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In the liver, hepatocytes are exposed to a large array of stimuli that shape hepatic phenotype. This in vivo
microenvironment is lost when hepatocytes are cultured in standard cell cultureware, making it challenging to
maintain hepatocyte function in vitro. Our article focused on one of the least studied inducers of the hepatic
phenotype—the mechanical properties of the underlying substrate. Gel layers comprised of thiolated heparin
(Hep-SH) and diacrylated poly(ethylene glycol) (PEG-DA) were formed on glass substrates via a radical me-
diated thiol–ene coupling reaction. The substrate stiffness varied from 10 to 110 kPa by changing the concen-
tration of the precursor solution. ELISA analysis revealed that after 5 days, hepatocytes cultured on a softer
heparin gel were synthesizing five times higher levels of albumin compared to those on a stiffer heparin gel.
Immunofluorescent staining for hepatic markers, albumin and E-cadherin, confirmed that softer gels promoted
better maintenance of the hepatic phenotype. Our findings point to the importance of substrate mechanical
properties on hepatocyte function.

Introduction

There is a rapidly expanding body of literature doc-
umenting the profound impact of the biophysical attri-

butes of the extracellular matrix (ECM) on cellular behaviors,
with substrate stiffness being recognized as a potent cue.1–5

Several studies have highlighted the effects of substrate
stiffness on cellular function ranging from cell attachment
and proliferation to stem cell differentiation.6–8 Therefore, an
understanding of the substrate stiffness-cell function rela-
tionship is required to create in vitro environments that better
mimic the in vivo condition.9–11

Maintaining functional hepatocytes in vitro is important
for purposes of bioartificial liver development and drug
screening.12 To promote hepatocyte attachment, cell cul-
tureware is typically precoated with a molecular layer of
ECM proteins, such as collagen I or IV, but even then, he-
patocytes dedifferentiate rapidly over time, losing the ability
to synthesize serum proteins and urea, and downregulating
such markers of epithelial phenotype as E-cadherin.13 In
contrast, some of the best maintenance of phenotype have
been observed in hepatocytes cultured on top of or sand-
wiched between soft gel layers of fibrillar collagen or Ma-

trigel.13–17 Importantly, liver cirrhosis—a disease associated
with a loss of liver function—is accompanied by significant
changes in mechanical properties at whole organ, regional,
and cellular levels.18,19 Liver stiffness (modulus) values be-
low 6 kPa are considered normal, but those of 20 kPa or
higher are associated with fibrosis and cirrhosis.20–23 There-
fore, it is reasonable to expect that matrix mechanical prop-
erties may play a role in the regulation of hepatic function.

Tuning mechanical properties of natural gels is somewhat
challenging, and so, several studies have pursued the use of
synthetic substrates of varying mechanical properties to ex-
amine hepatic phenotype expression.24,25 Chen et al. cultured
hepatocytes on polyelectrolyte multilayers and found that
hepatic albumin production decreased with increasing sub-
strate stiffness.24 In another study, Semler et al. modified
polyacrylamide gels with cell adhesive ligands to explore
the effects of graded mechanical compliance on the function
of primary hepatocytes.25 They demonstrated that increas-
ing hydrogel compliance resulted in increased albumin
secretion.

A number of laboratories, including our own, have been
pursuing the development of hybrid, synthetic/natural gels,
to retain bioactivity while introducing control over
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physicochemical properties of the material.26–30 One key
component of ECM is heparin—a highly sulfated anionic
polysaccharide, capable of noncovalent interactions with
numerous growth factors and ECM proteins via heparin
binding domains.31 To leverage bioactivity of heparin, we
(Tae et al.) have developed heparin-based hydrogels based
on thiolated heparin (Hep-SH) crosslinking with diacrylated
poly(ethylene glycol) (PEG-DA) (Fig. 1)31–33 and used these
biofunctional hydrogels for controlled release of growth
factors and encapsulation of primary rat hepatocytes.34,35 In
the present article, we sought to investigate the effects of
heparin gel mechanical properties on the function of primary
hepatocytes. Heparin hydrogels were formed by UV initiated
thiol–ene reactions (Fig. 1A) with elastic moduli ranging
from 11 to 110 kPa. Primary rat hepatocytes were then cul-
tured on gels of varying stiffness to reveal that hepatic al-
bumin production and E-cadherin expression were highest
on soft gels with a modulus of *11 kPa. Our study is sig-
nificant in that it offers a novel hepatocyte culture substrate
that carries the bioactive component, heparin, and may be
tuned to contain mechanical and biochemical cues most
conducive to the maintenance of hepatic phenotypes.

Experimental Section

Chemicals and materials

Glass slides (75 · 25 mm2) were purchased from Fisher
Scientific (Pittsburg, PA). 3-acryloxypropyl trichlorosilane
was purchased from Gelest (Morrisville, PA). Heparin (so-
dium salt, from porcine intestinal mucosa, MW 12 kDa) was
purchased from Celsus Ins. (Cincinnati, IA). Hep-SH was
synthesized with the modification of carboxylic groups of hep-
arin using carbodiimide chemistry, as previously reported.31

PEG-DA (MW 6 kDa, 98% degree of substitution) and tetra-
functional PEG sulfhydryl (PEG-SH4, MW 10 kDa) were pur-
chased from SunBio, Inc. (Anyang, Korea). 4-(2-hydroxyethoxy)
phenyl-(2-hydroxy-2-propyl) ketone (Irgacure 2959) was
purchased from Ciba Specialty Chemicals, Inc. (Basel, Swit-
zerland). Sulfuric acid, ethanol, bovine serum albumin, and

toluidine blue O were purchased from Sigma Aldrich (St.
Louis, MO). Glucagon and recombinant human insulin were
obtained from Eli Lilly (Indianapolis, IN), and hydrocor-
tisone sodium succinate was obtained from Pfizer, Inc.
(Ann Arbor, MI). Phosphate-buffered saline (PBS) was pur-
chased from Gibco (Grand Island, NY). Dulbecco’s modified
Eagle’s medium (DMEM), sodium pyruvate, fetal bovine
serum (FBS), penicillin/streptomycin were purchased from
Invitrogen (Carlsbad, CA). Rat albumin ELISA kit was ob-
tained from Bethyl Laboratories (Montgomery, TX). Para-
formaldehyde was purchased from Election Microscopy
Sciences (Hatfield, PA). Sheep anti-albumin and FITC anti-
sheep IgG were obtained from Bethyl Labs and Santa Cruz
Biotechnologies, Inc. (Santa Cruz, CA). Mouse anti-E-cadherin
and Alexafluor 546 anti-mouse were purchased from BD
Science and Invitrogen. Mounting medium with DAPI was
purchased from Vector Laboratories, Inc. (Burlingame, CA).

Surface modification of glass substrates

Silane modification was used to anchor gel structures to
glass. Glass slides were cleaned by sonication for 15 min in a
70% ethanol solution. Glass slides were then thoroughly
rinsed with deionized (DI) water, and then dried at 100�C.
For silane modification, the glass slides were treated in an
oxygen plasma chamber (YES-R3, San Jose, CA) at 300 W for
5 min, and then placed in a 2 mM solution of 3-acryloxy-
propyl trichlorosilane in anhydrous toluene for 1 h. The re-
action was performed in a glove bag under nitrogen purge to
eliminate atmospheric moisture. After modification, the
slides were rinsed with fresh toluene, dried under nitrogen,
and cured at 100�C for 2 h. Silane modified slides were
placed in a desiccator until further use.

Preparation of heparin hydrogels of varying stiffness

Heparin-based hydrogels were prepared by UV-initiated
thio–ene polymerization of Hep-SH and PEG-DA, as re-
ported previously (Fig. 1).35 Hep-SH and 6 kDa PEG-DA (1:1
molar ratio of thiol to acrylate group) were mixed in PBS

FIG. 1. Fabricating heparin
gels of varying stiffness by
changing the concentration of
gel precursor solutions and
culturing primary hepatocytes
on soft and stiff heparin gels.
(A) Schematic illustration of
UV-initiated thio–ene reaction
between acrylated poly(ethyl-
ene glycol) (PEG) and thiolated
heparin to form heparin gels.
(B) Schematic illustration of
culturing hepatocytes on soft
versus stiff heparin gels. He-
patocytes cultured on soft
heparin gels retained a dis-
tinctive cuboidal shape,
whereas hepatocytes on stiff
gels became more elongated
and fibroblastic. PEG-DA, di-
acrylated poly(ethylene glycol);
HEP-SH, thiolated heparin.
Color images available online
at www.liebertpub.com/tea
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containing 1% w/v photoinitiator (Irgacure 2959), which was
dissolved in 70% v/v ethanol, to achieve 5%, 10%, and 20%
w/v of gel precursor solutions. These precursor solutions
were applied onto the silane-treated glass surface
(12 · 12 mm) containing terminal acrylate functional groups
and then were covered with a cover slip (25 · 25 · 0.13 mm)
to create a uniform prepolymer layer sandwiched between
two glass substrates. It was exposed to 365 nm, 18 W/cm2

UV light using an OmniCure series 1000 light source (EXFO;
Vanier, Quebec, Canada). The regions exposed to UV light
underwent polymerization and became crosslinked heparin
gel. The elastic modulus of heparin gels (5%, 10%, and 20%)
was measured by the contact mechanics using an atomic
force microscopy (AFM, Fig. 2). Specifics of measuring hep-
arin gel stiffness are discussed later in this section.

Toluidine blue O staining was performed to confirm the
presence of heparin and to quantify the amount of heparin in
hydrogels, as reported previously.36,37 Staining of negatively
charged heparin molecules by this dye (purple color) was
visualized using optical microscopy (Zeiss Axiovert 40; Carl

Zeiss, Cape May, NJ). Heparin gel micropatterns were fab-
ricated to clearly visualize and compare the heparin content
in the gels of varying stiffness as shown in Figure 3B–E. To
fabricate the heparin gel micropatterns, a photomask was
placed on top of the liquid prepolymer layer and the regions
exposed to UV light underwent polymerization and became
crosslinked, while unexposed regions were dissolved after
immersion in DI water. Toluidine blue O staining was em-
ployed on four types of hydrogel micropatterns: (1–3) dif-
ferent elastic hydrogels created by UV-initiated thiol–ene
reaction of 5%, 10%, and 20% w/v gel precursor solutions,
(4) hydrogel created by UV-initiated thiol–ene reaction of
tetrafunctional PEG-SH4 (10 kDa), and 3.4 kDa PEG-DA (1:1
molar ratio of thiol group and acrylate group). The amount
of heparin in the gels of varying stiffness was determined
using a toluidine assay whereby heparin gels of varying
stiffness were first immersed in the toluidine blue solution
(3 mL). Subsequently, an aqueous phase with toluidine blue
was extracted by immersion in hexane, separated, and ana-
lyzed by UV-Vis spectroscopy.

FIG. 2. Characterizing the heparin
gel stiffness based on contact me-
chanics with atomic force micros-
copy (AFM). (A) The elastic
modulus of heparin gels measured
by AFM. (B–D) Representative data
illustrate indentation force versus
indentation depth of various hepa-
rin gels obtained by AFM with an
overlay of the theoretical force–
indentation curves estimated using
Equation 1. *p < 0.01, **p < 0.001,
n = 4. Color images available online
at www.liebertpub.com/tea

FIG. 3. Heparin content in gels of
varying stiffness. (A) The amount of
heparin in heparin gels of different
mechanical properties. (B–E) Op-
tical microscopic images of (B) soft
heparin hydrogel (5%), (C) medium
heparin hydrogel (10%), and (D)
stiff heparin hydrogel (20%), and
(E) PEG-SH and PEG-DA stained
by toluidine blue O. Color images
available online at www.liebertpub
.com/tea
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Cell culture on heparin gels of varying stiffness

Primary hepatocytes were isolated from adult female Le-
wis rats (Charles River Laboratories, Boston, MA) weighing
125–200 g, using a two-step collagenase perfusion procedure
as described previously.38 Typically, 100–200 million hepa-
tocytes were obtained with viability > 90% as determined by
trypan blue dye exclusion. Primary hepatocytes were main-
tained in the DMEM supplemented with 10% FBS, 200 U/mL
penicillin, 200 mg/mL streptomycin, 7.5 mg/mL hydrocor-
tisone sodium succinate, 20 ng/mL EGF, 14 ng/mL gluca-
gon, and 0.5 U/mL recombinant human insulin at 37�C in a
humidified 5% CO2 atmosphere.

Before cell seeding, heparin hydrogels were formed on
silane-coated glass substrates using the protocol described
earlier. The substrates were then incubated with the collagen
I solution (0.05 mg/mL) for 1 h, washed in the PBS solution,
rinsed in DI water, and dried using nitrogen. The surfaces
were placed into a 12-well plate and seeded with 1 · 106 rat

primary hepatocytes suspended in 2 mL of culture medium.
After 1 h of incubation at 37�C, the samples were washed
twice in PBS to remove unattached hepatocytes and a fresh
medium added to the sample wells.35,39,40

Measurement of heparin gel stiffness based
on contact mechanics

The contact mechanics of the gels were determined with an
AFM (MFP-3D-BIO; Asylum Research, Santa Barbara, CA).
Silicon nitride cantilevers with a square pyramid tip incor-
porated at the free end (k = 0.06 N/m, PNO-TR-50; Nano and
More, Lady’s Island, SC) were used in these studies. Spring
constants of the cantilevers were measured independently for
each experiment. Two separate experiments were performed
for each substrate, with five force-versus-indentation curves
measured on each substrate from five different locations; this
amounts to 25 force curves for every substrate in each ex-
periment. Contact between the AFM tip and the substrate was
defined by the point when cantilever deflection deviated from
a linear extrapolation of zero force. The elastic modulus was
determined by fitting each force-versus-indentation curve
using a theoretical model for a rigid cone indenter,41–43 ac-
cording to Equation 1. The values of the elastic modulus de-
termined by fitting the data for every force curve for each
substrate were averaged and are reported here.

E¼ [pF(1� v2)rcb=(2d2 tan (a)] (Eq:1),

where F is the force exerted by the substrate on the cantile-
ver, a is the half-angle opening of the square pyramid, d is
indentation depth, m is the Poisson’s ratio (0.5), and E is the
elastic modulus.

Characterizing phenotype of hepatocytes

Quantification of hepatocyte adhesion on heparin gels was
carried out by counting cells in microscopic images of six
20 · magnification fields per each condition at 1 day after cell
seeding. For quantitative evaluation of cell morphological

FIG. 4. Quantification of cell adhesion on collagen-coated
heparin gels of varying stiffness. Number of cells attached on
collagen-coated glass control was 480/mm2. *p < 0.05, n = 4.

FIG. 5. Morphology of primary rat hepatocytes on heparin gels of varying stiffness. Brightfield microscopic images of
hepatocytes cultured on (A) soft, (B) middle, (C) stiff heparin gels, and (D) rigid glass substrate at day 1 and 4. Scale
bar = 100 mm.
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changes depending on heparin gel stiffness, more than 20
single cells were randomly chosen to measure the cell surface
area. The analysis of the cell surface area was performed
using ImageJ software. The albumin production of hepato-
cytes was assessed using standard ELISA protocols.38 To
detect intracellular albumin and E-cadherin, hydrogel sub-
strates were fixed in 4% paraformaldehyde and were washed
in the PBS solution. The substrates were then incubated with
primary antibodies for albumin (1:100 dilution in PBS) and
for E-cadherin (1:50 dilution in PBS). After overnight incu-
bation in 4�C, substrates were washed in the PBS solution,
and then stained with secondary antibodies for albumin
(1:200 dilution in PBS) and for E-cadherin (1:750 dilution in

PBS). After 1 h of incubation at room temperature, the sub-
strates were washed in PBS and were mounted using a
mounting medium containing DAPI to determine the loca-
tion of nuclei. Stained cells were visualized and imaged us-
ing a laser scanning confocal microscope (LSM700; Carl
Zeiss, Jena, Germany).

Statistical analysis

The results are expressed as the mean – standard devia-
tion. Student’s t-test analysis was used for statistical analysis.
Differences were considered to be statistically significant at
p < 0.05.

FIG. 6. Hepatic albumin expression as a function of gel stiffness. (A–D) Intracellular albumin in hepatocytes cultured on
heparin gels of varying stiffness at day 5 in culture. (A) 5% (soft, 11 kPa), (B) 10% (intermediate, 27 kPa), (C) 20% (stiff,
116 kPa) heparin gels, and (D) glass substrate. Green fluorescence is intracellular albumin, whereas blue fluorescence is DAPI
staining of nuclei. Scale bar = 100mm. (E) ELISA analysis of albumin secretion by primary hepatocytes cultured on heparin
gels of varying stiffness and glass substrate. Error bars indicate standard deviation of the mean for n = 3 samples. *p < 0.05,
**p < 0.0005. Color images available online at www.liebertpub.com/tea
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Results and Discussion

This article explores how heparin gel stiffness affects the
phenotype of cultured hepatocytes. Primary hepatocytes
cultured on softer heparin gels with a modulus of 11 kPa
were more functional than cells on stiffer substrates as
judged by albumin synthesis and E-cadherin expression.
This work supports the notion that mechanical properties
represent an important inducer of phenotypes in primary
hepatocytes (Fig. 1B).

Measuring modulus of heparin gels

In this study, the elastic modulus (E) of heparin gels was
tuned by controlling the concentration of the precursor so-
lution. The modulus was determined by fitting the Hertz
model to force versus indentation data obtained from na-
noindentation measurements with AFM. Figure 1A illus-
trates the impact of precursor concentrations on the resulting
elastic moduli of heparin gels.

A 5% (w/v) heparin gel was the softest with an elastic
modulus of 11.38 – 1.48 kPa, whereas the 20% (w/v) heparin gel
was the stiffest with an elastic modulus of 115.93 – 13.81 kPa.

The modulus of 10% (w/v) heparin gel was
26.89 – 2.01 kPa (Fig. 2A). Therefore, 10% heparin hydrogel
exhibited *2-fold higher stiffness and 20% heparin hydrogel
showed *10-fold higher stiffness compared to 5% gel.

Indentation versus depth profiles for the three heparin
gels with an overlay of the theoretical force–indentation

curves, used to determine the elastic modulus of the sub-
strates applying the Hertz model (Eq. 1), is illustrated in
Figure 2B (soft), Figure 2C (medium), and Figure 2D (stiff),
respectively. The appropriate indentation depth over which
the fit was applied was determined from a plot of E versus d
(data not shown), where the gel behaved as an elastic solid.

Characterizing of heparin content in hydrogels
of varying stiffness

As seen in Figure 3A, the stiff gel contained approximately
four times more heparin than the soft gel. To clearly visualize
the difference in the heparin content, we created gel micro-
structures of varying composition and stained with toluidine
blue O.

As seen in Figure 3B–E, stiff heparin gel microstructures
exhibited a much stronger toluidine blue O staining (darker
purple color) compared to the soft one, indicating that a
larger amount of heparin was present in the stiff heparin gel.
On the other hand, the toluidine blue O staining of purple
color was not observed in the gel comprising PEG-SH4 and
PEG-DA serving as a negative control.

Cultivating primary rat hepatocytes on heparin gels
of varying stiffness

Upon characterizing gel mechanical properties and hepa-
rin content, we proceeded to culture hepatocytes and mon-
itor phenotype expression on gel surfaces to investigate the

FIG. 7. Expression of E-cadherin in hepatocytes cultured on heparin gels. Confocal images of E-cadherin of hepatocytes
cultured on (A) soft (11 kPa), (B) medium (27 kPa), and (C) stiff (116 kPa) heparin gels after 7 days of culture. Red color was E-
cadherin staining and blue color was DAPI staining of nuclei. (D) Expression of E-cadherin at cell–cell contacts was quan-
tified by measuring fluorescence intensity on immunofluorescence images. *p < 0.05, n = 5. Color images available online at
www.liebertpub.com/tea
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effect of mechanical stiffness on primary hepatocytes. Col-
lagen-coated glass substrates (E * 109 Pa) served as tissue
culture control.

Most synthetic hydrogels such as PEG are known to pre-
vent protein adsorption and cellular adhesion because of
PEG-induced steric hindrance. In contrast, a hybrid natural/
synthetic gel containing heparin proved to be an excellent
matrix for incorporation of proteins and cells, including he-
patocytes.34,35,44,45 As shown in Figure 4, cell density on soft
and stiff heparin gels was 690 cells/mm2 and 540 cells/mm2,
respectively, whereas on collagen-coated glass substrates it
was 480 cells/mm2. Therefore, better attachment of hepato-
cytes was observed on softer substrates.

Figure 5A–D shows representative images of hepatocytes
cultured on heparin gels of different mechanical properties
and a glass substrate at day 1 and 4. As seen from these
images, hepatocytes cultured on soft heparin gels retained a
distinctive cuboidal shape and distinct cell–cell boundaries at
day 4. Hepatocytes cultured on soft and medium stiffness
heparin gels for 4 days displayed a projected surface area of
703 – 210 and 886 – 302 mm2/cell, respectively. On the other
hand, hepatocytes on stiff heparin gels acquired a fibroblastic
shape—more planar and extended morphology with less
distinct nuclei. On glass substrates, hepatocytes spread out
and became less cuboidal—a sign of dedifferentiation and
loss of epithelial phenotypes.13,15,18 Hepatocytes cultured on
stiff heparin gels and glass control exhibited projected sur-
face areas of 1638 – 485 and 2092 – 707mm2/cell.

Given that a normal liver has an elastic modulus (E) below
6000 Pa,20–23 the soft heparin gels may have more closely
approximated the mechanical properties of the normal liver
compared to stiffer heparin gels.

This may explain the improved cell morphology and he-
patocyte function observed for cells cultured on soft heparin
gels. As shown in Figure 6A–D, hepatocytes cultured on the
softest heparin gels had significantly higher albumin com-
pared to cells cultured on stiffer substrates.

Albumin ELISA results in Figure 6E corroborated immu-
nofluorescent staining, with the highest level of albumin
observed for hepatocytes cultured on the softest substrates.
As seen from these data, albumin production by hepatocytes
cultured on soft heparin gels was more than five times higher
at day 7 compared to hepatocytes cultured on the stiffest
heparin gels. The levels of albumin secretion of hepatocytes
cultured on soft heparin gels were comparable to results
(0.03–0.1 ng/cell/day) reported for hepatocytes cultivated in
a collagen gel sandwich, which is one of the standards for
maintenance of functional hepatocytes.15,46,47 It is important
to note that synthesis of this hepatic biomarker was depen-
dent on the stiffness of the underlying heparin gel.

To further analyze hepatic function on heparin gels, we
investigated the expression of E-cadherin—an epithelial
marker expressed by differentiated hepatocytes. As shown in
Figure 7, E-cadherin expression was higher on soft (5%)
heparin gels compared to stiffer gels. In addition, this protein
was expressed at cell–cell boundaries on soft gels, whereas
on stiffer substrates, it appeared in the cytoplasm. Quanti-
tation of fluorescence intensity (Fig. 7D) confirmed signifi-
cant differences in E-cadherin expression as a function of gel
stiffness. Overall, analysis of albumin synthesis and E-cadherin
expression clearly indicated that the hepatic phenotype was
maintained better on the soft heparin gels. This is despite the

fact that the heparin content of soft gels was four times lower
compared with stiff gels. Future studies will attempt to
decouple the heparin content and substrate compliance to
examine relative contributions of these factors to hepatic
phenotype expression and to optimize substrates for mainte-
nance of functional hepatocytes.

Conclusion

In this study, we explored the function of primary hepa-
tocytes cultured on heparin hydrogels of varying stiffness.
Our experiments documented that hepatocytes expressed
higher levels of liver markers, albumin and E-cadherin, on
the softer heparin gel. Our findings pointing to the impor-
tance of substrate mechanical properties on hepatocyte
function inform the development of improved scaffolds for
hepatocyte culture and stem cell differentiation.
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