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Abstract Both mature and stem cell-derived hepatocytes lost their phenotype and functionality under conventional culture
conditions. However, the 3D scaffolds containing the main extracellular matrix constitutions, such as heparin, may provide
appropriate microenvironment for hepatocytes to be functional. The current study aimed to investigate the efficacy of the
differentiation capability of hepatocytes derived from human Wharton’s jelly mesenchymal stem cells (WJ-MSCs) in 3D
heparinized scaffold. In this case, the human WJ-MSCs were cultured on the heparinized and non-heparinized 2D collagen
gels or within 3D scaffolds in the presence of hepatogenic medium. Immunostaining was performed for anti-alpha
fetoprotein, cytokeratin-18 and -19 antibodies. RT-PCR was performed for detection of hepatic nuclear factor-4 (HNF-4),
albumin, cytokeratin-18 and -19, glucose-6-phosphatase (G6P), c-met and Cyp2B. The results indicated that hepatogenic
media induced the cells to express early liver-specific markers including HNF4, albumin, cytokeratin-18 and 19 in all
conditions. The cells cultured on both heparinized culture conditions expressed late liver-specific markers such as G6P and
Cyp2B as well. Besides, the hepatocytes differentiated in 3D heparinized scaffolds stored more glycogen that indicated
they were more functional. Non-heparinized 2D gel was the superior condition for cholangiocyte differentiation as
indicated by higher levels of cytokeratin 19 expression. In conclusion, the heparinized 3D scaffolds provided a
microenvironment to mimic Disse space. Therefore, 3D heparinized collagen scaffold can be suggested as a good vehicle
for hepatocyte differentiation.
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Hepatocytes form bilaminar palates with canalicular and
sinusoidal surfaces. The sinusoidal surface of the hepato-
cytes is separated from the endothelial cells by a narrow
space called Disse space [2]. Sinusoidal spaces lack typical
basement membrane, but it contains fibronectin, discontin-
uous layer of collagen type III, continuous network of col-
lagen type I [1], and also heparan sulfate [3]. Viability of the
hepatocytes is reduced by modification in Disse space con-
stituents. Disse space contents have been demonstrated to
prevent the hepatocyte dedifferentiation [4].

Isolated adult primary hepatocytes lose their function
and differentiation state when they are grown in 2D con-
ventional culture condition. Hepatosphere formation has
been exhibited to keep the adult hepatocyte functions better
than their culturing in 2D environment [5]. Gene expres-
sion pattern and metabolic activity of a hepatocyte cell line
cultured in 3D condition have shown an increase in albu-
min expression and a reduction in bile duct marker
expression compared with 2D environment [6]. The hep-
atogenic capability of the human mesenchymal stem cells
(MSC) also improved by pre-formation of cell base
aggregate [7]. 3D culture also improved the expression of
hepatic nuclear factor-4, the key regulator of hepatocyte
differentiation, in hepatocytes-like cells derived from
human Wharton’s jelly MSCs (WJ-MSC) [8]. This evi-
dence revealed that 3D culture can prevent the hepatocyte
function loss and improve the hepatocyte differentiation
efficiency.

Collagen type I, as a prominent part of Disse space [1],
can be used to mimic the naive hepatocyte niche. Collagen
base scaffold has been demonstrated to improve the adult
hepatocyte functions [9]. Well-developed bile canaliculi
were found to form between primary hepatocytes cultured
within collagen sandwich [10]. The culture conditions, 3D
versus 2D, also modified the expression of liver-specific
markers [11]. Disse space also contains glycosaminoglay-
cans such as heparan sulfate that influence hepatocyte
functions [3]. Heparin and heparan sulfate reduced cell
death in the hepatocyte cell line [12]. Increase in liver-
specific marker expression in the primary hepatocytes
cultured on heparin hydrogel [13] suggested heparin con-
taining hydrogels as an appropriate niche for stem cell
development toward hepatogenic linage.

WIJ-MSCs are obtained from medical waste products
that can be considered as a good, non-invasive source of
stem cells for therapeutic purposes without any ethical
concern. WJ-MSCs have a high proliferation rate and
express a low level of hepatocyte-specific factors [11].
Therefore, these stem cells can be used for hepatocyte
differentiation. This study was designated to find the effi-
ciency of 3D collagen/heparin scaffold and 2D gel for WJ-
MSC differentiation toward hepatocyte cell lineage.
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2 Materials and methods
2.1 Collagen scaffold and gel preparation

The stock containing 3 mg/mL of rat tail collage type I
(Gibco, UK) was gently diluted 1:8 with 10x o-minimal
essential medium (o-MEM, Gibco, UK) on ice. Then,
125 pL of 10x reconstitution buffer containing 2.2%
NaHCO; and 200 mM HEPES was added to the collagen
solution. Changing the color into red indicated the neu-
tralized solution. The solution was centrifuged at 10,000
RPM for 3 min at 4 °C to release the air bubbles. The final
concentration of 1 mg/mL of the reconstituted collagen
was prepared by adding 540 pL of 1x o-MEM to 460 uL
of the solution. For gelation, a based layer (200 pL/well) of
the reconstituted collagen was added to each well of a 24
well plate and incubated at 37 °C for 1 h.

Heparin was crosslinked to the collagen by adding
50 mM 2-(N-morpholino) ethanesulfonic acid buffer
(MES, Sigma, USA) with dilution of 3:7 in 70% ethanol at
pH 5. 5 mM 1-Ethyl-3-[3-dimethylaminopropyl] carbodi-
imide hydrochloride (EDC, Sigma, USA) and 2 mM N-
hydroxysulfosuccinimide (NHS, Sigma, USA) were pre-
pared freshly in MES/Ethanol solution. To activate the
carboxyl group, we added the crosslink solution to
0.25 mg/mL of heparin (Hepalink, China) for 30 min, and
then, the mixture was added to the collagen at 4 °C for
24 h. The crosslink solution was then removed and the
collagen gel was washed with distilled water for several
times and then sterilized by 70% ethanol. The collagen gel
was then exposed to medium containing 1% gentamycin
(Gibco, UK) for 24 h before use in cell culture.

The 3D scaffold was prepared by mixing 10 mg/mL of
rat tail collagen in 1% acetic acid. Then, 1 mL of the
collagen solution was added to each well of a 24 well plate
and lyophilized by freeze dryer (Christ, Alpha 1-2 LD,
Germany) overnight. Heparin was cross-linked to the col-
lagen scaffolds by the same procedure performed for 2D
gels. To prepare the scaffold for culturing the cells, we
exposed it to the culture medium for 24 h at 37 °C [14].
The non-heparinized control scaffolds and gels were pre-
pared in the same way but without any heparin.

The presence of heparin in collagen scaffolds and gels
was shown by adding 0.0005% toluidine blue in 0.001 N
hydrochloric acid with 0.02% (w/v) sodium chloride for
1 min [15].

To quantify the heparin crosslinking, safranin O was
used as a metachromatic dye. After crosslinking, 30 pL of
the supernatant solution was removed and added to 240 pL
of 0.04 mg/mL safranin O in 50 mM sodium acetate buffer
at pH 7.4. The optical density was evaluated at 510 nm
[16] to measure the amount of the uncrosslinked heparin
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molecules remaining free within the supernatant solution.
Optical density correlated with the amount of gly-
cosaminoglycan on the solution [17].

2.2 Cell isolation and characterization

Wharton’s jelly-derived mesenchymal stem cells were
obtained from umbilical cord blood at cesarean section
delivery. The parents’ gave their informed consent and
the umbilical cords were transported to the lab on ice.
The umbilical cords were flashed by phosphate buffer
saline (PBS) through the umbilical vein. The vein was
cut longitudinally and the endothelial cells were scrat-
ched, the umbilical arteries were removed and the rest
was cut into small pieces. The pieces were placed in
culture dish and o-MEM containing 10% Fetal Bovine
Serum (FBS, Gibco, UK), 1% L-glutamine (Bioidea,
Iran) and 1% penicillin/streptomycin (Gibco, UK) was
added; then, the explants were incubated at 37 °C and
5% CO, for 8-10 days. Upon confluency, the cells were
passaged.

To characterize the cells, we harvested and cen-
trifuged them at 1200 RPM for 5 min. The cell palate
was suspended and aliquoted to 10° cell/mL. They were
washed with PBS and permeabilized with PBS contain-
ing 1% tween 20 (Sigma, USA) and 1% Bovine Fetal
Albumin (BSA). FITC-conjugated anti-CD90, CD44,
CD144, PE-conjugated anti-CD34, CD106, CD73 and
PerCP-conjugated anti-CD105 antibodies (all from
Abcam, UK, Cambrige) were added to the cell aliquots
for 30 min. The cells were washed and fixed by 4%
paraformaldehyde. The corresponding isotype controls
were used to omit the background staining. The cells
were resuspended in PBS and the frequencies of the
stained cells were evaluated by flow cytometer (BD
FACSCalibur™, BD Biosciences). The data were ana-
lyzed by FlowlJo software.

The pluripotecy was checked by treating the cells with
osteogenic medium (MACS, Germany) for 3 weeks and
adipogenic medium (Technologies, Inc., Canada) for
4 weeks. The differentiated osteoblasts and adipocytes
were then stained by alizarin red S and oil red O,
respectively.

To evaluate the cell viability and proliferation rate, we
performed MTT assay. The WJ-MSCs were seeded on the
heparinized and non-heparinized gels, and also on the
culture dishes at a density of 3000 cell/each well of a 24
well plate. After 3, 7 and 14 days, the culture media were
replaced with 1 mg/mL (4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) at 37 °C, 5% CO, for
3 h. Then the MTT replaced with Dimethyl sulfoxide and
the optical density of the eluted MTT was evaluated at
595 nm.

2.3 Hepatocyte differentiation protocol

The cells were seeded on both 3D collagen scaffolds and
2D collagen gels with or without heparin at a density of
4 x 10° and 2 x 10* per mL; respectively. All cultures
were treated with hepatogenic media constituting of low
glucose Dulbecco’s minimum essential medium supple-
mented with 10% FBS, 20 ng/mL insulin-like growth
factor 1 (IGF-1, Peprotech, UK), 20 ng/mL hepatocyte
growth factor (HGF, Peprotech, UK), 100 nM dexam-
ethasone (Sigma, USA), 100U/mL penicillin and 100 mg/
mL streptomycin for 7 days. Thereafter, 10 ng/mL onco-
statin M (Peprotech, UK) was added to the culture media
for additional 2 weeks to induce hepatocyte maturation.

2.4 Immunostaining

The differentiated cells in the 3D scaffolds were fixed with
buffer formalin, dehydrated in gradually increased ethanol,
cleared in xylene and embedded in paraffin. The samples
were sectioned at 5 um thickness. 2D gels were fixed with
paraformaldehyde.

The differentiated cells on the 2D gels, along with
paraffin-embedded sections of 3D scaffolds were washed
with PBS. Endogenous enzymes were blocked by 1% H,O,
in methanol. The non-specific binding sites were blocked
by PBS containing 10% goat serum. The specimens were
incubated in anti-alpha-fetoprotein (AFP), -cytokeratin 18
(CK18) (ready to used) and 19 (CK19) (at a dilution of
1:200) primary antibodies (all from DAKO, Denmark) for
45 min. The specimens were treated with super enhancer
envision for 15 min and then exposed to polymer HRP
label for 30 min. The color was developed by adding 3,3'-
diaminobenzidine containing H,O, for 3 min. Finally, the
samples were counterstained with hematoxylin.

2.5 Periodic acid-Schiff staining

The glycogen storage in differentiated cells on the 2D gels
and in the sections prepared from 3D scaffolds was eval-
uated by Periodic Acid Schiff (PAS) staining. The cells on
2D gels were fixed by 4% paraformaldehyde and along
with the rehydrated sections from 3D scaffolds, exposed to
0.5% periodic acid for 5 min to form aldehyde groups. The
cells and sections were then incubated in Schiff reagent for
15 min to stain aldehyde groups. The sections were coun-
terstained with hematoxylin.

2.6 Reverse transcription-polymerase chain
reaction (RT-PCR)

The harvested cells were spun down at 110 g for 5 min.
The cell palate was resuspended in 1 mL Biozol (Bioflux)
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and the total RNA was isolated by chloroform and pre-
cipitated by cold isopropanol. The precipitated RNA was
centrifuged at 12,000g for 5 min at 4 °C and then washed
with ethanol, air dried and resuspended in DEPC-water.
The RNA/protein ratio was evaluated by the assessment of
the absorbency at 260/280 nm.

cDNA was synthesized by cDNA synthesis kit (Fermen-
tas, USA) according to the company’s instructions; followed
by incubating the mixture at 70 °C for 5 min, 25 °C for
5 min and 42 °C for 60 min. PCR was performed using
cDNA template and the corresponding primers (Table 1).
The initial denaturation was performed at 94 °C for 5 min
followed by denaturation at 94 °C for 10 s. The annealing
was carried out at temperatures as referred to Table 1 for45 s
followed by 1 min extension at 72 °C and 10 min final
extension at the same temperature. The cycles for all genes
were 35. The PCR products were run on 2% agar gels and
visualized using a UV transilluminator (Uvidoc, Cambridge,
UK). HepG2 cell line (Pasteur Institute, Tehran, Iran) and
undifferentiated WJ-MSCs were used as positive and nega-
tive control, respectively. The DNA bonds were semi-
quantified by syngene software (version 3.06, UK).

3 Results
3.1 Scaffold features

The 3D scaffolds formed a highly porous discoid structure
while 2D gels formed a white opaque construct. The

Table 1 The primer sequences used for RT-PCR

presence of heparin in the gels and scaffolds was confirmed
by toluidine blue test. The heparinized gels and scaffolds
were stained metachromatic while non-heparinized one
was stained orthochromatic (Fig. 1). Safranin O reactions
with the supernatant solutions from crosslinked and non-
crosslinked heparin containing scaffolds confirmed the
occurrence of the crosslinking (Fig. 2). The cells could
attach to the surface of both 2D gel and 3D scaffold, and
the cell migration to the deep on the 2D gel was very
limited.

The MTT assay showed that the cell viability was the
same for all culture conditions after 3 days. However; for
long term, the cells on heparinized and non-heparinized
culture conditions showed a significant lower proliferation
rate than control cells (p = 0.001 for both 7 and 14 days).
The cells on heparinized gels also proliferated and pro-
duced a significant higher number of viable cells up to day
14 (p = 0.005) (Fig. 3).

3.2 Cell morphology and characterization

WI-MSCs showed a fibroblast-like phenotype with many
slender processes in 2D cultures. The paraffin-embedded
sections were used to observe cell phenotype and location
within 3D cultures. It was found that the cells were mostly
located close to the thick collagen fibers and attached to
them while the middle parts of the pores usually lacked the
cells. The isolated cells can be considered as MSCs due to
the expression of a high level of CD90 (85.7%), CD73
(95.9%), CD44 (95.6%) and, a moderate level of CD106

Primer Sequence Annealing temperature (°C) Product size (bp)

ALB F 5ACAGAGACTCAAGTGTGCCAGT-3' 60 198
R 5'-GCAAGGTCCGCCCTGTCATC-3'

CK-18 5'-AAATCCGGGAGCACTTGGAG-3' 60 132
5'-CAATCTGCAGAACGATGCGG-3'

CK-19 F 5"-ACTACACGACCATCCAGGAC-3' 60 126
R 5'-CCGTCTCAAACTTGGTTCGGA-3

CYP2B6 F 5'-TTCTTCCGGGGATATGGTGT-3' 55 91
R 5'-TCCCGAAGTCCCTCATAGTG-3'

G-6-P F 5'-CGACGAAGCGCAGACAG-3' 60 113
R 5'-GTATCCGACTGATGGAAGGC-3'

HNF4 F 5'-AAGAAATGCTTCCGGGCTGG-3' 60 156
R 5'-GACGGGGGAGGTGATCTGTC-3'

C met F 5TAGGAAGAGGGCATTTTGGTTGTG-3’ 60 174
R 5-GCGAGAGGACATTGGGATGACTA-3'

GAPDH F 5-CTCTCTGCTCCTCCTGTTCG-3' 60 114

R 5'-ACGACCAAATCCGTTGACTC-3'

Italic letters indicate the sequences of primers

@ Springer
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Fig. 1 The gross structure of
the gel and scaffold. The
heparin immobilization was
shown by toluidine blue
staining. The heparinized gel
A and scaffold B were stained
purple (metachromatic) while
the non-heparinized one stained
blue (orthochromatic). The
gross structure of the
lyophilized scaffolds was also
shown C
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Fig. 2 The supernatant solution was assessed by safranin O after the significant lower optical density than the experiment samples.
crosslinking processes. A safranin O is red (left) and after adding This indicated the presence of a less amount of heparin in the
heparin, it turns to yellow (right) due to metachromatic property of the supernatant solution and as a result, crosslinking of heparin with the
dye in the presence of heparin. B The optical density of the control scaffold. * Significant difference with control (p < 0.05). (Color
(non-crosslinked scaffold with the same heparin concentration) had figure online)

(31%) and CDI105 (66.1%). The expression of CD34, cytokeratin 18 and 19 (Fig. 5) that indicated the differen-
hematopoietic cell marker (0.816%), and CDI144, tiation of the cells into hepatocyte-like cells; however,
endothelial marker (0.924%) was negligible (Fig. 4A). The some undifferentiated cells could be found in all culture
isolated cell also showed differentiation potential toward  conditions.

osteoblast and adipocytes as indicated by alizarin red S and RT-PCR revealed that the cells cultured in all conditions
oil red O staining, respectively (Fig. 4B, C). expressed a significant higher amount of HNF4, as a key

regulator of hepatogenic fate, in the presence of hepato-
3.3 Hepatogenic differentiation genic medium compared with negative control (undiffer-

entiated WI-MSC); however, those cultured within
The cells cultured on the surface of collagen gels and  heparinized 3D scaffolds expressed HNF4 as high as pos-
sections from the cells within the 3D collagen scaffolds itive control (HepG2 cell line). Although, the cells grown
were prepared for immunocytochemistry and immunohis-  in all conditions expressed G6P, the highest level was
tochemistry. In the presence of hepatogenic medium, the  expressed by the cells cultured in both heparinized envi-
cells on both heparinized and non-heparinized 2D collagen ~ ronments. The highest level of CK 18 and albumin
gels and 3D scaffolds expressed alpha-fetoprotein,  expression belonged to the cells differentiated within 3D
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Fig. 3 MTT test showed the 39
cells cultured on heparinized,

non-heparinized gels and

culture dishes were viable and 254
the various culture conditions
had no significant effect on the
number of viable cells. The cells
also could proliferate in all
conditions. However, in long
term, the proliferation rate in
conventional culture condition
was higher than on the gels.

* Significant difference with
control cultured for 14 days 14
(p < 0.05); ¥ Significant
difference with control cultured
for 7 days (p < 0.05); 0.5 1
§ Significant difference with
control cultured for 14 days
(p < 0.05); £ Significant g
difference with cells cultured on

Optical Density
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Fig. 4 The flow cytometry showed that the frequencies of the
Wharton’s jelly mesenchymal stem cells that expressed CD90, CD73
and CD44 were high, the frequencies of the cells expressed CD106

heparinized scaffolds. The naive WJ-MSCs also expressed
a low amount of albumin. The data showed that the
expression of the c-met and Cyp-2B were improved in the
presence of heparin. The RT-PCR showed that heparin was
important for expression of these two genes. While both
heparinized conditions induced the cells to express c-met

@ Springer

and CD109 were moderate and those expressing CD34 and CD144
was very low A. Wharton’s jelly mesenchymal stem cells also showed
the differentiation potential toward adipocytes B and osteocytes C

and Cyp-2B, the 3D condition was more appropriate for
hepatogenic differentiation compared with 2D. Non-hep-
arinized 2D gels provided a more efficient condition for
expression of cytokeratin19 (Fig. 6). At a glance, the RT-
PCR showed that the cells grown within heparinized col-
lagen 3D scaffolds expressed a higher level of the
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Heparinized
3D scaffolds

»

3D scaffolds

Fig. 5 Immunohistochemistry and cytochemisrty of the cells cultured
in 3D scaffolds and 2D gels in heparinized and non-heparinized
conditions for alpha-fetoprotein (AFP, at the fop), cytokeratin 18
(CL18, at the middle) and cytokeratin 19 (CK19, at the bottom). The

hepatocyte-specific markers than those cultured in non-
heparinized 3D scaffolds or heparinized and non-hep-
arinized 2D gels. Also, regardless of the dimensions of
culture condition, heparin provided a better condition for
hepatocyte differentiation.

3.4 Functional tests

Both heparinized and non-heparinized conditions led to
differentiation of the cells with the ability to store glycogen
after exposure to hepatogenic media as indicated by PAS
staining; however, the cells cultured within heparinized 3D
conditions stained more intensely with PAS staining
method (Fig. 7).

4 Discussion

Designating a simulated scaffold is a necessary issue for
creating liver surrogate and functional engineered construct
to be used in regenerative approaches or toxicology tests.
Heparinized collagen scaffold can mimic the natural
environment of the hepatocytes that is an essential element
in maintaining the hepatocyte functions [12, 13]. An
improvement in hepatocyte viability and angiogenesis was
reported by culturing the primary hepatocytes in

Non-heparinized

Heparinized
2D gels

2

Non-heparinized

00UM

cytoplasm of the differentiated cells was stained brown and the nuclei
of undifferentiated cells stained with hematoxylin but the cytoplasm
remained unstained. The arrows point collagen fibers in the scaffolds

heparinized collagen gel within polyurethane foam [18].
Besides, heparin has been shown to improve the biocom-
patibility of the decellularized scaffolds and hepatocyte
viability [19]. The results of the current study showed that
both heparinized culture conditions accelerated the differ-
entiation processes of the WJ-MSCs toward hepatocytes as
well.

The hepatocyte phenotype can be influenced by the
stiffness of the heparinized gels. Softer heparin gel has
been shown to provide better niche for the hepatocytes to
be functional [20], which may be due to recapitulating
Disse space. Micro-molding printing technique provided a
3D environment for the hepatocytes. Micro-molding and
micro-contact printing techniques were previously used to
construct a collagen/heparin niche for primary hepatocyte
culture and the results indicated that the existence of
heparin in both floor and wall of each well improved the
hepatocyte functions including albumin production [21].
These reports demonstrated the beneficial effects of both
heparin and 3D environment in improvement of primary
hepatocyte functions [21]. Our data also showed a higher
expression pattern of liver-specific markers by WJ-MSC-
derived hepatocytes in the presence of heparin and in 3D
condition.

The previous report also demonstrated the effects of
various heparin concentrations on adipose-derived MSC
behaviors such as their stemness, proliferation and
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Albumin

Pos con (HepG2)
Neg Con (WJ-MSC)

3D Hep+
3D Hep-
2D Hep+
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CK18
CK19

-
2 1
8
<

c-met
Go6P
Cyp2B

HNF4
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Fig. 6 RT-PCR shows the liver—specific marker expression by the
cells in various conditions. The best microenvironment for cells to
express liver specific markers was 3D heparinized condition. Semi-
quantifications of the RT-PCR products of each liver-specific marker
were depicted in the graphs. HepG2 cell line was used as positive
control and undifferentiated Wharton’s jelly mesenchymal stem cells
were used as negative control. * Significant difference with non-
heparinized scaffold, gel, heparinized gel and negative control
(undifferentiated WJ-MSCs) (p < 0.05); B Significant difference
with both negative (undifferentiated WJ-MSCs) and positive controls

differentiation capability toward osteoblasts, adipocytes
[22] and chondrocytes [23]. The results of the present study
showed that heparinized 3D scaffolds were appropriate for
hepatocyte differentiation as well. Among liver-specific
markers, HNF4 plays a pivotal role in hepatoblast devel-
opment [24]. Although, the cells cultured on all conditions
could express HNF4 in the presence of hepatogenic med-
ium, only those cultured on 3D heparinized scaffolds could
express both early and late liver-specific markers. In con-
trast, traditional 2D condition mainly induced the expres-
sion of the early liver-markers even in the presence of
heparin.

The data also showed that some hepatocyte functions
such as albumin and G6P production or glycogen storage
were influenced by heparin presentation. The enzymatic
digestion of heparin in the extracellular matrix of the liver
has been reported to reduce G6P production in adult hep-
atocytes [25]. This evidence along with our data indicated
the beneficial role of heparin in the niche of the differen-
tiating stem cells toward hepatogenic fate. Besides, non-
heparinized 2D gel might induce the cells to the cholan-
giocytes rather than hepatocytes as indicated by higher
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(HepG2 cells) (p < 0.05); & Significant difference with non-
heparinized gel (p < 0.05); 7y Significant difference with non-
heparinized scaffold, gel, negative (undifferentiated WJ-MSCs) and
positive controls (HepG2 cells) (p < 0.05); € Significant difference
with non-heparinized scaffold, gel and negative control (undifferen-
tiated WJ-MSCs) (p < 0.05); ¥ Significant difference with non-
heparinized gel, negative (undifferentiated WJ-MSCs) and positive
controls (HepG2 cells) (p < 0.05); £ Significant difference with non-
heparinized gel and negative control (undifferentiated WJ-MSCs)
(p < 0.05)

levels of CK-19 expression in this condition. Cytokeratin
19 can be considered as cholangiocyte and hepatoblast
markers [21], but not mature hepatocytes [26].

The molecular structure of heparin is responsible for the
effects that it exerts on cell phenotype and behaviors. The
negative charges on the molecule make it hydrophilic.
Hydrophilic nature of heparin containing scaffolds made
them a good matrix for cell attachment [27], but its nega-
tive charges limited the cell proliferation [28]. In contrast,
heparin can sequestrate the growth factors and cytokines
and in this way, it influences the cell proliferation and
differentiation [29]. Our MTT data showed that cells were
viable in heparinized condition and could proliferate as the
time progressed. Besides, glycosaminoglycans such as
heparin amplify the local signals from the neighboring cells
and as a consequence, they influence the cell behavior
within the matrix [30]. Both heparinized 3D scaffold and
2D gel improved the differentiation capability of WIJ-
MSCs toward hepatocytes with the ability to express late
liver-markers compared with non-heparinized counterparts;
however, heparinized 3D scaffold was the superior choice.
This may be due to the growth factor entrapment by
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2D

Heparin +

Heparin -

Fig. 7 PAS staining showed all cells exposed to hepatogenic media
were stored glycogen. The best condition for glycogen storage was
heparinized 3D condition

heparin contents [29]. Hepatogenic medium contained
growth factors such as HGF and IGF that can bind to
heparin [31] and modify the differentiation capability of
stem cells toward hepatogenic cell lineages.

The impact of heparin in sequestration of growth factors
such as HGF on adult hepatocytes was compared in 2D and
3D culture conditions and it has been shown that albumin
synthesis was two folds higher in the hepatocytes differ-
entiated within 3D gels [32]. The data of the present study
also confirmed a two fold increase in albumin gene
expression when WJ-MSCs were cultured in heparinized
3D culture condition compared with the same condition in
heparinized 2D gels. Administration of 10 pL heparin has
also been shown to lead to two times increase in c-met
expression in the hepatocyte cell line through a HGF
independent pathway [33]. Our data confirmed that the
presence of heparin in culture media was necessary for
c-met expression. HNF expression was also shown to
increase in 3D compared with 2D culture conditions [8]
and our results also confirmed the increase in HNF4
expression in 3D heparinized culture conditions. Despite
the presence of HGF in all culture conditions, cells in 3D
culture system produced the highest level of albumin,
c-met and HNF4. This was also true for CK-18 and Cyp-
2B.

In conclusion, although the presence of heparin in col-
lagen constructs improved the hepatocyte differentiation
from WJ-MSCs in both 2 and 3D culture conditions;
heparinized 3D scaffold was the best surrogate niche for
hepatogenesis. Despite the induction of the hepatocyte
differentiation by culturing the stem cells in non-hep-
arinized conditions, the differentiated cells could mostly
express early hepatocyte-specific markers.
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