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Primary hepatocytes are commonly used as liver surrogates in toxicology and tissue engineering ﬁelds,
therefore, maintenance of functional hepatocytes in vitro is an important topic of investigation. This
paper sought to characterize heparin-based hydrogel as a three-dimensional scaffold for hepatocyte
culture. The primary rat hepatocytes were mixed with a prepolymer solution comprised of thiolated
heparin and acrylated poly(ethylene glycol) (PEG). Raising the temperature from 25 to 37  C initiated
Michael addition reaction between the thiol and acrylated moieties and resulted in formation of hydrogel
with entrapped cells. Analysis of liver-speciﬁc products, albumin and urea, revealed that the heparin
hydrogel was non-cytotoxic to cells and, in fact, promoted hepatic function. Hepatocytes entrapped in
the heparin-based hydrogel maintained high levels of albumin and urea synthesis after three weeks in
culture. Because heparin is known to bind growth factors, we incorporated hepatocyte growth factor
(HGF)–an important liver signaling molecule - into the hydrogel. HGF release from heparin hydrogel
matrix was analyzed using enzyme linked immunoassay (ELISA) and was shown to occur in a controlled
manner with only 40% of GF molecules released after 30 days in culture. Importantly, hepatocytes
cultured within HGF-containing hydrogels exhibited signiﬁcantly higher levels of albumin and urea
synthesis compared to cells cultured in the hydrogel alone. Overall, heparin-based hydrogel showed to
be a promising matrix for encapsulation and maintenance of difﬁcult-to-culture primary hepatocytes. In
the future, we envision employing heparin-based hyrogels as matrices for in vitro differentiation of
hepatocytes or stem cells and as vehicles for transplantation of these cells.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Hepatocytes are used widely as liver surrogates in drug
screening/toxicology, liver biology, and tissue engineering ﬁelds
[1–3]. Upon excision from the liver and cultivation in vitro primary
hepatocytes dedifferentiate rapidly, losing hallmark liver functions
related to protein synthesis and detoxiﬁcation. However, hepatic
phenotype may be rescued by recapitulating, in the Petri dish,
components of the in vivo microenvironment [3,4]. Various
approaches for rescuing hepatocyte function in vitro include
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coating culture substrates with extracellular matrix proteins (ECM)
[5,6], entrapment within biomimetic gels (collagen- or Matrigelbased) [4,7,8] and co-cultivation with other cell types [9–11].
Three-dimensional matrices have been shown to improve
polarity and organotypic structure formation in hepatocytes
cultured in vitro [7,12] and may also serve as vehicles for cell
transplantation [6,13]. A number of matrices comprised of natural
and synthetic biomaterials have been utilized for entrapment of
hepatocytes [14–16]. The approaches utilizing natural biomaterials
include culturing hepatocytes in a collagen gel sandwich or
encapsulating these cells within Matrigel. More recently, PEGbased synthetic hydrogels, bearing cell-adhesive peptides, have
been employed by Bhatia and co-workers for encapsulation and
patterning of primary hepatocytes [17,18]. Both categories of
biomaterials, natural and synthetic, have advantages and disadvantages. Natural polymers provide an excellent microenvironment
for cultivation of functional hepatocytes; however, these biomaterials are difﬁcult to manipulate (e.g. control chemical/mechanical
properties) and may not be suitable for cell transplantation due to
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difﬁculties with fabrication of delivery vehicles and possibility of
immune response. On the other hand, synthetic biomaterials such
as PEG hydrogels may be easily manipulated to create materials of
desired chemical and mechanical properties. While suitable for
entrapment and cultivation of robust mesenchymal or endothelial
cells [19–22], synthetic hydrogels are less optimal for maintenance
of difﬁcult-to-culture epithelial cells such as primary hepatocytes
[17,18].
Recently, we developed a ‘‘hybrid’’ natural/synthetic hydrogel
formed by a Michael-type addition reaction between thiolated
heparin and diacrylated poly(ethylene glycol) (PEG) [23]. Heparin is
a natural biomaterial that is abundant in the liver [24,25] and is
known to sequester a number of different ECM proteins and GFs via
heparin binding domains [26,27]. Leveraging afﬁnity of heparin for
GF molecules, we previously demonstrated controlled release of
human growth hormone (hGF) and vascular endothelial growth
factor (VEGF) from heparin-based hydrogels [28,29]. In addition to
excellent bioactivity afforded by heparin, the mechanical properties
of the hydrogel may be easily controlled by changing the length or
functionality of synthetic PEG molecules [23]. Furthermore,
heparin-based hydrogel may be fabricated into miniature
constructs suitable for cell delivery/transplantation [30] and was
found to cause little or no inﬂammation and hemolysis in vivo [28].
As a step towards development of heparin hydrogel scaffolds for
hepatocyte or stem cell transplantation, the present study sought to
characterize cultivation of primary rat hepatocytes in this gel and to
test the effects of incorporating hepatocyte growth factor (HGF)
[31–33]-a potent liver morphogen – into the hydrogel. Future
applications of heparin hydrogel as a microenvironment niche for
hepatocyte or stem cell differentiation and as a vehicle for cell
transplantation are envisioned.
2. Materials and methods
2.1. Materials
Heparin (sodium salt, from porcine intestinal mucosa, MW 12 kDa) was
purchased from Cellsus Ins. (Cincinnati, IA, USA). Poly(ethylene glycol) diacrylate
(PEG-DA, MW 3.4 and 6 kDa, 98% degree of substitution) and tetra-functional
poly(ethylene glycol) sulfhydryl (PEG-SH4, MW 10 kDa) were purchased from
SunBio Inc. (Anyang, Korea). Ethanol, epidermal growth factor (EGF), collagenase
type IV, bovine serum albumin (BSA), and hepatocyte growth factor (HGF) were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Glucagon and recombinant
human insulin were obtained from Eli Lilly (Indianapolis, IN, USA), and hydrocortisone sodium succinate was obtained from Pﬁzer Inc. (Ann Arbor, MI, USA).
Concentrated phosphate-buffered saline (10X PBS) was purchased from Lonza
(Walkersville, MD, USA). Dulbecco’s modiﬁed Eagle’s medium (DMEM), sodium
pyruvate, nonessential amino acids, fetal bovine serum (FBS), penicillin/streptomycin, and Live/Dead viability/cytotoxicity kit were purchased from Invitrogen
(Carlsbad, CA, USA). Cell Proliferation reagent WST-1 was purchased from Roche Ltd,
(Basel, Switzerland). Rat albumin ELISA kit was obtained from Bethyl Laboratories
(Montgomery, TX, USA) and urea analysis kit was purchased from Stan Bio Laboratory (Boerne, TX, USA). Human HGF antibody and Goat IgG secondary antibody H&L (HRP) were purchased from Abcam Inc. (Cambridge, MA, USA). Goat anti-rat IgG
Texas Red was purchased from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA,
USA). Formalin was purchased from Fisher (Pittsburgh, PA, USA). Mounting medium
with DAPI was purchased from Vector Laboratories, Inc. (Burlingame, CA, USA).
2.2. Isolation and culture of primary hepatocytes
Hepatocytes were isolated from adult female Lewis rats (Charles River Laboratories, Boston, MA, USA) weighing 125–200 g, using a two-step collagenase perfusion procedure as described previously [34]. Typically, 100–200 million hepatocytes
were obtained with viability > 90% as determined by trypan blue exclusion. Primary
hepatocytes were maintained in DMEM supplemented with 10% FBS, 200 U/ml
penicillin, 200 mg/ml streptomycin, 7.5 mg/ml hydrocortisone, 20 ng/mL EGF, 14 ng/
mL glucagon, and 0.5 U/ml insulin at 37  C in a humidiﬁed 5% CO2 atmosphere. To
induce the spheroid formation of hepatocytes, cells were cultured in hanging drops
[35]. Brieﬂy, 20 mL drops containing w500 cells were placed onto lids of 150 mm
dishes, which were inverted over dishes containing 10 ml of PBS. After 2 days,
hepatocytes aggregated into spheroids and were collected for encapsulation in
hydrogels.
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2.3. Preparation of hydrogels and encapsulation of hepatocytes
Heparin-based hydrogels were prepared by Michael-type addition reaction
between thiolated heparin (Hep-SH) and diacrylated poly (ethylene glycol) (PEGDA), as previously reported by us [23]. Heparin-based hydrogels were made by
dissolving 40% thiolated Hep-SH and 6 kDa PEG-DA (1:1 M ratio of thiol group and
acrylate group) in hepatocyte culture medium to make 5, 10, 15, or 20 wt.% of gel
precursor solutions which were sterilized by ﬁltration. In all cases gelation was
completed within 10 min at 37  C and pH 7.4. More detailed information on the
gelation kinetics was reported previously [23].
In order to compare heparin-based hydrogel to another gel of similar physical
and mechanical properties but lacking in bioactivity, we prepared PEG hydrogels by
Michael addition reaction of tetra-functional poly (ethylene glycol) sulfhydryl (PEGSH4, 10 kDa) and 3.4 kDa PEG-DA (1:1 M ratio of thiol group and acrylate group).
These PEG precursors were used at the same concentration (10 wt.%) as bioactive
gels and were shown by us previously to result in hydrogels with similar mesh size
and mechanical properties of the heparin-based hydrogel [29]. HGF-contained
hydrogels were prepared by adding HGF solution to both heparin-based and PEG gel
precursor solution during gelation, resulting in 1 mg/mL ﬁnal concentration of HGF.
The hepatocytes – either in the form of single cells or spheroids – were
encapsulated into the hydrogel by adding cells to the precursor solution during
gelation. The gel precursor solution (50 mL) containing hepatocytes (2  106 cells/ml)
was poured into a 96 well plate with an ultralow attachment surface (Corning, NY,
USA), and incubated for 30 min at 37  C in a humidiﬁed 5% CO2 atmosphere. These
conditions caused formation of the gel layer with encapsulated hepatocytes at the
bottom of the microtiter plate. In the next step, the gel layer was immersed in
200 mL/per well of hepatocyte culture medium (described in detail in Section 2.2)
and then maintained in a standard cell culture condition up to 20 days. The same
procedures were followed for formation of heparin-based and PEG hydrogels. The
medium was collected daily and stored at 20  C for albumin and urea analysis.
2.4. Viability and morphology of encapsulated hepatocytes
The viability of hepatocytes in the hydrogel was determined by double-staining
procedure using Live/Dead viability/cytotoxicity kit. Stained cells were imaged by
a confocal microscope (Zeiss LSM 5 Pa, NJ, USA). Cell viability was determined by
counting the number of cells that appeared dead (stained red) or live (green),
summing the number of cells, and expressing the viability as percent of viable cells.
In addition, cell viability was measured by WST-1 assay as discussed below. The
changes in morphology of single hepatocytes and spheroids, as well as spheroid
diameter were observed daily by optical microscopy (Zeiss Axiovert 40, Carl Zeiss,
NJ, USA).
2.5. Proliferation and function of encapsulated hepatocytes
The proliferation of hepatocytes in hydrogel was characterized by WST-1 assay.
At each measurement point, WST-1 was added for 4 h, and the colorimetric absorbance of the produced formazan at 450 nm was measured using a microplate reader
(Thermo max microplate reader, Molecular Devices, Sunnyvale, CA, USA). Hydrogels
containing no cells were used as control.
For analysis of hepatic function, culture medium was collected every 24 h and
was analyzed using a urea standard kit from Stan Bio and rat albumin ELISA kit from
Bethyl Laboratories. Absorbance was measured with a microplate reader using
a 492 nm ﬁlter for albumin content and a 570 nm ﬁlter for urea content. The sample
size for these experiments was n ¼ 4.
2.6. In vitro HGF release from the hydrogels
HGF release proﬁles from heparin-based and PEG hydrogels were compared. In
these experiments 10 wt.% gel was prepared as described above with 1 mg/mL ﬁnal
concentration of HGF. After gelation, hepatocyte culture media (200 mL) was added
as a release buffer and samples were kept at 37  C in humidiﬁed 5% CO2 incubator to
provide the same condition to cell culture. The release medium was replaced with
fresh one every day and collected samples were immediately frozen at 20  C prior
to analysis. The HGF released at different time points was analyzed with human HGF
ELISA kit from Abcam Inc. using the human HGF antibody (diluted 1:2000 in
blocking solution) and Goat IgG secondary antibody - H&L (HRP) (diluted 1:5000 in
blocking solution). Absorbance was measured using a microplate reader with
a 492 nm ﬁlter. The sample size was n ¼ 3.
2.7. Immunoﬂuorescence staining
For detecting intracellular albumin, hydrogels were sectioned using cryosectioning procedure with 1:250 diluted anti-rat serum albumin antibody and 1:100
diluted anti-sheep IgG conjugated with Texas Red. Finally, samples were counterstained with DAPI to determine the location of nuclei. In addition, heparin hydrogel
without cells was used as a negative control. Stained cells were visualized and
imaged using a confocal microscope.
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PEG hydrogels immediately after encapsulation. However, cell
spheroids in PEG gel became deformed after 5 days in culture and
disintegrated after two weeks in culture whereas spheroids within
the heparin gel remained compact and intact throughout the three
week culture period. Beyond measuring cell viability one day after
entrapment, we used WST-1 assays to characterize cell-carrying
hydrogels throughout the three week culture period and did not
observe drop off in viability (Fig. 2G). Presence of live hepatocytes is
corroborated by liver function analysis data presented in the
following sections of this manuscript. The results presented in Fig. 2
are signiﬁcant as they demonstrate hepatocyte viability in heparin
hydrogel to be much higher than in PEG hydrogel. Given similar
polymerization conditions and physical/mechanical properties of
both gel types, the enhanced survival of hepatocytes should be
attributed to the presence of bioactive groups in the heparin gel.
Our ﬁndings of low hepatocyte viability in PEG gel are consistent
with a recent report by Underhill et al. who noted poor survival of
hepatocytes in PEG gels lacking cell adhesive domains [17].

2.8. Statistical analysis
Data were statistically evaluated by Student’s t-test. The minimum level of
signiﬁcance was set at p < 0.05.

3. Results and discussion
In the present study, heparin-based hydrogel (referred to as
heparin hydrogel for simplicity) was employed as a three-dimensional matrix for cultivation of primary rat hepatocytes in the form
of single cells or spheroids and in the presence or absence of HGF
(see Fig. 1). Over the course of three weeks, hepatocyte spheroids
entrapped in heparin hydrogels exhibited high levels of albumin
and urea synthesis with hepatic function increasing over time
whereas hepatocytes entrapped as single cells showed gradual loss
of hepatic function. Importantly, inclusion of HGF into the hydrogel
reversed the loss of function in single hepatocytes and enhanced
hepatic phenotype of hepatocyte spheroids. Overall, heparin
hydrogel was found to be an excellent biomaterial for maintenance
of functional primary hepatocytes and may be used in the future as
a matrix for differentiation of hepatocytes or stem cells in vitro and
as a scaffold for transplantation of these cells.

3.2. Effects of the gel concentration on function of hepatocytes
The elasticity or stiffness of the matrix is an important cue for
regulating cellular survival, proliferation, and differentiation
[5,14,36–38]. For instance, while hepatocytes cultured on soft
collagen gels maintain differentiated phenotype, hepatocytes
cultured on stiff collagen monolayer spread-out, proliferate, and
dedifferentiate [39–42]. In the case of gel formation, prepolymer
concentration in aqueous medium is a key parameter determining
mechanical properties of the resultant hydrogel [23,43]. Therefore,
we prepared heparin hydrogels from precursor solutions of
concentrations varying from 5% to 20% and evaluated function of
hepatocytes within these hydrogels. In the case of single cell
encapsulation, we did not observe signiﬁcant differences in hepatic
phenotype expression as a function of hydrogel concentration (data
not shown). However, hepatocyte spheroids did exhibit differences
in hepatic function (Fig. 3A and B), with spheroids encapsulated
inside 10 wt.% heparin hydrogel showing higher levels of albumin
and urea synthesis. In our previous studies, we determined elastic
moduli for 5 and 10 wt.% heparin gel to be 680  40 and

3.1. Viability and morphology of primary hepatocytes inside of the
hydrogels
To examine the compatibility of primary hepatocytes with
heparin hydrogel, the viability of encapsulated cells was monitored
using live/dead staining and WST-1 assay. As shown with live/dead
staining in Fig. 2(A–F), the viability of single cells or hepatocyte
spheroids exceeded 70% one day after encapsulation whereas
viability for both types of hepatocyte cultures was w20% in PEG
hydrogels. A more quantitative analysis of viability, carried out
using WST-1 assay (Fig. 2G), conﬁrmed superiority of heparin
hydrogel in maintaining viable hepatocytes immediately after
encapsulation. As seen from Fig. 2B, viability of single hepatocytes
and spheroids was 71  3% and 86  5% respectively in heparin
hydrogels and only w20% for both types of hepatocytes entrapped
in PEG gel. In the case of hepatocyte spheroid cultures, the spheroid
diameter was observed to be similar (236  14 mm) in heparin and
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Fig. 1. Diagrams describing gel chemistry and cell cultivation experiments. (A) Heparin gel was formed by Michael addition reaction of thiolated heparin and acrylated poly(ethylene glycol) (PEG). (B) Primary rat hepatocytes were mixed with liquid gel precursors at room temperature and became encapsulated in the gel upon increasing the temperature
to 37  C. Hepatocyte growth factor (HGF) was added into the gel precursor solution along with cells.
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Fig. 2. Characterizing viability of primary rat hepatocytes entrapped in heparin and PEG hydrogel. (A-B) Representative brightﬁeld images of hepatocytes in the form of single cells
(A) and spheroids (B) entrapped in a gel. Scale bars are 200 mm. (C-D) Live/dead staining of hepatocytes entrapped in heparin hydrogel as single cells (C) and spheroids (D) for one
day. Viability exceeded 70%. (E-F) Live/dead staining of hepatocytes entrapped in PEG hydrogel as single cells (E) and spheroids (F) for one day. In both cases viability was w20%. (G)
Conﬁrming hepatocyte viability with WST-1 assay. In both cases of the single cells and spheroids, higher viability was observed for hepatocytes entrapped in heparin hydrogels
compared to PEG hydrogels. (**) p < 0.001 (n ¼ 4).

2300  100 Pa respectively in a fully hydrated state [23,44]. Given
that the elastic modulus of the healthy liver was reported to be
w1500 Pa [43], 10 wt.% heparin hydrogel offered a reasonable
match to mechanical properties of native tissue. It is therefore not

surprising that spheroid encapsulation in 10 wt.% heparin gel
resulted in highest levels of hepatic phenotype expression. It is also
possible that 10 wt.% heparin gels had optimal porosity conducive
to retention of secreted ECM molecules. This gel concentration was

3600

M. Kim et al. / Biomaterials 31 (2010) 3596–3603

of HGF into heparin hydrogels and the effects of HGF on hepatic
phenotype expression.
HGF was incorporated into heparin and PEG hydrogels of similar
mesh size [29] and its release was analyzed using ELISA. The
hydrogels were incubated in media under cell culture conditions.
As shown in Fig. 4, while release of HGF from both types of
hydrogels showed an initial burst, this burst was signiﬁcantly lower
from heparin hydrogels than PEG gel (10 and 50% for heparin and
PEG gel respectively). The presence of heparin binding domains on
HGF as well as its net positive charge was expected to promote the
sustained release of these molecules from negatively charged
heparin hydrogels. Indeed, as seen from Fig. 4, HGF in heparin
hydrogel showed a much slower release proﬁle compared to PEG
hydrogels. Only 40% of HGF was released from heparin hydrogel
after four weeks whereas 50% of HGF was released within two days
in culture and more than 90% of HGF was released in a week. These
results suggest that heparin hydrogel can serve as a reservoir for
sequestration and controlled release of HGF. Importantly, association of HGF with heparin occurs via secondary bond formation and
does not involve chemical modiﬁcation steps that may compromise
activity of this morphogen.
3.4. Culture of primary hepatocytes inside heparin hydrogel in the
absence or presence of HGF

3.3. Controlled release of HGF from heparin hydrogels

3.4.1. Function of hepatocytes encapsulated in hydrogel as a single
cell suspension
Primary hepatocytes are difﬁcult-to-culture cells that lose
hepatic function within days of isolation unless speciﬁc microenvironment cues are provided in the Petri dish. A number of
approaches including cultivation of hepatocytes on ECM-coated
substrates, within collagen or Matrgel matrices and in co-culture
with stromal cells have been shown to rescue and maintain
hepatic phenotype [2,4,7,49,50]. In the present work, we sought
to characterize phenotype maintenance of hepatocytes encapsulated in heparing hydrogel as single cells and spheroids.
Furthermore, given the physiological relevance of heparin in
sequestering HGF and modulating its activity in the liver, we
hypothesized that inclusion of HGF into heparin hydrogels will
have synergistic effect on expression of hepatic phenotype. As
a control, hepatocytes were also cultured within PEG hydrogel of
similar mesh size and modulus of elasticity in order to delineate
contributions to hepatic phenotype of mechanical/physical
properties and bioactivity of the gel.

GFs provide cues that guide tissue development and regeneration. In particular, HGF has been determined to be a key signaling
molecule contributing to embryonic development and regeneration of the liver [32]. Traditionally, GF molecules are added to the
cell culture media in soluble form. A number of alternative
approaches for delivering GF signals to cells include controlled
release from biomaterial scaffolds and solid-phase presentation on
culture substrates [15,29,45–47]. Previously, our laboratory
demonstrated that primary rat hepatocytes cultured on HGFcarrying ECM protein arrays were stimulated from the bottom-up
and retained hepatic phenotype after 10 days of cultivation [31].
We also showed that heparin hydrogel could be used for binding
(via heparin binding domains) and controlled release of VEGF [28]
and hGH [29] due to their speciﬁc afﬁnities to heparin. In the liver,
heparin modulates binding of HGF to its cell-surface receptor (cmet) and also contributes to HGF-mediated stimulation of in vitro
hepatocyte cultures. In addition, hepatic clearance of HGF has been
reported to decrease in the presence of heparin suggesting stabilizing effect of HGF-heparin interactions [48]. Given the relevance
of heparin-HGF interaction in the liver, we examined incorporation

Fig. 4. In vitro release proﬁle of HGF release from heparin (C) and PEG (B) hydrogels.
HGF was mixed at 1 mg/mL concentration with gel precursor solution. More than 60%
of HGF was retained in heparin hydrogels after 30 days while PEG hydrogels
completely released HGF in 15 days (n ¼ 3).

Fig. 3. The effects of heparin gel concentration on function of hepatocyte spheroids.
Albumin (A) and urea (B) production of hepatocyte spheroids suggested that 10 wt %
heparin hydrogel was optimal. (*) p < 0.05 and (#) p < 0.0001 (n ¼ 4).

used in all subsequent hepatocyte encapsulation and characterization experiments.

M. Kim et al. / Biomaterials 31 (2010) 3596–3603

Phenotype of encapsulated hepatocytes was analyzed by
monitoring hallmark liver products, albumin and urea, secreted by
hepatocytes [4,18]. As shown in Fig. 5A, albumin production of
hepatocytes encapsulated in heparin hydrogel as single cells started
to decline after day 5 and stabilized by day 15 in culture. The
albumin secretion levels ranged from 25 to 10 mg/106 cells/day at
early and late time points respectively. Importantly, inclusion of
HGF into heparin hydrogel had a profound effect in enhancing
albumin synthesis of hepatocytes. The albumin secretion level
initially decreased at day 5, but then rose, reaching the maximum at
day 15. The albumin levels of 25–50 mg/106 cells/day produced by
hepatocytes in HGF-containing heparin gel was w 2 fold higher
than the albumin synthesis within heparin gels lacking HGF. In
comparison, albumin production by hepatocytes encapsulated in
PEG gel was 3–5 fold lower compared to heparin gel and was
unaffected by the addition of HGF. This lack of change in hepatic
function due to incorporation of HGF into PEG gel is in stark contrast
to signiﬁcant upregulation of hepatic albumin synthesis in HGFcontaining heparin gel. This suggests that physical incorporation of
HGF into the gel matrix is insufﬁcient and that hepatic activity of
this morphogen is enhanced by interactions with heparin. This
observation is in agreement with reports of GF bioactivity being
enhanced by interactions with ECM components [48,51] as well as

Fig. 5. The function of primary hepatocytes encapsulated in heparin and PEG hydrogels as single cell with or without HGF. The levels of hepatic production of albumin (A)
and urea (B) were signiﬁcantly higher in heparin hydrogel compared to PEG hydrogel.
The addition of HGF to heparin hydrogel further enhanced albumin and urea synthesis
of hepatocyte. In contrast, incorporation of HGF into PEG hydrogel had no signiﬁcant
effect on hepatic function. (*) p < 0.05, (**) p < 0.001, and (#) p < 0.0001 (n ¼ 4).
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our previous work demonstrating enhanced hepatic phenotype in
cells cultured on HGF/ECM protein substrates [31].
Hepatic urea synthesis is an important part of liver metabolism.
In vitro, urea synthesis is commonly used to gauge phenotype
expression of primary hepatocytes. As seen from Fig. 5B, hepatocytes encapsulated within heparin hydrogels synthesized 4–6 fold
higher levels of urea compared to cells encapsulated in PEG gel.
Incorporation of HGF into cell-carrying gels was again observed to
upregulate urea production in hepatocytes within heparin hydrogel
but had no effect on hepatocytes inside PEG gel.
It should be noted that in addition to hepatic function analysis
shown in Fig. 5 we monitored hepatic viability using WST-1 assay
and found it to be unchanged over the course of three weeks (see
Fig. 2G). This is expected given the limited proliferation capacity of
hepatocytes in vitro. Therefore, changes in albumin and urea
synthesis in response to HGF stimulation may be attributed to
upregulation of hepatic function.
3.4.2. Function of hepatocyte spheroids cultured within hydrogel
Formation of cell spheroids is thought to better mimic in vivo
tissue architecture and has been reported to increase survival and
enhance tissue-speciﬁc function of multiple cell types including
primary hepatocytes [27,52–57]. In the present study, spheroids
(236  14 mm diameter) comprised of primary rat hepatocytes were
encapsulated in heparin and PEG hydrogels of comparable
mechanical/physical properties and were analyzed for hepatic
phenotype expression. As shown in Fig. 6, hepatocyte spheroids
were highly functional inside heparin hydrogel over the course of
three weeks. Unlike single hepatocyte cultures described in the
previous section, albumin synthesis in hepatocyte spheroids
residing within heparin hydrogel increased by 60–70% by day 5 and
stabilized at 45 mg/106 cells/day for the remainder of culture period
(Fig. 6A). The level of albumin synthesis on per cell basis was 4 fold
higher in spheroids than in single cells cultured within heparin
hydrogels. Inclusion of HGF into heparin hydrogel upregulated
albumin production of the hepatocyte spheroids in comparison to
spheroids cultured without HGF. The albumin secretion was 33 mg/
106 cells/day at day 1 then reached w70 mg/106 cells/day by day 10
and was stable until the end of experiment at day 20. Spheroidcarrying heparin hydrogels were sectioned and immunoﬂuorescently stained to investigate distribution of intracellular
albumin within the spheroid. As shown in Fig. 6B, albumin signal
was uniform throughout the spheroid suggesting that hepatocytes
in the center of the spheroid did not experience nutrient depravation. The urea synthesis of hepatocyte spheroids followed
a similar trend to that of albumin (Fig. 6C). The urea production
increased to 80 mg/106 cells/day by day 15 and was stable thereafter.
Presence of HGF in heparin gel enhanced urea synthesis in hepatocyte spheroids by w 2.5 fold. At the same time hepatocyte
spheroids in PEG gel produced 10–40 fold less of urea and were
unaffected by inclusion of HGF into the gel.
The results presented in Figs. 5 and 6 demonstrate that primary
hepatocytes encapsulated in heparin hydrogels were highly functional after 20 days in culture. The levels of urea and albumin
production of hepatocyte spheroids entrapped in heparin hydrogels were comparable to results reported for hepatocytes cultivated
in a collagen gel sandwich - one of the better known methods for
long-term maintenance of functional hepatocytes.[34,58] Our data
also compare well with hepatocytes cultured in other natural
[12,59–61] and synthetic hydrogels [18]. A particularly exciting
feature of our hydrogel is high natural afﬁnity of heparin for
a large number GFs and ECM proteins possessing heparin binding
domains [62–64]. This obviates the need for covalent attachment of
cell-adhesive or cell-stimulatory molecules and opens a range of
possibilities for engineering the microenvironment inside the gel.
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The present paper investigated the use of heparin hydrogel as
a matrix for encapsulation and cultivation of primary rat hepatocytes. Analysis of hallmark liver products, albumin and urea,
revealed that the heparin hydrogel provided an excellent environment for long-term cultivation of functional primary hepatocytes. Hepatocyte spheroids cultured in the heparin gel were found
to be signiﬁcantly more functional compared to hepatocytes
entrapped as single cell suspension. Importantly, heparin hydrogel
was shown to serve as a reservoir for sequestration and controlled
release of HGF – an important liver morphogen. Inclusion of HGF
into heparin hydrogel upregulated albumin and urea production in
both single cell and hepatocyte spheroid cultures by 50–400% at
day 20 in culture. In comparison, incorporation of HGF into PEG
hydrogels of comparable mesh size and mechanical properties had
no effect on function of encapsulated hepatocytes. While the exact
mechanism of HGF-induced hepatic phenotype induction in the
hydrogel is unclear, we hypothesize that binding to heparin may
protect HGF against proteolytic degradation and may improve
bioactivity of this morphogen. Overall, heparin hydrogel has proven
to be a promising matrix for cultivation of hepatocytes. Importantly, a large number of GFs possess heparin binding domains and
can therefore be incorporated into the hydrogel. We therefore
envision future experiments aimed at designing GF-containing
heparin hydrogels for directing differentiation of adult hepatocytes,
hepatic progenitors or embryonic stem cells.
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PEG hydrogel
Appendix

Fig. 6. The function of hepatocyte spheroids encapsulated in heparin and PEG
hydrogels with or without HGF. The albumin (A,B) and urea (C) synthesis of hepatocyte
spheroids was maintained at a high level after 20 days inside heparin hydrogel and
was enhanced even further by incorporating HGF into the gel. In contrast, hepatocyte
spheroids in PEG gel had much lower albumin and urea production and were unaffected by addition of HGF. (**) p < 0.001 and (#) p < 0.0001 (n ¼ 4). (B) Immunoﬂuorescence staining for albumin in hepatocyte spheroids after 14 days of cultivation in
heparin hydrogel. Hepatocytes in heparin hydrogels showed strong staining for
albumin (red). Staining of cell nucleus with DAPI (blue) was used to demonstrate
localization of albumin in the cytoplasm. All scale bars are 50 mm.

As a step towards designing hepatocellular environment, we
incorporated HGF into the gel and demonstrated signiﬁcantly
higher levels of hepatic phenotype expression in GF-containing
heparin hydrogels. Although HGF is a mitogen, we did not observe
an increase in numbers of single cells or the size of spheroids;
therefore, increase in albumin and urea synthesis was attributed to
enhanced phenotype expression of existing cells. Ishii et al. reported a similar increase in albumin synthesis of HGF-stimulated
hepatocytes and suggested transcriptional activation as the cause
of this upregulation [48]. Interestingly, incorporation of HGF in PEG
gel of similar physical properties did not affect function of

Figure with essential colour discrimination. Figs. 2 and 6 of this
article are difﬁcult to interpret in black and white. The full colour
images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.01.068.
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