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ABSTRACT
Wharton’s jelly-derived extracellular matrix (WJ-ECM) has attracted researcher’s attention for its biomed-
ical applications. Previously, we fabricated a biomimetic spongy scaffold from decellularized WJ-ECM
and, in this study, we sought to examine the osteogenic inductive potential of this scaffold and its
underlying mechanism. To address this question, mesenchymal stem cells (MSCs) were isolated from
WJ using a mechanical method and cultured on the scaffold, under dynamic condition, for over
21 days in the presence or absence of osteogenic medium. The status of signalling pathways involved
in the osteogenic differentiation and the expression profile of integrins in the WJ-derived MSCs
(WJ-MSCs) were examined. WJ-MSCs displayed differentiation capacities and expressed surface anti-
gens, characteristics of MSCs. Histologically, WJ-MSCs seeded on the scaffold showed a proper cellular
attachment, penetration and migration. They also exhibited a higher degree of alkaline phosphatase
activity, calcium deposition and osteogenic gene expression, than those cultured in 2D condition. The
expression of Wnt, BMP and TGF-b signalling target genes together with that of a2, av and b1 integ-
rins was increased in WJ-MSCs in both presence and absence of osteogenic induction medium. Taken
together, our results demonstrate that WJ-derived scaffold induces osteogenic differentiation of WJ-
MSCs, possibly through activating integrins and subsequently conventional intracellular signal-
ling pathways.
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Introduction

The development of tissue engineering has made it an attract-
ive method with great repairing potential for tissue defects.
Bone tissue engineering techniques based on autogenously
cell/tissue transplantation would eliminate problems of donor
compatibility, limitation of autograft implantation, pathogen
transfer and immune response of allograft bone transplant-
ation [1]. The bone tissue engineering requires cellular compo-
nents, scaffolds and growth factors. The scaffold provides the
initial extracellular matrix (ECM) required to support the cells
adhesion, proliferation and differentiation [2]. Currently, the
scientific challenges of bone tissue engineering are to develop
suitable three-dimensional (3D) biodegradable and biocompat-
ible scaffolds that easily are fabricated into a variety of shapes
and sizes with desirable mechanical properties and intercon-
necting porosity [3,4].

Currently, Wharton’s jelly-derived extracellular matrix (WJ-
ECM) has attracted researcher’s attention for its biomedical
applications [5–7]. Since, similar to bone, the major matrix
protein in WJ-ECM is type I collagen [8], it could have posi-
tive effects on bone tissue engineering. Moreover, WJ-ECM
also contains significant amounts of hyaluronic acid, GAGs

and various bioactive molecules like, acidic and basic
fibroblast growth factors like (aFGF, bFGF), insulin growth fac-
tor-I (IGF-I), platelet-derived growth factor (PDGF), epidermal
growth factor (EGF), transforming growth factor beta 1
(TGF-b1) and other peptide growth factors [9] which could
enhance osteogenic differentiation.

Recently, we fabricated a new biomimetic spongy scaffold
from decellularized WJ-ECM using freeze-dried technique and
demonstrated that these biocompatible scaffolds are able to
improve cellular attachment, penetration, and proliferation
and accelerate the wound healing process in full thickness
wound healing model [7].

The other important aspect of bone tissue engineering is
choosing an ideal cell source with the high capacity of differ-
entiating into osteoblasts. Mesenchymal stem cells (MSCs)
have been demonstrated as an available source for tissue-
engineering applications due to their multiple differentiation
capabilities to diverse tissues (bone, cartilage, adipose tissue,
muscle, etc.) [10]. Among MSCs sources, WJ-MSCs that are
perinatal stem cells and show an intermediate state between
embryonic stem cells (ESCs) and adult MSCs, reflect ideal can-
didates for bone tissue engineering [11]. Compared to other
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sources of MSCs, WJ-MSCs have some advantages, such as
easy isolation and in vitro expansion, high proliferation rates
and differentiation potential, minimal immune reactivity and
immune modulatory effects [12]. Therefore, the focus of the
current study was to examine the osteogenic differentiation
of WJ-derived mesenchymal stem cells (WJ-MSCs) on
WJ-derived scaffolds under dynamic conditions.

The osteogenic differentiation of MSCs has been shown
to take place in four steps including osteoprogenitor cells,
pre-osteoblasts, osteoblasts and osteocytes that correspond
to the processes of proliferation, maturation, matrix synthe-
sis and matrix mineralization phases, respectively [13]. Each
step or phase was shown to depend on the activity of
multiple signalling pathways, including Wnt, TGF-b and BMP
signalling pathways [14]. There are reports indicating that
Wnt pathway promotes the progression of MSCs from pre-
osteoblasts into more mature osteoblasts [15]. BMP pathway
was shown to promote osteogenic commitment and also
induce terminal osteogenic differentiation in MSC [16] and
TGF-b signalling stimulates proliferation, early differentiation,
and commitment of osteoprogenitors into the osteoblastic
lineage [14].

In bone formation, the ECM plays an important role in
osteoblast differentiation and function. Integrins are involved
in cell-ECM interaction and transmit the signals to cytosol to
activate kinases and signalling pathways including those
involved in osteogenic differentiation [17]. Human MSCs have
been reported to express a1–6, aV and b1, 3 and 4 integrin
[18] which is different between MSCs of various sources [19].
It has been demonstrated that several integrins have import-
ant role in MSCs osteogenic differentiation. The b1 integrin
seems to be important for the differentiation of hMSCs into
osteoblasts and mineralization of matrix [20], a2 integrin is
up-regulated during osteogenic differentiation [21] and the
expression of a2b1 integrin is increased during commitment
of hMSCs towards osteoblast fate [22]. Several studies have
shown that MSCs have the ability to change the integrin
expression profile in 3D matrices compared to 2D beds [23],
highlighting the importance of choosing appropriate ECM for
the cell culture and differentiation.

Having mentioned the importance of cellular signalling
response to the 3D scaffolds, there is no much information
available. Therefore, in addition to examining osteogenic
induction capacity of our newly fabricated biomimetic scaf-
fold, we also investigated the signalling mechanism respon-
sible for osteogenic differentiation of WJ-MSCs cultured on
this scaffold.

Materials and methods

Fabrication of WJ-derived scaffold

WJ-ECM was obtained, decellularized and characterized as
described [7]. For more details, see supplementary data.

WJ-derived stem cells isolation and characterization

UCs were washed in sterile PBS to remove blood cells con-
tamination, and then were cut into 1–2 cm pieces. Umbilical

arteries and vein were removed and WJ explants transferred
to a 50ml tube containing PBS. See supplementary data for
details for WJ-MSCs isolation and osteogenic, chondrogenic
and adipogenic differentiation protocols.

WJ-MSCs surface markers expression

1� 105 WJ-MSCs were incubated for 45min with the follow-
ing monoclonal antibodies including mouse anti-human
CD105-PE, CD90-FITC, CD44-PE, CD73-PE, CD34/45-PE/FITC,
CD133-PE and HLA DR-PE (all from Becton Dickinson, Franklin
Lakes, NJ). After washing with PBS, cells were analysed in
FACSCalibur system (BD Biosciences, San Jose, CA) by flow-
ing software.

Cell seeding

A suspension of 2� 105 WJ-MSCs in 100 ml FBS was seeded
on the WJ-derived scaffold and incubated for 3 h at 37 �C to
allow for cell attachment, then 1.5ml of appropriate medium
was added to each scaffold and left overnight in the incuba-
tor before being placed in dynamic condition. For more
details, see supplementary data.

Cell attachment and migration

Cell migration into the scaffolds was detected by Hoechst
33344 (Sigma, St. Louis, MO) staining on 6 mm thick cross sec-
tions of scaffolds (see supplementary data for details).

Alkaline phosphatase (ALP) activity and calcium
content assay

ALP activity and calcium content assay of each WJ-MSCs/scaf-
fold construct were measured at day 7, 14 and 21 using
Alkaline Phosphatase Assay kit (Pars Azmoon, Tehran, Iran)
and Calcium Content Assay kit (Pars Azmoon, Tehran, Iran),
respectively (see supplementary data for details).

Scanning electron microscopy

Matrix mineralization of WJ-MSCs/scaffold construct was
observed by scanning electron microscope (SEM) analysis
(Ais2300, Seron, Uiwang-si, Korea) (see supplementary data
for details).

Mechanical properties of WJ-MSCs/scaffold construct

Mechanical (compressive) property of MSCs/scaffold con-
structs at day 7, 14 and 21 of culture in growth and osteo-
genic medium was determined using a universal load test
machine (Santam, stm20, Korea). For compressive test, cylin-
drical-shaped specimens with approximately 4mm in diam-
eter and 8mm in length were conducted at 2mm/min
crosshead speed.
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Real-time quantitative PCR analysis (qPCR)

The total RNA of WJ-MSCs seeded on the scaffolds and 2D
culture plates was extracted using RNeasy Mini Kit (Qiagen,
Hilden, Germany) at day 7, 14 and 21 of culture in osteogenic
and growth medium (see supplementary data for details)
(Table 1).

Statistical analysis

One-way analysis of variance (ANOVA) was used for calculat-
ing statistically significant differences between groups and
t test used for the individual groups. All experimental data
were reported as mean± standard deviation (SD) (n¼ 5) and
p values of less than .05 were accepted as significant.

Results

A spongy scaffold was made from decellularized WJ-ECM
using freeze-dried technique. The characterization of the scaf-
folds showed heteroporous 3D structure with high degree of
interconnectivity (data not shown) [7].

WJ-derived MSCs characterization

WJ-derived stem cells after five days culture in DMEM-LG
showed typical MSCs characteristics and displayed spindle-
shaped with fibroblastic morphology when adhered to
culture plate. WJ-MSCs had ability to differentiate into adipo-
genic, chondrogenic and osteogenic lineages, furthermore

expressed mesenchymal CD markers (CD105, CD44, CD90
and CD73) and lacked the expression of CD45, CD34, CD133
and HLA-DR (Figure 1).

Cellular attachment and migration of WJ-MSCs on
the scaffold

WJ-MSCs attachment and migration into the scaffold were
detected by fluorescence microscopy on serial 6 mm thick
cross sections. At day 3, the MSCs were mainly on the surface
of the scaffold (Figure 2(A)). At day 7, the MSCs had
remained mostly on the top of the scaffold, with only a few
cells penetrating the scaffold (Figure 2(B)). The MSCs had
largely migrated into the scaffold at day 14 (Figure 2(C)) and
by day 21, the MSCs seeded on the scaffolds were distributed
throughout the entire scaffold (Figure 2(D)).

Differentiation and mineralization of WJ-MSCs

The alkaline phosphatase (ALP) activity is an indicator of
cells commitment towards the osteoblastic lineage. WJ-
MSCs were cultured in the presence of osteogenic medium
in static or dynamic conditions for 21 days after which the
ALP activity was examined and compared with TCP as con-
trol. As shown in Figure 3, the ALP activity of the cells cul-
tured on TCP and scaffold in dynamic condition achieved
maximal levels in day 14 and 21 (there is no significant dif-
ference between day 14 and 21). However, the ALP activity
on scaffold in static condition did not show significant
changes during time course of osteogenic differentiation.
Notably, at each time point in WJ-MSC differentiation, the
ALP activity of the cells on the scaffold in dynamic condi-
tion was significantly higher compared to those in other
groups (p< .05).

The calcium deposition, the indicator of fully matured
osteoblastic cells, was also examined in WJ-MSCs cultured in
osteogenic medium for 21 days. Confirming the above
results, cells cultured on the scaffolds in dynamic condition
had the highest calcium deposition on day 21 (Figure 4).
The calcium deposition in the scaffold in static condition
had no significant difference from day 7 to day 21. These
results together indicate that the scaffold in static condition
was not able to induce osteogenic differentiation in
WJ-MSCs, therefore, it was excluded from the rest of
experiments.

SEM analysis of matrix mineralization

The matrix mineralization of WJ-MSCs on the scaffolds in
growth and osteogenic media was evaluated using SEM. At
day 7 of culture, the cells showed attachment and spreading
behaviour in both media (Figure 5(A,E)). However, at day 14
and 21, the MSCs filled the scaffolds pores with mineral dep-
ositions only in osteogenic medium (Figure 5(F,G)). At a
higher magnification, large and rounded aggregations were
visible on the scaffolds in osteogenic medium (Figure 5(H))
as compared to the scaffolds in growth medium
(Figure 5(D)).

Table 1. Primers used for real-time PCR analysis.

Gene Primer 50–30

ALP F: CAA CAG GGT AGA TTT CTC TTG G
R: GGT CAG ATC CAG AAT GTT CC

Osteopontin F: GCC GAG GTG ATA GTG TGG TT
R: TGA GGT GAT GTC CTC GTC TG

Actin b F: CTT CCT TCC TGG GCA TG
R: GTC TTT GCG GAT GTC CAC

Osteonectin F: GCA AAG GGA AGT AAC AGA CAC
R: GAA AGG TAA AGG AGG AAA TGG

Osteocalcin F: GTG CAG AGT CCA GCA AAG GT
R: TCA GCC AAC TCG TCA CAG TC

Runx2 F: ATGACACTGCCACCTCTGA
R: ATG AAA TGC TTG GGA ACT GC

Id1 F: GAC ACA AGA TGC GAT CGT CC
R: AGT TGG AGC TGA ACT CGG AA

C-myc F: CTA CCC TCT CAA CGA CAG
R: TCT TCT TGT TCC TCC TCA G

CyclinD1 F: GAC CTT CGT TGC CCT CTG
R: GGT TCA GGC CTT GCA CTG

Smad7 F: AAA CAG GGG GAA CGA ATT ATC
R: ACC ACG CAC CAG TGT GAC

Pai1 F: GAC TCC CTT CCC CGA CTC
R: GGG CGT GGT GAA CTC AGT A

ITG-A2 F: TAG CGC TCA GTC AAG GCA TT
R: GCA CTG CAT AGC CAA ACT GT

ITG-b1 F: GTG GGT GGT GCA CAA ATT C
R: GGT CAA TGG GAT AGT CTT CAG C

ITG-A5 F: TCC TGG CTG GCT GGT ATT AG
R: CTT CAA CTT AGA CGC GGA GG

ITG-A6 F: TCA TGG ATC TGC AAA TGG AA
R: GCG GGG TTA GCA GTA TAT TCA

ITG-V F: GCA ACA GGC AAT AGA GAT
R: TGC TGA ATC CTC CTT GAC AA
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Mechanical properties of WJ-MSCs/scaffold constructs

Compressive modulus of WJ-MSCs/scaffold constructs in growth
and osteogenic medium was measured at day 7, 14 and 21 of

culture (Figure 6). The highest compressive modulus was meas-
ured on the scaffold in osteogenic medium at day 21
(0.71±0.04MPa) that was 4.7 fold increase compared to that of

Figure 1. Characterization of WJ-MSCs. (A) Photomicrograph of MSCs with spindle-shaped morphology after five days of culture, (B) MSCs monolayer at approxi-
mately 90% confluence in P2. (C) MSCs colonies (black arrows) in P3. (D) Osteogenic differentiation of P3 MSCs confirmed by alizarin red staining at day 21.
(E) Adipogenic differentiation of P3 MSCs confirmed by oil red staining at day 21. (F) Chondrogenic differentiation of P3 MSCs confirmed by Alcian blue at day 21.
(G) Flow cytometry analysis of WJ-MSCs surface CD markers expression.
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the scaffold in growth medium (�p< .05). This result indicates
that the mechanical properties of the scaffolds are improved by
osteogenic differentiation of MSCs due to the matrix
mineralization.

Expression of osteogenic specific genes

The relative expression for the bone associated gene Runx 2,
ALP, osteocalcin (OCN) and osteopontin (OPN) was performed by

Figure 2. WJ-MSCs migration within the scaffolds in growth medium. (X) The 3D spongy scaffolds fabricated from WJ-derived ECM (15mm diameter, 3mm thick-
ness). (A–D) Histological sections of fluorescent photomicrographs stained with Hoechst 33344 at day 3 (A), 7 (B), 14 (C) and 21 (D). Note that the cells are distrib-
uted (arrows) on the surface and inside the scaffolds during three weeks of culture. Scale bars: 25 mm in A and B; 50 mm in C and D.

Figure 3. Alkaline phosphatase (ALP) activity of WJ-MSCs. ALP activity was assayed
in all groups (TCP and scaffold in static and dynamic conditions) for over 21 days
in the presence of osteogenic medium. Note that the ALP activity on the scaffold
in dynamic condition was significantly higher than two other groups (�p< .05).

Figure 4. Calcium deposition in WJ-MSCs/scaffold constructs during the
21 days culture period in the three groups (TCP, scaffold in static condition, and
scaffold in dynamic condition). Note that the calcium deposition on the scaffold
in dynamic condition was significantly higher compared with two other groups
(�p< .05), while on the scaffold in static had no significant difference during
the 21 days.
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qPCR analysis in WJ-MSCs cultured on the scaffolds in growth
and osteogenic medium. When growth medium was used
(Figure 7(A)), the expression of all osteogenic markers was
increased in the cells cultured on the scaffolds up to 28 times
more than TCP. In the case of differentiation medium (Figure
7(B)), as expected, this increased level of gene expression was
up to 70 folds. These results clearly indicate that the scaffold
significantly increase the osteogenic differentiation of WJ-MSCs
even in the absence of osteogenic induction medium.

Expression of signalling pathways target genes in
WJ-MSCs

To investigate the intracellular mechanism by which the scaf-
fold enhances osteogenic differentiation of WJ-MSCs, the sta-
tus of Wnt, BMP and TGF-b signalling pathways, known to
involve in osteoblast differentiation, was evaluated in the
presence of osteogenic induction medium. To address this
question, the expression of target genes of these signalling

Figure 5. SEM micrographs of WJ-MSCs mineralization on the scaffolds in the presence of growth and osteogenic medium at day 7, 14 and 21. The MSCs are
attached and spread on the scaffolds on both groups (A and E), however, only in osteogenic medium they filled the scaffold pores with mineral depositions (F, G).
Note that aggregates (most probably calcium salts) are deposited on the scaffold only by MSCs culture in the presence of osteogenic medium (H). Scale bars:
500 mm in A–C and E–G; 3 mm in D and E.
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pathways was examined in the cells on day 7, 14 and 21 of
culture using qPCR analysis. As shown in Figure 8, the
expression of cyclin D1 and c-Myc (Wnt target genes) was sig-
nificantly highest at day 14 compared to TCP (p< .05). The
highest expression of Id1 (BMP target gene) and pai and
smad 7 (TGF-b target genes) was observed at day 7 (p< .05).
These results indicate differential activities of these signalling
pathways during osteogenic differentiation of WJ-MSCs.

To investigate the effects of the scaffold alone on the
activities of these signalling pathways, the expression of
their target genes was examined in WJ-MSCs after
seven days of culture in the absence of osteogenic medium.
The effects of the scaffold alone on osteogenic

differentiation of WJ-MSCs showed that the expression of all
target genes (except of pai) increased significantly compared
to that of TCP (p<.05) (Figure 9). These results indicate the
positive role of the scaffold in activating of the signalling
pathways involved in osteogenic differentiation without the
inducing factors.

Figure 6. Compressive moduli of WJ-MSCs/scaffold constructs in growth and osteogenic medium at day 7 (dark blue lines), 14 (green lines) and 21 (light blue lines).
The constructs in osteogenic medium at day 21 shows a 4.7-fold increase in compressive modulus compared with growth medium (�p< .05).

Figure 7. Expression of osteogenic specific genes in WJ-MSCs cultured on the
scaffolds in growth (A) and osteogenic medium (B). The cells were cultured on
the scaffold or TCP for over 21 days in osteogenic medium after which expres-
sion of the osteogenic specific marker was examined using real-time PCR. The
mRNA relative expression of osteogenic genes in MSCs cultured in growth and
osteogenic medium was clearly higher than that on TCP (�p< .05, ��p< .01).
OCN: osteocalcin; OPN: osteopontin; ALP: alkaline phosphatase.

Figure 8. Expression of Wnt, BMP and TGF-b signalling target genes in WJ-
MSCs. The cells were cultured on the scaffold or TCP for over 21 days in osteo-
genic medium after which expression of the target genes was examined using
real-time PCR. The expression of C-myc and Cyclind1 (Wnt target genes) was
clearly higher than TCP in the second week. The expression of Id1 (BMP target
gene) and also Smad7 and Pai (TGF-b target genes) was the highest in the first
week of osteogenic differentiation compared to that of TCP. Dy: dynamic condi-
tion (�p< .05, ��p< .01).

Figure 9. Expression of Wnt, BMP and TGF-b signalling target genes in
WJ-MSCs cultured on scaffold in the absence of osteogenic induction medium.
The cells were cultured on the scaffold or TCP for seven days in growth medium
after which expression of the target genes were examined using real-time PCR.
The expression of all target genes (except of Pai) was clearly higher than that in
TCP. D: dynamic condition (�p< .05, ��p< .01).
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Expression of integrins in WJ-MSCs

Integrins have been shown to mediate cell adhesion and attach-
ment and also to regulate multiple intracellular signalling path-
ways [24]. Therefore, the expression of several integrin genes
including a2, av, a5, a6 and b1 involved in osteogenic differenti-
ation [25,26], was examined in WJ-MSCs after seven days of cul-
ture on the scaffold with or without osteogenic medium. In the
presence of osteogenic medium and dynamic condition, the
expression of all integrins, except the integrin a6, showed a sig-
nificant increase compared to that of TCP (Figure 10(B)) (p< .05).
In the absence of osteogenic medium (but the presence of
growth medium), significant increase in the expression of a2, av
and b1 integrins was still observed compared to that of TCP
(Figure 10(A)) (p<.05). These results indicate that, regardless of
the presence or absence of osteogenic induction medium, the
scaffold induces expression of the integrins involved in osteo-
genic differentiation in WJ-MSCs.

Discussion

The tissue-derived acellular ECM as a natural material has
attracted researcher’s attention because of its valuable source
of growth factors and bioactive molecules that provide ideal
substrate for tissue engineering and regenerative medicine
[27–29]. Many researchers are seeking to use human tissue-
derived ECM as a scaffold for clinical purposes to overcome
the risk of immunological reactions and pathogen transmis-
sion of animal tissue-derived materials [30].

Previously, we introduced the WJ-ECM as an ideal source
of natural material for fabrication of biocompatible spongy
scaffold and used it as an acceptable skin graft for wound
healing [7]. Since, similar to bone, the major matrix protein in
WJ-ECM is type I collagen [8], it could provide ideal substrate
for bone tissue engineering. Here, we examine the ability of
our new biomimetic spongy scaffold to induce osteogenic
differentiation of WJ-MSCs and investigate the signalling
pathways involving this differentiation.

In the present study, WJ-MSCs were used to evaluate the
cellular response to the scaffold in osteogenic medium and
dynamic conditions. Like other researchers [31–34], MSCs were
isolated from the WJ using a mechanical method to avoid
decreased cellular viability, degradation of cellular surface
receptors, and changed cellular function. Here, we describe,
for the first time, a simplified mechanical method to obtain a
sufficient number of MSCs from all umbilical cord samples,
without enzymatic treatment. Moreover, these MSCs exhibited
functional properties and expression of surface antigen
markers similar to MSCs. Our results further revealed that the
WJ-MSCs cultured on WJ-scaffold exhibited a high degree of
attachment and migration. The SEM images demonstrated
that all pores of scaffold on day 21, was filled by the mineral
depositions. Analysis of the ALP activity and matrix mineraliza-
tion showed that WJ-MSCs cultured on the scaffold were
more differentiated in comparison to TCP. Moreover, our
results indicated that the increased osteogenic differentiation
of WJ-MSCs was observed when these cells were cultured in
the dynamic conditions and not in static condition. This
increased osteogenic differentiation in response to dynamic

conditions is consistent with the other reports [35,36], and
might be as a result of the convective transport of nutrients
to the surface of the scaffold, in contrast to the purely diffu-
sional transport in static culture, increasing concentration of
oxygen throughout the scaffold [37].

To investigate the role of the scaffold alone, on the osteo-
genic differentiation of WJ-MSCs and its underlying mecha-
nisms, these cells were cultured on the scaffolds in the
dynamic conditions and in the presence or absence of osteo-
genic inductive medium. In the presence of the medium, the
expression of both early (Runx2, highest at day 7 and ALP,
highest at day 14) and late specific osteogenic gene markers
(OCN highest at day 14 and OPN, highest at day 21) was sig-
nificantly increased in the cells cultured on the scaffold com-
pared to that of TCP. The status of osteogenic signalling
pathways (by examining the expression of their target genes)
showed that while highest activity of TGFb and BMP signalling
was observed at day 7, Wnt/b-catenin signalling displayed
highest activity at day 14. This activity pattern of Wnt, TGFb
and BMP signalling pathways during osteogenic differentiation
has already been reported [38–43]. The expression of integ-
rins, as the signal transducer from the ECM to the intracellular
signalling pathways, was also examined in the WJ-MSCs. Our
results demonstrated that the expression of a2, av, a5 and b1
integrins was significantly increased in the cells cultured on
the scaffold compared to that of TCP. These results indicate
that, in the presence of osteogenic medium, differentiation of
WJ-MSCs cultured on the scaffold is improved compared to

Figure 10. Expression of integrins in the WJ-MSCs cultured on the scaffold in
the growth (A) or osteogenic medium (B) under dynamic conditions (Dy). The
cells were cultured on the scaffold or TCP for seven days after which expression
of integrins was examined using real-time PCR. The expression of a2, av and b1
integrins was clearly higher than that in TCP in both osteogenic and growth
media after seven days of culture. Dy: dynamic condition (�p< .05, ��p< .01).
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that of TCP, most probably through conventional signalling
mechanisms. Consistent with this conclusion, it was reported
that the interaction of cell surface integrins with collagenous
compounds of scaffolds activated signalling pathways induc-
ing osteogenic specific genes expression [44,45].

In the absence of osteogenic inductive medium, interest-
ingly, the expression of all osteogenic gene markers was
increased, in all time point, in WJ-MSCs cultured on the scaf-
fold compared to that of TCP. This result indicates that our
fabricated scaffold induces osteogenic differentiation of WJ-
MSCs even in the absence of osteogenic induction medium.
The roles of collagenous scaffolds to induce osteogenic differ-
entiation in the absence of inducing factor was also reported
by Byrne et al. who examined the expression of osteogenic
genes in MSCs cultured on a cow collagen-glycosaminogly-
can-derived scaffold, and indicated that collagen-based scaf-
folds are capable to induce bone gene expression in the
absence of bone induction factors [46]. As we expected, the
expression of the integrins (a2, av and b1) was also increased
in the MSCs cultured on the WJ-scaffold in the absence of
osteogenic inductive medium. Generally, it is well accepted
that 3D scaffolds increase expression or activation (dimeriza-
tion) of integrins [47,48]. More specifically, it has been
reported that the binding of MSCs through their a2b1 integ-
rins to collagen type I based substrates is sufficient to induce
bone differentiation, even in the absence of bone induction
factors [44,49]. Therefore, our results are consistent with the
other reports [20,21] that collagen based matrix increases the
differentiation of osteoblasts by interacting with integrins.

The signalling mechanism by which the 3D scaffolds affect
stem cell differentiation is not well understood. It is well
known that Wnt, BMP and TGFb signalling pathways are
major player in osteogenic differentiation in vitro and in vivo
[14]. Interestingly, we observed a remarkable increase in the
activity of these signalling pathways (in a different pattern,
summarized in Figure 11) in the MSCs, in the absence of
osteogenic inductive medium, indicating that our fabricated
scaffold improves the osteogenic differentiation of WJ-MSCs
through the conventional signalling mechanisms.

Conclusions

In the present study, we described for the first time a simpli-
fied mechanical method to obtain a sufficient number of

MSCs from the WJ samples with minimum time consuming.
These MSCs were then cultured on the WJ-derived scaffold
to examine whether the scaffold enhances their osteogenic
differentiation. Our results showed that WJ-derived spongy
scaffolds increased the osteoblastic differentiation of the
MSCs compared to TCP, in the presence or absence of bone
induction factors, confirming the positive effect of the scaf-
fold on bone differentiation possibly through providing more
surface area and adhesion sites for the cells. The increased
expression of integrins, and Wnt, TGF-b and BMP signalling
target genes even in the absence of osteogenic induction
medium suggest that activation of integrins and subse-
quently these signalling pathways, by the scaffold, could be
sufficient to induce osteogenic differentiation WJ-MSCs.
Further experiments are needed to clarify more precisely the
role of integrins on osteogenic differentiation of MSCs and to
investigate how scaffold-activated integrins induce signalling
pathways involved in osteogenic differentiation.
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