. EGF (Sigma), 18.5 pg/mL insulin (Sigma),
7.5 pg/mL hydrocortisone (Sigma), 7 ng/mL glucagons
(Sigma), 2 mM glutamine (BioWhittaker), 200 U/mL peni-
cillin/streptomycin (BioWhittaker), and 50 ug/mL genta-
mycin (BioWhittaker). Cells were subsequently diluted for
culture in serum-free medium. All rats were maintained
and handled according to the conditions provided by the
Rutgers University Institutional Review Board for the Use
and Care of Animals (protocol 97-001).

Hepatocyte Culture

Prior to cell seeding, gel substrates were blocked with
100 pL of 1% (w/v) BSA (Sigma) for 2 h at 4°C and then
washed thrice with 100 pL. of DPBS. In order to ensure the
sterility of functionalized hydrogel substrates for cell
culture, 100 pL of sterile DPBS was added to each gel-
containing well and plates were subsequently exposed to
UV light inside a Spectronics XL-1500 UV crosslinker
(Spectronics) for 30 min. Hydrogels were then washed once
with 100 pL of sterile basal medium and the outer wells
of the plate that did not contain gel substrates were each
filled with 300 pL of sterile H,O in order to prevent
evaporation of cell culture medium from the inner wells
during the course of culture. Hepatocytes were introduced
to gel substrates in a volume of 100 pL of serum-free
medium at a density of 3.125 X 10* cells/cm? (10,000 cells/
well). As a positive control for hepatocyte adhesion, func-
tion, and gene expression, 1 mg/mL collagen gels were
made from type I rat tail collagen (Collaborative Bio-
medical Products, Bedford, MA) by evenly distributing
collagen at 100 uL/cm? in well bottoms of 96-well tissue
culture plates and were used as cell substrates for extended
culture. Following the first day of culture, culture medium
was exchanged daily using 60 pL of serum-containing
hepatocyte medium.

Characterization of Cell Morphogenesis

Cellular morphogenesis was monitored at a magnification
of 10X via transmitted light microscopy using a Zeiss
LSM410 laser-scanning confocal microscope (Zeiss, Thorn-
wood, NY). At select time intervals after cell seeding,
hepatocytes were viewed on gel surfaces either during
culture using a stage incubator and a 5% CO, environment
or after fixing cells with 100 pL of 3% paraformaldehyde
in DPBS for 20 min at RT. After fixation, cells were washed
thrice with 100 pL of DPBS and then stored in 100 pL of
DPBS at 4°C prior to microscopic visualization. Several
digitized images were acquired for each condition and, from
each captured image, cellular spreading and elongation pat-
terns (represented by cell area and aspect ratio, respectively)

were determined for resident cells using image processing
and analysis via Image Pro Plus software (Media Cyber-
netics, Silver Spring, MD).

Measurement of Albumin Secretion Rates

For differentially compliant polyacrylamide gel cultures,
albumin secretion was measured on the third and fifth
day of culture in order to assess the expression of he-
patocellular differentiated function. Culture supernatants
were evaluated for rat serum albumin content by using an
enzyme-linked immunosorbent assay (ELISA) with puri-
fied rat albumin (ICN Pharmaceuticals, Costa Mesa, CA)
and peroxidase-conjugated sheep anti-rat polyclonal anti-
body (ICN Pharmaceuticals). All data was obtained in
triplicate and first normalized to a logarithmic curve fit
of known standards and then to the numbers of viable
adherent cells for each culture as determined by Calcein
AM staining. Here, immediately after the culture medium
was collected for a given time point, cells were washed
once with 100 pL of DPBS w/Ca™ and Mg**. Subse-
quently, 50 pL of 8 uM Calcein AM (Molecular Probes,
Eugene, OR) was added to each well and plates were
then stored at 4°C for 45 min. Following this step, plates
were scanned for fluorescent intensity using a Cytofluor
4000 plate reader (Applied Biosystems, Foster City, CA)
at excitation of 485 nm and emission of 520 nm. After
background subtraction, data was normalized to that from
collagen gel controls, where cell attachment remained at
nearly 100% levels throughout the culture period.

Evaluation of Gene Expression by RT-kPCR

Three phenotypic markers (albumin, cytochrome p450, and
cyclin D1) of hepatocyte cultures were evaluated on the
third day of culture by implementing a kinetic reverse
transcriptase chain reaction (RT-kPCR) assay using puri-
fied RNA extracts. Prior to RNA isolation, cells were
washed once with 150 uL. of DPBS and then total RNA was
extracted from hepatocyte cultures using a High Pure RNA
Isolation Kit (Roche Diagnostics, Indianapolis, IN) as per
the manufacturer’s instructions and kept frozen until use.
The cDNA was generated by using 5 uL. of extracted RNA
sample and the lower primer at a concentration of 1 uM
along with reagents from Access RT-PCR kits (Promega,
Madison, WI) on a Powerblock I system (Ericomp, San
Diego, CA). Kinetic PCR was performed on resultant
cDNA using a LightCycler (Roche Diagnostics; courtesy of
The Molecular Bioengineering Laboratory, Prof. Charles
Roth, Rutgers University) and upper and lower primers at a
concentration 0.5 pM each along with SYBR Green from a
Quantitect RT-PCR Kit (Qiagen, Valencia, CA) which was
utilized for fluorescent detection after each amplification
cycle. For each gene target, PCR primers were annealed at
56°C and fluorescent measurements were obtained by the
LightCycler for all PCR cycles at 72°C.
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Based on mRNA sequences for kinetic PCR retrieved
from the literature and the GenBank database, gene-specific
PCR primers were designed and subsequently obtained from
the DNA Synthesis and Sequencing Laboratory at UMDNIJ
Robert Wood Medical School (Piscataway, NJ). Including
the reference gene for 18S ribosomal RNA, the gene-
specific downstream primers and their annealing temper-
atures that were utilized in this study are given in Table 1.
For each experiment, all PCR amplifications were per-
formed in duplicate and the average threshold cycle number
was used to calculate fold-changes in target sample mRNA
from that of control samples as follows:

(N 0 ) target
(N 0 ) control

where N is the number of initial copies and n is the thresh-
old cycle number (Livak and Schmittgen, 2001).

_ (2) ("mrgzr,ref —Miarget,gene ) - (”cmnrn[.ref —Ncontrol,gene )
- )

Statistics

Statistical analyses were performed using unpaired #-tests
assuming unequal variances and a confidence level of 95%
(P < 0.05) was considered necessary for statistical signif-
icance. All error bars indicate the standard error around
the mean.

RESULTS

Selection and Characterization of Differentially
Compliant Substrates

Rheological measurements of polyacrylamide gels were
performed to determine changes in mechanical properties
following the variation in the amount of methylene
bisacrylamide monomer in the polymer precursor solution
(Fig. 2). For all gels tested, the storage modulus (G') was
invariably greater than the loss modulus (G”), and values of
both moduli increased consistently with increasing cross-
linking. Between the most weakly crosslinked condition
(0.056% bisacrylamide crosslinker) and the most strongly
crosslinked condition (3.6% bisacrylamide crosslinker) for
1-mm thick 20% acrylamide gels, over a 5-fold difference
in G’ was detected using a dynamic strain-controlled
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Figure 2. Mechanical properties of differentially crosslinked polyacry-
lamide gels containing 20% (w/v) AAm measured utilizing dynamic
stress rheometry. The three gel substrate sets utilized in further studies
are marked and labeled according to their macroscopic resistance
to deformation.

frequency sweep at a constant 2% strain and a frequency of
1 Hz. All measurements obtained via rheometry were con-
sistent with the macroscopic physical properties of the gels
that were observed during their handling. For ensuing ex-
periments, three crosslinking conditions were highlighted
that possessed markedly different values of G’ in order
to represent three distinct levels of mechanical compli-
ance. The selected conditions contained 1.8% (“rigid”
gels), 0.225% (“firm” gels), and 0.028% (*“‘compliant”
gels) of bisacrylamide crosslinker, and gel disc substrates
(4 diameter) prepared using these crosslinking condi-
tions were subsequently characterized according to their
equilibrium swelling properties (Table II).

Gel disc substrates were assayed to verify similar levels
of ligand binding and presentation between differentially
compliant samples. First, the degree of SulfoNHS con-
jugation to differentially compliant polyacrylamide gels
following Sulfo-SANPAH photoactivation was evaluated
since the incorporation of active SulfoNHS to gel sur-
faces is directly linked to their ability to covalently bind
the protein-based ligands targeted for this study. Here,
we determined that the levels of SulfoNHS conjugation
(80-125 nmol/cm?) were of the same order of magnitude
for all three gel crosslinking conditions and greatly ex-
ceeded the maximal ligand densities utilized in this study
(data not shown). Additionally, the ability of differentially

Table I. Primer sequences and GenBank accession numbers for targeted gene transcripts used in RT-kPCR assays.
Target GenBank # 5'-3" Primer sequence Reference

18S rRNA K01593 Upper (837) 5'-CCCGAGCCGCCTGGATAC-3' Jayaraman et al., 2000
Lower (1084) 5-CCAGTCGGCATCGTTTAT-3

Albumin J00698 Upper (867) 5-TGAGAACCAGGCCACTATCTC-3 Jayaraman et al., 2000
Lower (1092) 5-CTCAGCAGCAGGGACACGGAGTAA-3'

Cyclin D1 D14014 Upper (397) 5'-TGGAGCCCCTGAAGAAGAG-3¥ Kinoshita et al., 2002
Lower (802) 5'-AAGTGCGTTGTGCGGTAGC-3'

Cytochrome P450 L00318 Upper (46) 5-GGTTCACACCGGCTACCAA-3' Pan et al., 2002

Lower (96) 5-TGAATCTCATGGATAACTGCATCA-3
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Table II. Characteristic properties of differentially compliant gel
disc substrates.

% BISAAm Shear Equilibrium Water
crosslinker modulus gel height content
Gel type (% wiv) G’ (kPa) (mm) (%)
“Rigid” 1.80 9.21 £ 0.08 1.09 £ 0.01 74.60 = 0.54
“Firm” 0.225 5.63 £ 0.07 126 +£0.01 89.79 + 0.24
“Compliant” 0.028 193 £ 0.05 148 £ 0.01 9322 + 0.24

crosslinked Sulfo-SANPAH-derivatized polyacrylamide
gel substrates to bind fibronectin (FN) via aminolysis of
SulfoNHS groups was probed via ELISA techniques. The
surface density of FN conjugated to activated hydrogels
was shown to increase with increasing bulk FN concen-
tration (the concentration of FN used during the gel func-
tionalization step) and was unaffected by the level of gel
crosslinking (Fig. 3). Three distinct levels of FN surface
density were established from these results (0.2, 1.6, and
2.7 pmol/cm?) and utilized in subsequent cellular studies.

Hepatocellular Morphogenesis Is Sensitive to Both
Substrate Compliance and Fibronectin Density

Hepatocellular morphogenesis on differentially compliant
polyacrylamide gel substrates was determined to be mod-
ulated by both gel rigidity and surface FN presentation. By
16 h of culture, cellular spreading was enhanced with in-
creasing substrate rigidity as well as increasing FN density,
although the effects of substrate mechanical compliance
appeared to be more dominant (Fig. 4). In particular, in
a manner independent of FN density, cells cultured on
“compliant” gel substrates did not appear to undergo any
significant cellular spreading (Fig. 4A—C). Hepatocytes
cultured on “firm” and “rigid” gel substrates exhibited
high degrees of cell spreading for FN densities of 1.6 pmol/
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Figure 3. Detection of the levels of substrate-immobilized fibronectin via
ELISA techniques for activated polyacrylamide gels of varying mechani-
cal properties. The surface density of fibronectin coupled to gel surfaces
was estimated by comparison to standard curves generated from known
amounts of adsorbed fibronectin in immunosorbent 96-well plates. “Bulk”
fibronectin concentration represents the fibronectin concentration utilized
to coat the surface of the gel during the gel functionalization process.
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Figure 4. Transmitted light images depicting hepatocyte morphology
after 16 h of culture on polyacrylamide gel substrates with varying me-
chanical compliance and fibronectin (FN) presentation. Gel mechanical
characteristics ranged from “compliant” (A-C) to “firm” (D-F) to
“rigid” (G-I), and the gel surface FN density varied from 0.2 (A,D,G) to
1.6 (B,EH) to 2.7 pmol/cm2 (C,F,I). Images were captured at a
magnification of 10X. Scale bar = 100 pm.

cm? or above (Fig. 4E,F,H,I) while the degree of cellular
spreading at 0.2 pmol/cm? FN was less pronounced on both
substrates, especially on “firm” gels (Fig. 4D,G). By the
third day of culture, initial cellular morphogenesis evolved
into either 2D or 3D aggregation in a manner dependent
on the mechanochemical characteristics of the substrate
(Fig. 5). On “compliant” gel substrates (Fig. SA-C), cells
and cell aggregates remained fairly spheroidal in shape in
all culture conditions, although increasing substrate-bound
FN density did enhance the average size of spheroidal ag-
gregates. On “rigid” gels (Fig. 5G-1), hepatocytes formed
2D highly interconnected aggregates for all FN conditions,
although these aggregates were markedly less dense for
low FN conditions. On “firm” gels, cells also formed 2D
highly interconnected multicellular structures for high and
intermediate FN conditions (Fig. 5E,F); however, hepato-
cytes at the lowest FN condition exhibited a markedly dif-
ferent morphology (Fig. 5D). Here, although fewer cells
were clearly present, aggregates were dramatically more
3D in nature.

Hepatocellular morphogenesis was quantified for cul-
tures on FN-functionalized, differentially compliant poly-
acrylamide gels by evaluating single cell area after 16 h
of culture (Fig. 6). At each level of FN exposure, cel-
lular spreading was promoted with increasing substrate
rigidity. These differences were measured to be the most
dramatic between cultures on “compliant” and “firm”
gel substrates, where, in certain cases, nearly a 3-fold
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Figure 5. Transmitted light images depicting hepatocyte morphology
after three days of culture on polyacrylamide gel substrates with varying
mechanical compliance and fibronectin (FN) presentation. Gel mechanical
characteristics ranged from “compliant” (A-C) to “firm” (D-F) to
“rigid” (G-I), and the gel surface FN density varied from 0.2 (A,D,G) to
1.6 (B,E,H) to 2.7 prnol/crn2 (C,F,I). Images were captured at a mag-
nification of 10X. Scale bar = 100 pum.

increase was detected. In addition, increasing amounts of
substrate-presented FN were determined to elicit consid-
erable intensification of cellular spreading in a substrate
rigidity-dependent manner. This phenomenon was most
pronounced between cultures of intermediate fibronectin
exposure (1.6 pmolcm?) and low fibronectin exposure
(0.2 pmol/cm?) for cultures on “firm” gels engendering as
much as a 47% increase in cell spreading. These effects
were much less prominent for hepatocyte cultures on the
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Figure 6. Effects of gel substrate rigidity on hepatocyte morphogenesis
at distinct levels of exposure to substrate-immobilized fibronectin. Cell
morphology was quantified in terms of single cell area that was computed
after 16 h of culture for cells on “compliant,” “firm,” and “rigid” poly-
acrylamide gel substrates.

other two gel substrates, particularly on “compliant” gels,
where differences in cell spreading were only discernable
between the higher levels of substrate-presented FN.

Albumin Secretion Is Also Modulated by Both
Substrate Rigidity and Fibronectin Density

For differentially compliant polyacrylamide gel cultures,
albumin secretion rates were averaged over the third and
fifth days of culture in order to evaluate the expression of
hepatocyte differentiated function. All data was normalized
on a per-cell basis to the numbers of viable adherent cells
as determined by Calcein AM staining. For hepatocellu-
lar cultures on polyacrylamide gel substrates, increasing
substrate rigidity led to a reduction in albumin secretion
rates independent of the amount of substrate-based FN
(Fig. 7). This effect was most dramatic at levels of high
2.7 pmol/crnz) and intermediate (1.6 pmol/cmz) FN pre-
sentation, where a greater than 3-fold reduction in function
was detected, while being significant but less pronounced
at levels of low FN presentation (0.2 pmol/cm?). Addition-
ally, increasing levels of substrate-immobilized FN also led
to a reduction in hepatocellular function. These effects were
the most dramatic for cultures on “firm” gels between low
FN exposure (0.2 pmol/cm?) and intermediate FN exposure
(1.6 pmol/cmz), where a nearly 50% reduction was mea-
sured. In contrast, for hepatocyte cultures on “compliant”
gel substrates the increasing presence of FN did not pro-
duce a statistically significant reduction in albumin secre-
tion over the range of FN exposure utilized in our studies.

Mechanochemical Substrate Properties
Regulate the Expression of Growth- and
Metabolic/Function-Related Genes

In order to provide a quantitative measure of the cell cycle,
gene expression of hepatocellular cultures was analyzed via
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Figure 7. Effects of gel substrate rigidity on the expression of liver-
specific function at distinct levels of exposure to substrate-immobilized
fibronectin. Albumin secretion rates were averaged over the third and
fifth days of culture for cells cultured on “compliant,” “firm,” and “rigid”
gel substrates.
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kinetic RT-PCR on the third day of cell plating. Here,
genes indicative of cell growth (cyclin D1), metabolism
(cytochrome p450), and liver-specific function (albumin)
were analyzed, standardized using 18S rRNA as the house-
keeping gene, computed as fold changes over collagen
control cultures for each PCR run, and reported relative to
a baseline culture condition. Here, it was determined that
changes in gene expression between growth-related and
metabolic/function-related genes were reciprocally related
with varying substrate rigidity for all levels of FN expo-
sure. In particular, for gel substrates functionalized with
2.7 pmol/cm® FN, albumin and p450 mRNA were detected
to decrease considerably as gel substrates became more
rigid, while cyclin DI mRNA was determined to exhibit
a substantial increase over the same range of substrate
stiffness (Fig. 8a). Similar trends in gene expression were
also detected under conditions where gel substrates were
functionalized with increasing amounts of FN. Specifi-
cally, for “firm” gel substrates, which were previously
determined to yield the most elastic morphogenetic and
functional response to FN, increasing FN presentation was
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Figure 8. a: Effects of substrate rigidity on hepatocyte gene expression

determined via quantitative RT-kPCR for cells cultured on differentially
compliant gel substrates at the highest degree of substrate-displayed
fibronectin (2.7 pmol/cm® EN). b: Effects of substrate-presented fibro-
nectin (FN) on hepatocyte gene expression for hepatocellular cultures on
“firm” polyacrylamide gel substrates. For all gene expression assays,
RNA was isolated from hepatocellular cultures after 3 days of culture, 18S
rRNA utilized as the housekeeping gene, and gene expression reported in
fold changes relative to baseline substrate conditions in each plot.

measured to promote growth-related gene expression at the
expense of metabolic/function-related mRNAs (Fig. 8b).
Hepatocellular cultures on “rigid” and “compliant” gels
also exhibited similar, although less pronounced, patterns
of gene expression upon increasing levels of substrate-
immobilized FN (data not shown).

DISCUSSION

Hepatocellular morphogenesis and assembly have been
well established to be critical to the functional perfor-
mance of liver-derived cells in vitro (Hansen et al., 1998;
Singhvi et al., 1994a; Torok et al.,, 2001; Yuasa et al.,
1993). In this study, we offer a bidimensional approach
to systematically obtain distinct cell morphogenetic and
functional outcomes by manipulating both substrate me-
chanical compliance and substrate bioactivity (ligand con-
centration). To this end, we implemented a 2D array-based
format of ligand-presenting, differentially compliant sub-
strates in multiwell plates, which allows for the simulta-
neous evaluation of a large number of mechanochemically
variant conditions. On these polyacrylamide gel-based sub-
strates, we demonstrated an acute mechanosensitivity of
hepatocyte morphogenetic and functional responses under
conditions where differential levels of the adhesive ECM
ligand, fibronectin, are utilized to anchor the cells to the
substrate surface. These findings suggest a means to engi-
neer diverse patterns of hepatocellular morphogenesis and
subsequent expression of liver-specific function. In addi-
tion, our approach also facilitates the identification of re-
gimes of substrate rigidity within which hepatocytes are
most responsive or relatively insensitive to changes in sub-
strate biochemistry.

Our results indicate that the systematic manipulation of
substrate rigidity and ligand chemistry can yield a broad
spectrum of cellular morphologies (Fig. 9a). The coordi-
nated cellular response to both substrate compliance and
substrate biochemistry was particularly apparent for hepa-
tocytes cultured on “firm” substrates (gels of intermediate
compliance), as cellular morphogenesis was the most sen-
sitive to variations in FN density on these surfaces. These
observations suggest that there may be certain regimes of
substrate rigidity, such as the “firm” gels utilized in our
studies, where the number of morphogenetically active cell-
substrate attachment sites may be more important to the
outcome of cellular morphogenesis than at other stiffness
levels. In contrast, on “rigid” or “compliant” substrates, the
high or low mechanical resistivity of the substrate alone
can dominate the progression of cytoskeletal reorganiza-
tion. This notion supports the belief that cellular morpho-
genesis is a result of both cytoskeleton-generated tractile
forces and the resistance offered at the specific attachment
sites by the surrounding matrix, which in turn is governed
by the matrix stiffness and the number of adhesive ligands
tethered to the matrix (Friedl et al., 1998; Tranquillo et al.,
1992; Wang et al., 2002). For cells cultured on “firm” gels,
the substrate is neither completely “rigid” (providing total
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Figure 9. a: Cartoon schematic depicting the diverse patterns of
hepatocellular morphogenesis induced by differentially compliant sub-
strates that possess varying amounts of substrate-bound fibronectin. b: The
points relating hepatocyte shape (in terms of single cell area) and the
expression of liver-specific function (in terms of albumin secretion rates)
nearly collapse onto a single trend line, as indicated by the dashed line
spanning the graph.

resistance to tractile forces and forcing cells to spread in
order to maximize cell-substrate adhesion) nor completely
“compliant” (providing little resistance to tractile forces
and causing cells to remain spheroidal in shape independent
of the number of cell-matrix contacts). At high FN densi-
ties on this substrate, FN, a noted hepatocyte morphogen
(Bhadriraju and Hansen, 2000; Hodgkinson et al., 2000),
is able to induce spreading and 2D reorganization by not
only providing anchors for which cells can exert tractile
forces, but also by stimulating cells for morphogenesis.
However, at low FN densities on this substrate the lack of a
sufficient morphogenetic signal along with marginal sub-
strate resistivity causes cells to exhibit far less spreading
behavior and forces aggregates to be more 3D in nature.
Hepatocytes, under these conditions, may have a greater
affinity for each other than for the weakly FN-functionalized
substrate once intercellular contacts are formed.
Combinatorial variations in substrate rigidity and FN
presentation also elicited distinct cell growth, metabolic,
and liver-specific functional responses of hepatocytes. For
example, the detection of several key target transcripts
indicated that the range of mechanochemical substrate con-
ditions utilized in this study could engender diverse pat-
terns of gene expression. Cell growth behavior (indicated

by Cyclin DI mRNA) was typically promoted with in-
creasing substrate stiffness along with increasing levels of
substrate-based FN at the expense of cell metabolic (p450
mRNA) and functional activity (albumin mRNA). The
inverse relation between cell proliferative response and
metabolic/functional activity for hepatocytes has previ-
ously been widely reported, as conditions under which cells
express high levels of hepatospecific function often yield
low tendencies for proliferation and vice versa (Parsons-
Wingerter and Saltzman, 1993; Takehara et al., 1992). As
a downstream measure of hepatocyte functional output,
albumin secretion rates were also found to be modulated
by both substrate rigidity and FN ligand density. In partic-
ular, the extent of albumin secretory response was signif-
icantly reduced with increasing gel stiffness independent
of the level of substrate-presented FN. Additionally, in-
creasing exposure to FN generally led to a reduction in
albumin secretion especially for cultures on “firm” gels.
Interestingly, these trends in cell function were nearly
identical to those observed for cell morphogenetic response
on our mechanochemically variant substrates. Notably, the
most pronounced cell functional response to FN exposure
occurred on “firm” gel substrates where the largest var-
iation in cell shape was coincidentally detected. Here,
albumin secretion was found to be highly correlated to
cell compaction (the inverse of cell spreading), as increased
2D cell spreading was typically associated with decreased
functional expression. More specifically, when albumin se-
cretion rates were plotted versus single cell area, it was
determined that the points on the resultant graph nearly
collapse onto a single trend line (R* = 0.992) with sphe-
roidal cells consistently yielding the highest levels of cell
function (Fig. 9b). The magnitude of the albumin secre-
tion rates measured for these compacted phenotypes is
comparable to that reported for highly differentiated 3D
hepatocyte culture systems including Matrigel and colla-
gen sandwich (Dunn et al.,, 1991; Moghe et al., 1997).
These observations also coincide with those that we have
previously obtained for differentially compliant Matrigel
cultures, where cell function was maintained at near physi-
ological levels under mechanochemical conditions that pro-
moted cellular compaction and 3D reorganization (Semler
and Moghe, 2001). Furthermore, the notion that hepatocel-
lular phenotype may be a dominant regulatory mechanism
for determining cell functional fate is consistent with re-
ports that distinct levels of cytoskeletal tension are asso-
ciated with various hepatocyte morphologies (Bhadriraju
and Hansen, 2002) and that the stiffness of the cell may
not only directly affect cell functional fate but also alter
the underlying mechanisms through which ligand-mediated
signaling can govern cell behavior (Ingber, 1997; Ingber
et al., 1994). While the differential levels of cell-cell in-
teractions induced in our current studies may also modu-
late cell functional fate, we did not observe any universal
correlation between the extent of hepatocyte aggregation
and resultant expression of liver-specific function. To po-
tentially eliminate the effects of cell—cell contact, future
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studies aim to utilize strategic micropatterning of hepato-
specific ligands in order to allow the population-level eval-
uation of single cells. Recently, it has been shown that
micron-sized, adhesive islands possessing well-defined
spatial dimensions can be established on flexible poly-
acrylamide gel surfaces utilizing microfabricated elasto-
meric membranes (Wang et al., 2002).

In order to summarize our results, we constructed a 3D
surface contour plot describing cell morphogenesis and
function as a function of simultaneous variations in sub-
strate rigidity and ligand concentration (Fig. 10). This
schematic highlights several key findings that we have
reported including the observation that hepatocytes are
most responsive to FN at intermediate levels of substrate
compliance. This elasticity can be seen by examining the
steepness of the curved profile across this region. Our ob-
servation that cells on the most compliant gels are rela-
tively insensitive to FN presentation can also be noted on
this plot, as cell compaction and function are maintained
at high levels, independent of FN density. This result is
consistent with the insensitive nature of cell response to
substrate-based ECM ligands on highly compliant poly-
acrylamide gels recently reported for smooth muscle cells
(Engler et al., 2004).

In conclusion, we have developed a 2D, array-based
approach to systematically investigate the concomitant
effects of substrate mechanical compliance and ligand
chemistry on cell behavior. Using this system, we have
demonstrated that concerted manipulation of substrate
stiffness and the density of substrate-bound FN can be uti-
lized to achieve a wide range of hepatocellular phenotypes
and direct cell functional fate. In addition, we identified
regimes of substrate rigidity where cells have increased
morphogenetic sensitivity to FN and determined that the
expression of hepatocyte differentiated function in this

Hepatocyte Behavior
« Cell Compaction
« Cell Function

Figure 10. Cartoon schematic describing various hepatocellular phe-
nomena as a function of substrate rigidity and density of the substrate-
presented ECM ligand, fibronectin. The 3D surface contour represents
both the expected spreading and functional responsiveness of hepatocytes
to concerted variations in these two substrate design parameters.

system appears to be predominately governed by mecha-
nochemically induced cell morphology. Collectively, these
insights suggest a strategy to control hepatocyte behavior
that can be readily incorporated into the design of hepa-
tocellular constructs for liver tissue engineering as well as
for vitro organotypic systems with toxicological and regen-
erative applications.
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