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Abstract

Background: Recapitulating the native cell niche and extracellular matrix (ECM) architecture in vitro helps reconstruct injured
tissues. Collagen I and heparin are two important constituents of the ECMs, which play crucial roles in regulating cell behaviors.
Specifically in the liver, these components can affect the differentiation and functionality of the cells.
Objectives: The aims of this study were to first fabricate and characterize a heparin/collagen scaffold and then investigate the scaf-
fold’s efficiency in directing the differentiation of Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs) towards hepatocyte.
Methods: After fabricating the rat tail collagen I sponge-shaped scaffolds, heparin was chemically immobilized on the scaffolds
using N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS). The scaffold chem-
ical characteristics and architecture were evaluated by Fourier-transformed infrared (FTIR) spectroscopy and scanning electron mi-
croscopy (SEM), respectively. In the next step, Wharton’s jelly-derived mesenchymal stem cells were seeded on the scaffolds and cell
viability and morphology were assessed using MTT assay and SEM, respectively. Moreover, followed by exposing the WJ-MSCs to the
hepatogenic media for 3 weeks, liver-specific marker expression and indocyanine green (ICG) clearance tests were performed.
Results: The data showed that 0.25 mg/mL heparin had no detrimental effects on the cell viability and proliferation compared to the
observed effects in non-heparinized conditions. SEM micrographs showed that while immobilizing heparin had no considerable ef-
fect on the porosity of the scaffolds, the mean value of the pore sizes of heparinized sponges was higher than that of non-heparinized
ones. The hepatocyte differentiation appeared to be enhanced in the cells cultured in heparinized sponges as indicated by higher
percentage of the cells expressing cytokeratin 19 and albumin as well as improved indocyanine green clearance levels.
Conclusions: Heparin/collagen scaffold serves as a good platform for promoting differentiation into hepatocytes and therefore, it
has the potential to be considered for drug discovery and liver regenerative medicine.
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1. Background

According to the world health organization reports,
2.5% of the total deaths all around the world are due to
liver diseases (1), and these conditions are projected to
become the 14th most common cause of death by 2030
(2). Although liver shows a good regeneration potential,
drugs, toxins or viral infections have harmful effects on
the hepatocytes; thus, they reduce the liver’s functionality
and regeneration capacity. Recently many studies have fo-

cused on optimizing the scaffolds used in tissue engineer-
ing prospects. The combination of stem cell therapy and
tissue engineering is a new promising approach.

Different materials have been proposed as the compo-
nents of scaffolds used in liver tissue engineering appli-
cations. Natural-based substrates have attracted increas-
ing attention due to their excellent biocompatibility and
outstanding potential to provide bioactive cues (3). Col-
lagen is one of the natural biomaterials that have been
used in different forms such as collagen gels (4), sand-
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wiches (5), microspheres (6), and coatings (7), to culture
primary hepatocyte. This substance has many cell-binding
motifs, low antigenicity, and high biocompatibility and
biodegradability. While hepatocytes lose their functions
(8) and proper morphology (9) after isolating and dur-
ing the conventional culture procedures, collagen-based
scaffolds can boost their function (10). Since collagen is
one of the most important components of the liver ECM
and given the fact that culturing the hepatocytes on the
scaffolds containing liver ECM results in up-regulation of
liver-specific genes (11), collagen-based materials have been
shown to improve the differentiation of the stem cells to-
ward hepatocytes (12).

Heparin, as an anticoagulant agent, has a pivotal role
in angiogenesis and reducing inflammation (13). The main
feature of heparin which makes it an appropriate agent
for tissue engineering applications lies in its high affinity
to growth factors such as fibroblast growth factors, hepa-
tocyte growth factor (HGF), platelet-derived growth factor,
vascular endothelial growth factor (VEGF), and bone mor-
phogenic protein-6. This affinity facilitates the growth fac-
tor binding and stabilizing and avoids thermal degrada-
tions (14). Heparin, a naturally occurring glycosaminogly-
can (GAG), is found in the Disse space of the liver and can
form a complex with HGF (15), a known growth factor for
hepatocytes differentiation. Heparin-hydrogel has been
shown to improve the hepatocyte functions and viability
(16). The advantage of these constructs is twofold: first,
due to providing the mentioned bioactivity, the cells pro-
duce a higher amount of albumin and hence, hepatocyte
phenotype is maintained in these constructs (17). Second,
they provide a three-dimensional (3D) environment to cul-
tivate the cells. 3D culture condition, for instance, has been
shown to modify the liver-specific gene expression pattern
in MSCs (18). Also, an improvement in hepatocyte function
and bio-mimicking of toxicity response has been reported
through 3D culture (19). The 3D culture condition can lead
to the acceleration of hepatocyte maturation (20). GAG-
containing collagen scaffolds have been previously used
in tissue engineering context for both in vivo and in vitro
studies to improve cellular attachment, metabolism, via-
bility, as well as cell-matrix interactions (18). Cell attach-
ment, cell-cell interactions, and gene expression are also
influenced by culture conditions.

2. Objectives

The aim of the present study was to evaluate the syner-
gistic effect of biological cues and microstructure environ-
ment of collagen and heparin. Although heparinized scaf-
folds have been previously studied in cartilage and bone

tissue engineering, this study, to the best of our knowl-
edge, for the first time shows this scaffold can find utiliza-
tion for liver tissue engineering approaches.

3. Methods

3.1. Scaffold Fabrication

To obtain the collagen scaffolds, collagen type I was
extracted from rat tail followed by treatment with acetic
acid as previously reported (21). To generate the scaffolds,
collagen solution was initially lyophilized by freeze dryer
(Christ, Alpha 1-2 LD, Germany) overnight to obtain colla-
gen powder. Next, 10 mg/mL of collagen powder was dis-
solved in 0.5 M acetic acid (1% w/v) on ice and 1 mL of the
mixture was poured into a well of a 24-well plate culture
dish (Jetbiofil, China). The plate was kept at -70°C overnight
and subsequently freeze-dried to form a sponge-shape disc
(22).

Collagen sponges were then chemically crosslinked
for 24 hours at 4°C within a sterile solution of 50
mM 2-N-morphlino ethanesulfonic (MES, Sigma, USA)
in 70% ethanol (pH 5.4) containing 5mM1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide (EDC, Sigma, USA)
and 2 mM of N-hydroxysulfosuccinimide (NHS, Sigma,
USA). Thereafter, the serial amount of heparin sodium
salt (Hepalink, China), 0.25, 0.5, or 1 mg, was added to 1
mL crosslink solution (EDC/NHS) and incubated for 30
minutes to activate the heparin. Next, the solution con-
taining heparin was added to the collagen sponges for 24
hours at 4°C. Thereafter, the scaffolds were treated with
Na2HPO4 (0.1 M) for 2 hours to inhibit the crosslinking
reaction. To prepare the samples for cell culture, sponges
were rinsed several times with sterile double distilled
water and incubated for 24 hours in phosphate buffer
saline (PBS) with refreshing the PBS every 8 hours. The
crosslinked sponges were frozen at -80°C and freeze-dried
until further use. The sponge was then sterilized by 70%
ethanol. The control sponges were prepared in the same
way but without incubation with any heparin sodium.
After evaluating the impact of heparin concentration on
cell viability, the sponges with the most viable cells were
chosen for further in vitro evaluations.

3.2. Macroscopic Characterization of Sponges

The presence of heparin in heparin/collagen samples
was evaluated by adding 0.0005% toluidine blue in 0.001
N hydrochloric acid with 0.02% (w/v) sodium chloride for
1 minutes, as previously described (23). The dye was then
removed and the samples were washed with PBS several
times and digital images were captured.
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3.3. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra of heparinized and non-heparinized
collagen sponge were obtained using a Bruker FTIR spec-
trometer (Vertex70, Germany). Absorbance spectra were
recorded at a resolution of 8 cm-1 in the range of 4000 to
400 cm-1. The spectra were obtained from a set of four sam-
ples, namely non-crosslinked collagen, crosslinked hep-
arinized, non-heparinized collagen, and heparin sodium.
All samples were dried in freeze-dryer and minced into
very small pieces and mixed with potassium bromide be-
fore analysis.

3.4. Wharton’s Jelly-Derived Mesenchymal Stem Cells Isolation
and Culture

Wharton’s jelly-derived mesenchymal stem cells (WJ-
MSC) were isolated, as reported elsewhere (24), from the
umbilical cords obtained from the infants delivered by
cesarean section while informed consent was obtained
from their parents. The umbilical cord vein was flashed
with PBS, the arteries were removed, and the rest were
cut into small pieces. The pieces were plated on culture
flask in the presence of α-minimal essential medium (α-
MEM, Bioidea, Iran) containing 10% fetal bovine serum
(FBS, Gibco, UK), 1% L-glutamine (Bioidea, Iran), and 1%
penicillin/streptomycin (Gibco, UK). The cells at passage 3
were used for this study.

3.5. Wharton’s Jelly-Derived Mesenchymal Stem Cells Character-
ization

To characterize WJ-MSCs, an aliquot of 1 × 106 cell/mL
was washed with PBS and non-specific binding sites were
blocked by incubating the cells with PBS containing 10%
FBS. The cells were then incubated in FITC-conjugated anti-
CD44 and CD144, phycoerythrin-conjugated anti-CD34 and
CD106, and PerCP-conjugated anti-CD105 antibodies (all
from Abcam, UK) for 30 minutes. The frequency of the
positive cells was assessed by FACS calibrated instrument
(BD, USA). To evaluate the pluripotency of the WJ-MSCs, the
cells were exposed to osteogenic (MACS, Germany) and adi-
pogenic media (StemCell Technologies Inc, Canada) for 4
and 3 weeks, respectively. The osteoblast differentiation
was assessed by detection of Ca precipitation using alizarin
red S staining. The adipocyte differentiation was detected
by the presence of lipid droplets within differentiated cells
using oil red O staining.

3.6. Cell Seeding on Sponges

After sterilization, 5× 104 and 4× 105 cells per well of a
24-well plate were seeded on each sponge for viability assay
and the cell morphology and hepatogenic cell differentia-
tion were studied within the constructs.

3.7. Scanning Electron Microscopy (SEM) and Histological Stud-
ies

To study the ultrastructure of the heparinized scaf-
fold and cell morphology on the scaffolds, after 7 days,
cell-seeded and cell-free scaffolds were fixed with 2.5%
glutaraldehyde, dehydrated in gradually decreased
ethanol and Hexamethyldisilizane (Merck, USA), and
air-dried. The scaffolds were first coated with gold us-
ing a sputter coater and subsequently assessed by SEM
(KYKY/EM 3200, Japan). The fiber diameter and orienta-
tion were evaluated using the Image analyzer software
(http://imagej.nih.gov/ij/index.html).

Some sponges were washed with PBS, fixed with 10%
PBS/neutral buffered formalin solution (pH 7.4), and pre-
pared for paraffin sectioning. The paraffinized blocks were
sectioned at a thickness of 5µm. The sections were rehy-
drated in ethanol and stained with hematoxylin and eosin
(H and E, Sigma) and Hoechst (Invitrogen, USA) for 3 min-
utes. The sections were observed with fluorescence mi-
croscopy to study the cell distribution and density.

3.8. Cell Viability Assessment

The cell viability and proliferation were evaluated us-
ing 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT, Sigma) assay. The cells were seeded at a den-
sity of 5 × 104 per each well of a 24-well plate for 3, 7, and
14 days. The culture media were then replaced by 1mg/mL
of MTT in DMEM and incubated at 37°C, in the presence of
5% CO2 in dark environment for 3 hours. The dye was then
eluted by Dimethyl sulfoxide and optical density was mea-
sured at 595 nm.

3.9. Hepatogenic Differentiation

To study the potential of the sponges for inducing hep-
atocyte differentiation, WJ-MSCs at a density of 4 × 105

per well of a 24-well plate were exposed to hepatogenic
medium. Hepatogenic medium included Dulbecco’s MEM
(DMEM) containing 10% FBS, 20 ng/mL HGF (Peprotech,
UK), 20 ng/mL insulin-like growth factor 1 (IGF-1, Pepro-
tech, UK), 100 nM dexamethasone (Sigma, USA), with 1% L-
glutamine, and 1% penicillin/streptomycin. After 7 days,
10ng/mL of oncostatin M (Peprotech, UK) was added to
the hepatogenic medium to induce hepatocyte differenti-
ation. The cells were incubated for further 14 days.

3.10. Immunohistochemistry

On the day 21 after induction of differentiation, the
sponges were fixed in 10% formalin for later histological
assessment. To do so, the samples were cut into 5 µm sec-
tions. The tissue slides were prepared for immunofluores-
cence. The non-specific binding sites were blocked with
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PBS containing 10% goat serum and Tween 20 (Merck, USA).
The samples were stained with FITC conjugated-anti albu-
min antibody (Abcam, UK) and primary anti-cytokeratin-
18, -19 and alpha-fetoprotein antibodies (Abcam, UK) at di-
lution of 1:100. The specimens were treated with FITC-
conjugated donkey anti-rabbit antibody for cytokeratin-
18 and -19 antibodies (Santacruz, USA) at dilution of 1:
300 and FITC conjugated anti-mouse antibody for alpha-
fetoprotein at a dilution of 1:160 (Abcam, UK). Then, the
samples were counterstained with Hoechst (Invitrogen,
USA) and mounted with anti-fade medium. The corre-
sponding FITC-conjugated isotype antibodies were used as
control. The intensity of the reactions of the differenti-
ated cells to all antibodies was evaluated using Image J soft-
ware. The frequency of the positive cells for each antibody
was calculated by choosing random fields and counting
the stained and non-stained cell populations.

3.11. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The harvested cells were resuspended in 1 mL Bio-
zol (Bioflux) to detect the expression of albumin. The
total RNA was extracted by chloroform /isopropanol.
cDNA was synthesized by cDNA synthesis kit (Fermen-
tas, USA). The forward and reverse primer sequences
were F 5’ACAGAGACTCAAGTGTGCCAGT-3’ and R 5’-
GCAAGGTCCGCCCTGTCATC-3’, respectively. The PCR
products were run on 2% agar gels.

3.12. Indocyanine Green Clearance Assay

The culture media were replaced by 1 mg/mL of indo-
cyanine green (Sigma, USA) in DMEM for 15 minutes. Subse-
quently, the indocyanine green solution was removed and
common culture media replaced for next 6 hours. The ab-
sorption and release of the dye were evaluated by assess-
ing the optical density of the media at 820 nm (25). HepG2
was used as positive control and undifferentiated WJ-MSCs
were used as negative control.

3.13. Statistical Analysis

All data were expressed as mean ± standard deviation
(SD). The analyses of variance (ANOVA) and LSD test were
used to analyze the data. The analyses were performed
by Excel 2010. P values less than 0.05 were considered as
significant difference. All experiments were performed in
triplicate.

4. Results

4.1. Cell Characterization

To characterize the WJ-MSCs, the frequency of the cell
surface markers was evaluated by flow cytometry. The

data showed that WJ-MSCs expressed a high level of CD90
(94.5%), CD44 (96.2%), and CD73 (97.5%), and a moderate
level of CD105 (58%) and CD106 (35.7%). In order to find
any possible contamination among the isolated cells, they
were exposed to CD144 and CD34 antibodies that detected
endothelial and hematopoietic cell markers, respectively.
A negligible percentage of the isolated cells could express
CD34 (1.21%) and CD144 (1.13%). These cells showed the capa-
bility to differentiate into adipocytes and osteoblasts. Oil
red O staining revealed the presence of lipid droplets in dif-
ferentiated adipocytes. Alizarin red S staining showed the
precipitation of calcium by newly formed osteoblasts. Be-
sides, the oil red staining of naïve WJ-MSCs revealed that
there was no adipocyte contamination.

4.2. Scaffold Characterization

The scaffolds were fabricated in a disk-form construct
(Figure 1A) and stained with toluidine blue for confirm-
ing the presence of heparin. Heparin contains negative
charges located close to each other, so that the tolui-
dine blue molecules can polymerize and emit a longer
wavelength. The heparin-containing sponges stained
metachromatic while collagen sponges without heparin
stained orthochromatophilic (Figure 1B).

The FTIR spectra were obtained from crosslinked col-
lagen with or without heparin, non-crosslinked collagen,
and heparin per se. In the non-crosslinked collagen spec-
trum, absorption of carboxyl and amine-free groups were
clearly observed centered around 3300 cm-1. Also, symmet-
ric stretching vibrations of the COO- groups were shown at
1403 cm-1. The absorptions of carboxyl and amine groups
were widened after crosslinking. This phenomenon occurs
due to the formation of hydrogen binding. In addition,
the intensity of amide I peak near 1650 cm-1, namely C =
O stretching vibrations, increased slightly after crosslink-
ing. These alterations in the FTIR spectra of the samples
indicate the successful crosslinking procedure. Looking at
heparin and heparin-collagen spectra, carboxyl and amine
bonds had lower intensities compared to collagen sample.
Peaks around 3400 cm-1 in heparinized-collagen indicate
N-H and O-H stretching vibrations. The increase in N-H
bending vibration close to 1540 cm-1 is called the amide II
band (Figure 1C).

The SEM micrographs showed that both heparinized
and non-heparinized sponges contained interconnected
pores and the presence of heparin did not change the
porosity of sponges. The image J software analysis showed
that the percentages of surface porosity were 63.66%
± 5.46% for heparinized and 66.83% ± 3.66% for non-
heparinized scaffolds, without any significant between-
group difference. The mean value of the pore surface area
was 1 375± 774.97µm2 for heparinized and 387.38± 352.48

4 Hepat Mon. 2017; 17(2):e40599.
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Figure 1. A sample of the fabricated sponge (A); toluidine blue staining, the purple color indicates the presence of heparin. Non-heparinized sponge stained blue (B); FTIR of
heparin (blue), the crosslinked heparinized collagen sponge (orange), non-heparinized collagen sponges (gray) and non-crosslinked collagen sponges (yellow); the spectra
of crosslinked heparinized collagen indicated that crosslinking had occurred (C).

µm2 for non-heparinized scaffolds. The coherence index
showed randomly orientated fibers in both scaffolds. The
orientation and coherency were 14.66° and 0.118 in non-
heparinized and 19.43° and 0.061 in heparinized scaffolds,
respectively (Figure 2D and E).

4.3. Cell Viability and Morphology

The cell viability assay showed that heparin sponges
had lower viability and metabolism compared with colla-
gen non-heparinized sponge 3 days after culture. However,
by extending the culture intervals, the metabolism of the
cells increase in the presence of heparin. The best hep-
arin concentration for long-term culture was 0.25 mg/mL
which had a higher viability compared to all other groups,
even after 14 days of culture. 1 mg/mL of heparin ap-
peared to induce toxicities and therefore led to extensive
cell death. In general, compared to the results obtained
using collagen sponges, adding 0.25 mg/mL of heparin
did not change the cell viability and metabolism consid-
erably (Figure 3). With regard to these considerations, the

sponges with 0.25 mg/mL heparin were selected for further
assessments.

The cell morphology and distribution within the con-
structs were evaluated using SEM images. Hoechst and H
and E staining of the cells seeded sponges. The cells with
numerous processes were detected in SEM images (Figure
2A). Hoechst and H&E staining indicated that most of the
cells were concentrated close to the collagen fibers in both
heparinized and non-heparinized sponges (Figure 2B and
C).

4.4. Cell Differentiation Analysis

Cells cultured in both heparinized and non-
heparinized sponges in the presence of hepatogenic
medium showed the expression of albumin, cytokeratin
18 and 19 and alpha-fetoprotein (Figure 4). Quantification
of the reaction intensity by Image J showed a significantly
higher intense staining for albumin, cytokeratin 19 and
18 and alpha-fetoprotein in the cells treated with hepato-
genic medium and cultured within heparinized scaffolds
(P = 0.001, 0.029, 0.001, and 0.001, respectively) (Figure 4).
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Figure 2. The Morphology of the Cells Cultured in Heparinized Sponges

SEM image shows the cell (arrow) expand on the scaffold (A); light microscopy of the section stained with H&E shows most of the cells (arrow) are located at the periphery of
pores and attached to collagen fibers (B); hoechst stained cell nucleus (arrow) shows the distribution of the cells (C); scanning electron microscopy shows the porosity and
fiber orientation of non-heparinized (D) and heparinized sponges (E).

The frequencies of the cells reacting with anti-cytokeratin
19 and albumin antibodies were significantly higher in
cultures on the heparinized sponges (P = 0.001 and 0.018,
respectively). However, the statistical analysis revealed
that the percentage of cytokeratin 18 and alpha-fetoprotein
reacting cells did not change in the presence of heparin
in the sponges (Figure 4). The data from indocyanine
green analysis showed cell cultures on both heparinized
and non-heparinized cultures could be functional and
the cells on heparinized sponges showed non-significant
higher releasing amounts of the dye. However, the level of
uptake and release of the dye was significantly less than
that of positive control and significantly higher than that
of negative control (Figure 5).

PCR showed that the cells cultured within heparinized
sponges expressed a higher level of albumin than those

cultured within non- heparinized sponges.

5. Discussion

Heparin-based biomaterials have been used in surro-
gate organs including cartilage (26), vessels (27), heart
valves (28), and liver (17). Heparin has angiogenic prop-
erties once used in 3D sponges in the presence of growth
factor (29). This bioactive material also helps immobi-
lize the growth factors, and thus improves cell viability in
vitro (30). More specifically for primary hepatocytes, in
vitro cellular attachment, morphology, and function are
improved by culturing on heparin/collagen I-coated cul-
ture dishes (17). Albumin production by primary hepa-
tocytes has been reported to increase in the presence of
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Figure 3. The Comparison of MTT Test Results Between the Cells Cultured in Heparinized with Various Concentrations and Non-Heparinized Sponges after 3, 7, and 14 Days
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heparin (17). On the other hand, negative charges of hep-
arin molecules have been suggested to inhibit cell pro-
liferation (31). Therefore, here we first tried to find the
right concentration of heparin that enhances the viability
and metabolism of cells rather than inhibit their growth.
Our data demonstrated an increase in cell viability, prolif-
eration, and metabolism when WJ-MSCs were cultured in
collagen scaffolds containing 0.25 mg/mL of heparin after
14 days compared to collagen non-heparinized 3D culture
condition. However, the cell viability on heparinized (0.25
mg/mL) or non-heparinized sponges did not show a sig-
nificant change compared to the control cultures after 3
days. Therefore, heparin, in 0.25 mg/mL heparinized colla-
gen sponge, had not any short-term promotive effect once
used more than 7 days in culture. Literature also showed
the cell growth inhibitory effect of immobilized heparin
on electrospun polycaprolacton/gelatin scaffold (32). Be-
sides, short-term cultures revealed 3D culture system had a
beneficial effect on cell viability regardless of the presence
of heparin.

Heparin has been previously shown to influence the
MSC proliferation, phenotype, and biological properties
(33). Modification in biological properties may affect
the differentiation capability of MSCs. The current study
showed that culturing MSCs in heparinized 3D scaffold at

the presence of hepatogenic media led to an increase in the
frequency of albumin- and cytokeratin 19-positive cells and
also a rise in the intensity of the reaction for all tested liver-
specific markers. Heparinized collagen sponges have been
detected to improve hepatocyte functions (20). Indocya-
nine green clearance test showed MSC-derived hepatocyte
functions also are promoted in heparin/collagen sponges,
as well.

Biomimicry improves the hepatocyte function in the
organoid liver tissue. Heparin is one of the contents of
Disse space and heparinized biomaterials imitate in vivo
hepatocytes niche (34). Heparinized biomaterials have
been shown to conduct primary hepatocyte phenotype
and functional preservation (35). Heparin immobilizes
the growth factors and modulates the cell access to the
growth factors such as HGF (16). Coating of culture plates
with crosslinked collagen IV/heparin has been reported to
improve the hepatocyte differentiation capacity of bone-
marrow-derived MSCs (36). Heparin treatment of decel-
lularized scaffolds also improved the injected hepatocyte
cell line, HepG2, and functionality after recellularization
(37). The data showed that heparinized sponges could im-
prove the WJ-MSC differentiation efficacy toward hepato-
cytes with higher functionality.

Glycosaminoglycans have been shown to increase
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Figure 4. The Immunostaining of the Cells with Anti-Alpha Fetoprotein (AFP), Cytokeratin-18 (CK18), Cytokeratin-19 (CK19) and Albumin (ALB) Antibodies

The graphs at the middle are to compare the intensity of the cell reactions with the antibodies. The cells cultured in heparinized/collagen sponges stained more intense
compared to non-heparinized/collagen sponges. The graphs at the right show the frequencies of positive cells to antibodies.

the endothelial outgrowth by interacting with heparin-
binding growth factors (38). This provides a great oppor-
tunity for heparinized/collagen-3D sponges to be served
as a good vehicle for cell therapy as well as for promot-
ing angiogenesis. Heparin incorporated in gelatin scaf-
fold has resulted in the enhanced endothelial cells migra-
tion (39). SEM images showed that both heparinized and
non-heparinized sponges had an optimal porosity for cell
growth; however, the mean value of the pore size of hep-
arinized sponges was more than that in non-heparinized
ones which might consequently protect better angiogen-
esis after transplantation and better nutrient and waste
product exchange for in vitro hepatocyte toxicological and
pharmacological experiments. The average pore size with
a diameter of 40 - 70 µm has been suggested to be appro-
priate for hepatocyte migration into the sponges and their
functionality (40). Cell attachment and reduction in cell

aggregation have been found to be affected by the pore size
of the scaffolds (39). Our results showed the mean values of
the pore size in the heparinized sponges were more than
that of non-heparinized one. Porous integrity was demon-
strated to be preserved by GAG (41). This range of the pore
size is appropriate for hepatogenesis.

The research showed that physiochemical features of
collagen I/ heparin sulfate sponges were appropriate for
the cartilage (42). We also found that it is a good means for
hepatocyte differentiation.

The hepatocytes lose their functions and phenotype
when they are isolated from the natural niche (8, 9). Many
in vitro models have been introduced to improve the hep-
atocyte activities and morphology (43). Such a model tries
to imitate the in vivo niche complexities (44). The col-
lagen/heparin scaffold can be introduced to be used in
drug discovery and toxicological assessments as the data
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Figure 5. Indocyanine Green Uptake and Release Indicates the Functionality of the
Differentiated Hepatocytes
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The cells differentiated into hepatocytes on the heparinized/collagen sponges. WJ-
MSCs were used as negative control and HepG2 cell line was used as positive
control. Eliminated more dye molecules compared to those cultured in non-
heparinized/collagen sponges. * Significant difference with the control groups (P
< 0.05); + significant difference with positive control (P < 0.05)

showed that it improved the stem cell-derived hepatocyte
functionality.

5.1. Conclusion
Since heparin sequestrates the growth factors and

protects them against degradation, its immobilization
to biomaterials is beneficial for tissue engineering ap-
proaches. Besides, heparin provides an environment with
closer similarities with natural hepatocyte niche. The stem
cells differentiated into more functional hepatocytes in
the heparinized scaffolds and therefore, it might be sug-
gested as an appropriate engineered tissue for teratolog-
ical researches, drug discovery, and use in regenerative
medicine.
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