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Abstract

Introduction: Human umbilical cord-derived
mesenchymal stem cells (UCMSCs) are multi-
ple potential stem cells that can differentiate
into various kinds of functional cells,

including adipocytes, osteoblasts, and
chondroblasts. Thus, UCMSCs have recently
been used in both stem cell therapy and tissue
engineering applications to produce various
functional tissues. This study aimed to evalu-
ate the proliferation and differentiation of
UCMSCs on porous scaffolds.

Methods: UCMSCs were established in a
previous study and kept in liquid nitrogen.
They were thawed and expanded in vitro to
yield enough cells for further experiments. The
cells were characterized as having MSC phe-
notype. They were seeded onto culture
medium-treated porous scaffolds or on
non-treated porous scaffolds at different
densities of UCMSCs (105, 2.1 � 105, and
5 � 105 cells/0.005 g scaffold). The existence
of UCMSCs on the scaffold was evaluated by
nucleic staining using Hoechst 33342 dye,
while cell proliferation on the scaffold was
determined by MTT assay. Osteogenic differ-
entiation was evaluated by changes in cellular
morphology, accumulation of extracellular
calcium, and expression of osteoblast-specific
genes (including runx2, osteopontin (OPN),
and osteocalcin (OCN)).

Results: The data showed that UCMSCs
could attach, proliferate, and differentiate on
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both treated and non-treated scaffolds but were
better on the treated scaffold. At a cell density
of 105 cells/0.005 g scaffold, the adherent and
proliferative abilities of UCMSCs were higher
than that of the other densities after 14 days of
culture (p < 0.05). Adherent UCMSCs on the
scaffold could be induced into osteoblasts in
the osteogenic medium after 21 days of induc-
tion. These cells accumulated calcium in the
extracellular matrix that was positive with
Alizarin Red staining. They also expressed
some genes related to osteoblasts, including
runx2, OPN, and OCN.

Conclusion: UCMSCs could adhere, pro-
liferate, and differentiate into osteoblasts on
porous scaffolds. Therefore, porous scaffolds
(such as Variotis) may be suitable scaffolds for
producing bone tissue in combination with
UCMSCs.

Keywords

3D porous scaffold · Osteogenic
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Abbreviations
ECM Extracellular matrix
HAc Hyaluronic acid
OCN Osteocalcin
OPN Osteopontin
PBS Phosphate-buffered saline
PFA Paraformaldehyde
UCMSCs Umbilical cord-derived mesenchy-

mal stem cells

1 Introduction

Bone tissue is one tissue that is capable of
repairing itself through the bone remodeling pro-
cess (Robling et al. 2006). However, the normal
remodeling process is slow and cannot keep up
with the repair of excessive damages (David et al.
2007). This leads to an increase of the need for
bone graft to treat bone diseases, trauma, and
bone cancer (Wang et al. 2014). Although autog-
enous bone graft is the standard treatment, this

method has several limits, including donor site
morbidity and constraints on obtainable quantities
(Mishra et al. 2016). Allogeneic bone graft is
considered to be an alternative treatment method.
However, it is hampered by minor immunogenic
rejection, disease transmission, and lack of blood
supply (Holzmann et al. 2010). Therefore, artifi-
cial bone tissue engineering represents a
promising therapy to meet the aforementioned
unresolved issues. The field of bone tissue engi-
neering has emerged recently as a convenient
alternative to facilitate the regenerative ability of
host tissues (Amini et al. 2012).

Umbilical cord-derived mesenchymal stem
cells (UCMSCs) have been demonstrated to
have the capacity to differentiate into multiple
cell lineages in all three embryonic germ layers
(Wang et al. 2009) and can be harvested at a low
cost without an invasive procedure (Chen et al.
2013). Moreover, several reports have indicated
that human UCMSCs exhibit potential of osteo-
genic differentiation on three-dimensional
scaffolds (Wang et al. 2010; Ahmadi et al.
2017). Osteogenic differentiation of MSCs takes
place at different stages, with each stage
characterized by the expression of specific genes
(Bruderer et al. 2014). In the early stages, there is
a strong proliferation of cells. Then, the growth
tends to decrease as the differentiation process
begins (Cooper 2000).

There are many vital transcription factors for
osteoblast differentiation. Among of them, runx2
is a main determinant of osteoblast differentiation
and controls bone formation (Wang et al. 2010;
Fakhry et al. 2013). Runx2 belongs to the runx
family of transcription factors and regulates oste-
oblast differentiation (Ziros et al. 2008). It is
strongly expressed in the early stages of osteo-
blast differentiation, particularly in the first week
of differentiation (Fakhry et al. 2013). The
expression of runx2 leads to the upregulation of
crucial genes in the osteoblast differentiation,
such as osteocalcin, alkaline phosphatase, bone
sialoprotein, and osteopontin (Ducy et al. 1997).
Osteocalcin (OCN) constitutes 1–2% of the
matrix proteins and is the most abundant
non-collagenous protein that is exclusively
secreted by osteoblasts (Lian et al. 1989). OCN
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controls the size and speed of bone formation
(Roach 1994). Osteopontin (OPN) is another
important non-collagenous protein in the bone
matrix that is involved in bone remodeling
(McKee and Nanci 1996). OPN contains the
Arg-Gly-Asp sequence as the cell-binding motif;
this motif links the adhesion molecules of cells to
the extracellular matrix in the mineralized bone
matrix (Roach 1994; Oldberg et al. 1986). OCN
andOPN are expressed in mature osteoblasts only
and are absent at the early stages; thus, they are
markers of late osteoblast differentiation (Wang
et al. 2010; Rutkovskiy et al. 2016). In short, the
expression of these genes indicates that MSCs
have differentiated into osteoblasts.

There are various scaffolds that have been
used in bone engineering including natural
polymers scaffolds, such as collagen
(Aravamudhan et al. 2013), chitosan (Costa-
Pinto et al. 2011), silk fibroin (Vepari and Kaplan
2007), and hyaluronic acid (HAc) (Pavasant et al.
1994). Synthetic polymers scaffolds like
polyesters (e.g., polyglycolic acid, polylactic
acid, polycaprolactone) are the most commonly
used as copolymers. Compared to these scaffolds,
the Variotis scaffold (Biometic, Sydney,
Australia) is a novel scaffold that is comprised
of a highly interconnected and porous structure (>
95%). Based on the unique pore structure, the
Variotis scaffold is a suitable scaffold for both
soft and hard tissue regeneration applications.
The scaffold is made from a polyester-based
material that is used to enhance cell attachment
and proliferation (Zhang et al. 2013). Previously,
the scaffold was used to repair cartilage lesion
and heal wounds (Ark et al. 2016; Zhang et al.
2015). To date, the Variotis scaffold shows poten-
tial for applications that promote cell growth, as
well as vascular and extracellular matrix (ECM)
formation. Therefore, it is a promising scaffold
for tissue engineering (Zhang et al. 2013).

In this study, we aimed to investigate the
adherence and proliferation of UCMSCs on the
porous scaffold. Morphological changes, calcium
extracellular deposition, and specific gene expres-
sion were also surveyed after osteogenic
differentiation.

2 Materials-Methods

2.1 Porous Scaffold

Porous scaffolds (Variotis, Biometic, Sydney,
Australia) with a pore size in excess of 100 μm
were weighed using a balance to reach 0.005 g.
The scaffolds samples were divided randomly
into two groups: treated and non-treated. For the
pretreated group, scaffold samples were
immersed in culture medium for 24 h.

2.2 Characteristics of Human
Umbilical Cord Mesenchymal
Stem Cells

The UCMSCs were isolated per previously
published and cryopreserved (Van Pham et al.
2016). The cryopreserved UCMSCs were thawed
following the protocol of Pham Van Phuc et al.
(Van Pham et al. 2016). Briefly, the vials were
placed in a water bath at 37 �C for 1–2 min, and
then thawing medium was added and centrifuged
at 100 g for 5 min to collect the cell pellet. The
pellet was resuspended with 3 mL MSCCult
medium (Regenmedlab, Ho Chi Minh City,
Vietnam) and cultured in a T-25 flask in an incu-
bator at 37 �C, 5% CO2.

UCMSCs were characterized as mesenchymal
stem cells based on the minimal criteria of MSCs,
as suggested by the International Society for Cel-
lular Therapy (ISCT), which includes cellular
morphology, marker profiles, and differentiation
potential. For marker profiles, the expression of
certain markers of UCMSCs was evaluated by
flow cytometry per published protocol (Van
Pham et al. 2016). Briefly, UCMSCs were
suspended in staining buffer at 104 cells/100 μl
in a tube. Then, each tube was stained with spe-
cific antibodies, such as CD14-FITC (Santa Cruz
Biotechnology, Dallas, Texas), CD34-FITC
(Santa Cruz Biotechnology), CD73-FITC (Santa
Cruz Biotechnology), CD90-FITC (Santa Cruz
Biotechnology), CD44-APC (Sigma), and HLA-
DR-FITC (BD Biosciences) for 30 min in the
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dark at room temperature. Stained cells were
washed with PBS twice to remove the extra
antibodies, and then analysis of marker expres-
sion was conducted using an FACSCalibur
instrument (BD Biosciences, Franklin Lakes,
New Jersey) and compared to unstained and
isotype controls.

For in vitro differentiation, UCMSCs were
induced to several kinds of mesoderm cells,
including adipocytes, osteoblasts, and
chondroblasts, in the inducing medium
(StemPro™ Adipogenesis Differentiation Kit,
StemPro™ Osteogenesis Differentiation Kit,
StemPro™ Chondrogenesis Differentiation Kit,
all bought from Thermo Fisher Scientific,
Waltham, MA). For adipocyte differentiation,
after 14 days of induction, the medium was
removed, and cells were washed with
phosphate-buffered saline (PBS) and fixed in
paraformaldehyde (PFA), 4% for 1 h. The cells
were washed again with PBS and stained with Oil
Red dye (Sigma-Aldrich, Louis St., MO). For
chondroblast differentiation, after 21 days of
induction, cells were also washed with PBS and
stained with Alcian Blue (Sigma-Aldrich, Louis
St., MO) to detect proteoglycan deposition. For
osteoblast differentiation, after 21 days of induc-
tion, cells were washed twice with PBS and then
stained with Alizarin Red dye (Sigma-Aldrich,
Louis St., MO) to detect accumulation of extra-
cellular calcium.

2.3 Seeding UCMSCs onto Porous
Scaffold

UCMSCs were expanded in the flask until they
reached approximately 80% confluency. They
were then dissociated with trypsin/EDTA,
0.25% (Sigma-Aldrich, Louis St., MO).
UCMSCs were suspended in culture medium at
different cell densities (105, 2�105 and 5�105

cells, per 0.005 g scaffold). Cell suspensions
were directly seeded onto the two groups of
scaffolds: pretreated and un-pretreated scaffolds
(in 15 ml Falcons). Then, the cell-seeded
scaffolds were cultured at 37 �C, 5% CO2.

2.4 Evaluation of Cell Proliferation
on the Scaffold

Cell proliferation was evaluated on the scaffold
by observation under a microscope and by MTT
assay. UCMSCs on scaffolds were observed after
3, 7, 14, and 21 days of seeding, via a microscope.
Proliferation of the cells was assessed by MTT
assay at 3, 7, and 14 days. For all assays,
non-seeded scaffolds were used as a negative
control.

In the MTT assay, culture medium was
removed. Then, 500 μl fresh medium and 50 μl
MTT reagent (5 mg/ml) were added into each
well. The samples were incubated at 37 �C for
4 h. MTT-containing medium was replaced by
500 μL DMSO solution (Sigma-Aldrich, Louis
St., MO). The samples were vortexed, and the
absorbance at 595 nm was recorded by a
DTX-880 system (Beckman Coulter, Brea, CA).

2.5 Osteogenic Differentiation
of Seeded Scaffolds

Seeded scaffolds were cultured for 14 days to
expand the UCMSCs on the surface. Then, the
culture medium was replaced by the osteogenic
medium (StemPro™ Osteogenesis Differentia-
tion Kit, Thermo Fisher Scientific, Waltham,
MA) for 28 days and refreshed with osteogenic
medium every 4 days. The osteogenic differenti-
ation of UCMSCs on the scaffolds was evaluated
based on (1) morphology, (2) deposition of extra-
cellular calcium, and (3) osteoblast-specific gene
expression.

Changes in cellular morphology were
observed after 7, 14, 21, and 28 days of induction.
After 21 and 28 days of induction, cell-seeded
scaffolds were stained with Alizarin Red dye to
detect deposition of extracellular calcium.

The expression of certain genes related to
osteoblasts was investigated; these included
Runx2, OCN, OPN, and β-actin, at four time
points after induction (7, 14, 21, and 28 days).
UCMSCs on scaffolds in both groups were
detached by Detachment solution (Regenmedlab,
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HCM City, Vietnam). The cell pellets were used
to isolate total RNA by easy-BLUE Total RNA
Extraction Kit (iNtRON) following the
manufacturer’s instructions. Quantitative real-
time PCR was performed using 2x qPCRBIO
SyGreen 1-Step Lo-ROX (PCRBIO System,
London, United Kingdom) using gene-specific
primers (Table 1). The amplification cycle
included 15 min of reverse transcription at
45 �C, 2 min of polymerase activation at 95 �C,
40 cycles of amplification for all genes with 5 s of
denaturation at 95 �C, and 15 s of annealing at the
temperature suitable for each gene.

2.6 Statistical Analysis

All data were expressed as mean � SD and
analyzed by GraphPad Prism software (GraphPad
Prism Inc., San Diego, CA). Statistical signifi-
cance was determined by a statistical threshold
of p < 0.05.

3 Results

3.1 UCMSCs Exhibited MSC
Phenotype

UCMSCs exhibited certain characteristics of
mesenchymal stem cells, as suggested by the
International Society for Cellular Therapy
(ISCT). These included display of fibroblast-like
shape when adhering on a plastic surface
(Fig. 1a), successful differentiation into
adipocytes which were positive with Oil Red
dye staining (Fig. 1b), differentiation into

osteoblasts which were positive with Alizarin
Red (Fig. 2c), and differentiation into
chondroblasts which were positive with Alcian
Blue (Fig. 1d). They also displayed the MSC
immunophenotype, including being positive for
CD44 (99.02%), CD73 (95.05%), and CD90
(91.98%) (Fig. 1k–m) and being negative for
HLA-DR (0.68%), CD14 (5.76%), and CD34
(5.15%) (Fig. 1h–j).

3.2 Adherence of UCMSCs
on Treated and Non-treated
Porous Scaffolds

Under microscopy, adhesion of UCMSCs
increased on both the non-treated and treated
scaffolds during culturing. On the non-treated
scaffolds, UCMSCs attached and formed cellular
clusters (Fig. 2a). The cellular clusters were grad-
ually bigger and spread out on the 7th day
(Fig. 2b). After 14 days of culture, the growth of
UCMSCs increased and created links with
structured fibers. The cell plaques were clearly
observed (Fig. 2c). On day 21, the plaques were
significantly larger than the previous days
(Fig. 2d).

On the treated scaffolds, after 3 days of cul-
ture, UCMSCs attached on the scaffolds to form
large cell plaques. These cell plaques grew rap-
idly and became larger on the 7th and 14th day
(Fig. 2f–g), and the fibers of the scaffolds were
completely linked together. On the 21st day, the
cell plaques were observed to be thicker than the
previous days (Fig. 2h).

UCMSCs (on scaffolds) which stained blue
from nuclei staining with Hoechst 33342 stain

Table 1 Primer sequences of the specific genes for osteogenic differentiation

Gene Primer sequence (50 to 30) Tm (�C) Product size (bp) GenBank no.

β-Actin Forward AGAGCTACGAGCTGCCTGAC 54,5 184 NM_001101.4
Reverse AGCACTGTGTTGGCGTACAG

OCN Forward GTGACGAGTTGGCTGACC 53,3 114 NM_1991735
Reverse TGGAGAGGAGCAGAACTGG

OPN Forward GACACATATGATGGCCGAGGTGATAG 59 111 NM_001251830.1
Reverse GGTGATGTCCTCGTCTGTAGCATC

Runx2 Forward GGAGTGGACGAGGCAAGAGTTT 54,5 133 NM_001278478.1
Reverse AGCTTCTGTCTGTGCCTTCTGG
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were observed via fluorescent microscopy
(Fig. 3). The results showed that UCMSCs
could attach on the surfaces and pores of
scaffolds. It was observed that fewer cells
attached on the non-treated scaffolds than on the
treated scaffolds. This indicated that UCMSCs
attached on the surface of the treated scaffolds
to a greater extent. Cell counting showed that the
number of cells that attached on the treated
scaffolds was significantly higher than the
non-treated scaffolds by 1.33 � 0.12-fold
( p < 0.05) after 7 days of culture (Fig. 4).

All above results demonstrated that the adhe-
sion of UCMSCs on the treated scaffolds was
better than on the non-treated scaffolds. There-
fore, treated scaffolds were used in subsequent
experiments.

3.3 UCMSC Proliferation
on Pretreated Porous Scaffold

After 3 days of culture, UCMSCs attached on the
pretreated scaffold. At a density of 105 cells/

Fig. 1 UCMSC phenotype. UCMSCs express the
characteristics of mesenchymal stem cells: fibroblast-like
morphology (a), accumulation of lipids (b), extracellular
calcium (c), and proteoglycans (d), as detected by Oil Red,
Alizarin Red, and Alcian Blue after induction; the controls

were negative with these dyes (e, f, g). The results of flow
cytometry showed lack expression of HLA-DR (h), CD14
(i), and CD34 (j) and positive expression of CD44 (k),
CD73 (l), and CD90 (m)
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0.005 g scaffold (Fig. 5a), the cells formed
clusters, while at the density of 2 � 105 cells/
0.005 g scaffold, the cells spread out to create
small plaques (Fig. 5e). At the 7th day, these

cells consecutively grew and filled out on all
scaffolds (Fig. 5b, f). The cell plaques were big-
ger and distinctly defined after 14 and 21 days
(Fig. 5c, d, g, h). Meanwhile, at a density of

Fig. 2 The adhesion of UCMSCs on the Variotis scaf-
fold. UCMSCs on non-treated scaffold after culture for
3 days (a), 7 days (b), 14 days (c), and 21 days (d);

UCMSCs on treated scaffold after culture for 3 days (e),
7 days (f), 14 days (g), and 21 days (H)

Fig. 3 Cell adhesion observed using Hoechst 33342
after culturing for 7 days. The non-treated scaffold
with cells observed under white light (a), or fluorescent
light (b), and the merged image of white light and

fluorescent light (c). The treated scaffold with cells under
white light (d), or fluorescent light (e), and the merged
image of white light and fluorescent light (f)
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5 � 105 cells/0.005 g scaffold, UCMSCs tended
to cluster together before adhering on the
scaffolds (Fig. 5i). The cell cluster was loosely
connected and could not enter inside these
scaffolds (Fig. 5j, k). At the 21st day, the clusters
were no longer attached on the scaffolds and were
removed after replacement with fresh medium
(Fig. 5l).

To evaluate cell expansion on the scaffold, we
used the MTT assay to measure cellular

proliferation of the various seeded cell densities
on the pretreated porous scaffold. It was generally
noted that the OD index of MTT assay indicated
growth of UCMSCs on the pretreated scaffolds
after seeding up to day 14. However, the results in
Fig. 6 showed that proliferation rates of UCMSCs
of the various cell densities were different
(Fig. 6).

At the 3rd day of culture, the proliferation rate
of UCMSCs seeded at a density of 105 cells/

Fig. 4 The
number of
cells on
pretreated
and
non-pretreated scaffolds.
The count of UCMSCs on
the treated scaffold was
greater than on non-treated
scaffold after culture for
7 days; (�): p < 0.05

Fig. 5 The cells were seeded on the scaffold at differ-
ent densities. Cells at a density of 105 cells/5 mg scaffold
after culturing for 3 days (a), 7 days (b), 14 days (c), and
21 days (d). Cells at a density of 2 � 105 cells/5 mg

scaffold after culturing for 3 days (e), 7 days (f), 14 days
(g), and 21 days (h). Cells at a density of 5 � 105 cells/
5 mg scaffold after culturing for 3 days (i), 7 days (j),
14 days (k), and 21 days (l)
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0.005 g scaffold was slower than the other groups
(2�105 and 5�105 cells/0.005 g scaffold). For
5�105 cells/0.005 g scaffold density, at the day
7th of culture, the proliferation rate was highest
and was 1.13 � 0.08-fold greater compared to
that at day 3 (p < 0.05) for this group. The cell
proliferation rate at day 14 was significantly
reduced compared to day 7 and lower than that
at day 3 of culture. For the other densities (105

and 2�105 cells/0.005 g scaffold), the prolifera-
tion seemed stable from day 3 to day 7 of culture.
However, at the 14th day, these cells considerably
expanded and achieved a higher concentration
than that at day 7; there was a 1.33 � 0.003-fold
and a 1.13 � 0.04-fold ( p < 0.05) increase in the
densities of 105/0.005 g scaffold and 2�105 cells/
0.005 g scaffold, respectively. These results
demonstrated that the density of 105 cells/
0.005 g scaffold induced robust cell expansion
on pretreated porous scaffolds after 14 days of
culture. Thus, this density was used for
subsequent experiments.

3.4 Osteogenic Differentiation
of UCMSCs on the Scaffold

3.4.1 Change in Morphology
After 7 and 14 days of induction (in the differen-
tiation medium) of 105 cells/0.005 g scaffold on
pretreated porous scaffolds, the morphology of

UCMSC population showed no negligible change
(Fig. 7b, c) compared with those in the controls
(no induction and culture in culture medium).
However, at 21 days of differentiation, these
cells condensed together and attached on the
fibers of the scaffold (Fig. 7d). Condensation
was clearly observed on the 28th day of induction
(Fig. 7e), while UCMSCs consecutively spread
and filled out the scaffold after 42 days of cultur-
ing (Fig. 7f).

3.4.2 Accumulation of Extracellular Ca2+

After 21 and 28 days of osteogenic differentia-
tion, cells on the scaffold became positive with
Alizarin Red, and the color was stronger at day
28 (Fig. 8). However, the deposition of Ca2+ was
not detected in the control sample (undifferenti-
ated). The result of staining with Alizarin Red
showed that there was an accumulation of extra-
cellular calcium.

3.4.3 The Expression of Osteogenic
Genes

During induction, the osteogenic genes changed
upon investigation. Runx2 was known as a tran-
scriptional factor to activate osteogenesis. Our
results showed that the expression of runx2 was
upregulated compared to control group (undiffer-
entiated) (Fig. 9). After 7 days of induction, the
expression of runx2 was stronger and higher than
non-induced cells by 2.5 � 0.45-fold (p < 0.05).

Fig. 6 Cell
proliferation measured by
MTT assay. UCMSCs
slowly grew after 7 days of
seeding with 1 � 105 and
2 � 105 cells/0.005 g
scaffold, while strong
proliferation was recorded
for the density of 5 � 105

cells/0.005 g scaffold.
However, cell growth was
significantly reduced at day
14; on this day, the increase
of cell proliferation was
found for the other cell
densities
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Fig. 7 The shape of UCMSCs in the osteogenic medium. Non-differentiated cells (a), differentiated on scaffold for
7 days (b), 14 days (c), 21 days (d), 28 days (e), and 42 days (f)

Fig. 8 Results of Alizarin Red staining on UCMSCs.
Cells were cultured in normal growth medium (a), in
osteogenic medium after 21 days (b), and for 28 days

before dying (c). Cells were cultured in normal growth
medium (d), or osteogenic medium after 21 days (e), or
osteogenic medicine after 28 days (f)
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However, this expression significantly decreased
at day 14 of differentiation and was lower than that
for cells in the control group by 0.68 � 0.06-fold
and lower than them at the 7th day of differentia-
tion by 3.7 � 0.63-fold. On the 21st day, the
expression of runx2 in induced group was
enhanced and reached the maximum and was
higher than them in the 7th day by 1.46 � 0.25-
fold (p < 0.05). After 28 days of induction, runx2
was negligibly decreased compared to the 21st
culture day; however, that value was still higher
than the control group by 3.26 � 0.2-fold.

The expression profile of runx2 correlated
with OCN profile. The expression of OCN was
upregulated to the highest level by 13.9 � 1.69-
fold compared to the control group on the 7th day
of induction. On the 14th day, OCN expression
sharply decreased compared to the 7th day and to
control (20.2 � 0.08-fold and 0.69 � 0.06-fold,
respectively). However, on the 21st day, the OCN
expression increased by 7.85 � 1.42-fold com-
pared to the 14th day and was 5.4 � 1.46-fold
greater than the control group (non-induced). On
the 28th day, the expression of OCN decreased
and was lower by 3.24 � 0.61-fold than that at
day 21; meanwhile, the expression was higher
than non-differentiated cells by 1.66 � 0.14-fold.

Moreover, OPN gene expression increased
from day 7 to day 21 and was higher than the
control group. On the 7th day, the expression of
OPN was stronger than that of the
non-differentiated ( p < 0.05). On the 14th day,
the expression of OPN increased by 2.25 � 0.65-
fold compared with the 7th day and reached the

highest level on the 21st day. However, the
expression was considerably reduced after
28 days of induction.

4 Discussion

Bone tissues are widely used in bone grafting to
treat bone diseases, trauma, and bone cancer. This
study aimed to investigate the expansion and
differentiation of UCMSCs on porous scaffolds
to develop in vitro-engineered bone tissues for
clinical applications.

In the first experiment, we expanded and
characterized the UCMSCs. According to the
International Society for Cellular Therapy
(Dominici et al. 2006), human mesenchymal
stem cells should be defined by adherence on
culture surface, expression of specific markers
(CD73, CD90, and CD105; lack of CD14,
CD34, CD45 or CD11b, CD79 alpha or CD19,
and HLA-DR), and differentiation capacity into
adipocytes, osteoblasts, and chondrocytes
in vitro. The results from our study showed that
UCMSCs, after thawing, retained the
characteristics of mesenchymal stem cells.

Indeed, in this study, we also compared the
proliferation rate of UCMSCS on both pretreated
and non-pretreated scaffolds. The results showed
that the pretreated scaffold showed significant
results compared to non-pretreated scaffold. The
cell density for seeding on the scaffold was also
evaluated at three different doses: 105, 2 � 105,
and 5 � 105 per 0.005 g scaffold. In fact, the
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proliferation, distribution, and differentiation of
MSCs on scaffold could be affected by the cell
seeding density (Zhou et al. 2011; Goldstein
2001). A previous study showed that cell-cell
communication and paracrine signaling increased
when cells were cultured at high density (Yassin
et al. 2015).

DJ Warne et al. demonstrated that cell migra-
tion and growth were reduced by contact
inhibitors in areas of high cell density. Thus, at
a density of 5 � 105 cells/0.005 g scaffold,
UCMSCs grew robustly during the first 7 days.
However, on the 14th day of culture, the prolifer-
ation was greatly reduced and lower than that at
the 3rd day. The number of cells was consider-
ably increased from day 7 to day 14. The statisti-
cal results showed that the OD at day 14 of that
density was not significantly different from the
density of 5 � 105 cells/0.005 g scaffold at day
3. Therefore, at 105 cells and 2 � 105 cells/
0.005 g scaffold densities, UCMSCs can continue
to proliferate after 14 days. On the 14th day, the
OD indexes of these densities were not consider-
able. The results suggested that the densities of
105cells/0.005 g scaffold could be considered as
the appropriate density for further experiments.

In the next experiments, 105 UCMSCs/
0.005 g scaffold were seeded on the pretreated
scaffold after 14 days of expansion and were
induced into osteoblasts in the osteogenic-
inducing medium. After the 28th day of differ-
entiation, UCMSCs clearly condensed to form
clusters of cells found on the scaffold. Indeed,
the condensation was considered as a prediction
of early bone morphology. When mesenchymal
cells differentiate into osteoblasts, these cells
experience two main events, such as condensa-
tion and recruitment of other osteoblasts (Hall
and Miyake 2000; Huycke et al. 2012). Initiation
of the condensation was a result of three pro-
cesses, including the enhancement of mitotic
activity, aggregation, and failure of a cell growth
at the center (Hall and Miyake 2000).

To confirm that these UCMSCs on the
scaffolds were successfully differentiated to
osteoblasts, these complexes of UCMSCs and

scaffold were stained with Alizarin Red to detect
the accumulation of calcium. The results con-
firmed that differentiated UCMSCs on the scaf-
fold successfully accumulated calcium compared
to the control (undifferentiated). Moreover, these
differentiated UCMSCs expressed osteoblast-
specific genes, including runx2, OCN, and OPN.
During the osteogenic differentiation, runx2 plays
an important role in osteogenic differentiation of
mesenchymal stem cells to the osteoblast and is
express in the early stages of osteoblast differen-
tiation (Jafary et al. 2017). Hence, the runx2
expression has to be downregulated in the late
stage of the osteogenic differentiation in the
mature osteoblasts.

OCN is the most characteristic non-collagen
protein of the osteoblasts, which expresses the
cellular limitation of mineralized tissues, such as
the bone extracellular matrix, the odontoblast cell,
the cemented matrix, and cartilage cell hypertro-
phy (Sloan 2015). The expression of OCN was
only found in the osteoblast (Wei and Karsenty
2015). Therefore, OCN is widely used as a cellu-
lar marker for osteoblast.

Moreover, the high expression of OPN was
known as a marker of mature osteoblast. These
genes were regulated by runx2 gene via binding
to the promoter of them (Ducy et al. 1997; Lian
et al. 1998). In another study by Bruderer et al.
(2014), the authors indicated that runx2 helps to
maintain the expression of OPN (Bruderer et al.
2014). This explains the relation of these genes in
our research study. In the study by Huycke et al.
(2012), the process of osteogenic differentiation
included three steps: proliferation, transition, and
maturation. In each step, the gene expression was
different from each other. This was shown in our
study and the research of Ding H et al. (2014).
Notably, the low expression of runx2 on day
14 was explanted by induction of the cells in the
transition step (Huycke et al. 2012; Kong and
Hinds 2012). When comparing it with the study
of Huang et al. (2007), the enhancement of all
genes demonstrated that UCMSCs could differ-
entiate into mature osteoblasts on day 21 (Huang
et al. 2007).
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5 Conclusion

This study demonstrated that UCMSCs could
adhere, proliferate, and differentiate on the porous
scaffold to osteoblasts. At the density of 105cells/
0.005 g of scaffold, the UCMSCs proliferated
well on the scaffold (during day 1–14 of seeding).
Furthermore, these cells at 14 days could be suc-
cessfully differentiated into osteoblasts, which
exhibited particular morphology and accumulated
extracellular calcium expressed in the osteoblast-
specific genes (runx2, OPN, and OCN after
induction in the osteogenic medium for
21 days). These results suggested that in vitro-
engineered bone tissue can be produced by
UCMSCs and porous scaffold (Variotis scaffold).
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