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A B S T R A C T

Scaffolds and their characteristics play a central role in tissue engineering. The purpose of this study was to
determine the effects of Polyhydroxybutyrate (PHB)/Chitosan/nano-bioglass (nBG) nanofiber scaffold made
using the electrospinning method, on the proliferation and differentiation of stem cells obtained from human
exfoliated deciduous teeth into odontoblast-like cells. In this experimental study, the pulps of the molten de-
ciduous teeth were isolated, thereafter, the stem cells from human exfoliated deciduous teeth (SHED) were
extracted and then the 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to
determine the cell viability percentage. The expression of some stem cell genes was studied by flowcytometry.
These cells were then subjected to odontoblast by using the bone morphogenetic proteins-2 (BMP2) growth
factor in the differentiation medium and for the expression of their specific genes. Primers of collagen type-I,
dentin sialophosphoprotein (DSPP) and alkaline phosphatase (ALP) were used and the percentage of differ-
entiation to odontoblast cells in induction scaffolds was investigated using real-time PCR and im-
munohistochemistry methods. The results revealed a 6-fold increase in the expression of DSPP genes and col-
lagen type-I, and a 2-fold increase in the expression of ALP in scaffold with BMP2 group compared to the scaffold
as control group which according to the immunohistochemical test results, showed the extracted SHED to have
been differentiated into dentin odontoblast-like cells. As a result, this scaffold can be used as a suitable substrate
to apply in dentin tissue engineering.

1. Introduction

The source of the types of cells in the body is the stem cell, which
has two important characteristics known as self-renewal and differ-
entiation; Depending on the stem cells, these have power to become one
or more different cell types, which can be effective in the treatment of
various types of diseases [1]. The human dental pulp has phenotypic
characteristics; hence the stem cells can be differentiated into other
cells such as the nerve cells, fat cells, and odontoblast [2–4]. Recent
evidence reveals the effects of dental pulp cells on the regeneration of
bone, cartilage and dental pulp tissue [5–7]. Hitherto, various studies
have been conducted on how these cells are extracted, proliferated and

differentiated, and many researchers have been trying to optimize the
conditions for stem cell culture in order to induce the differentiation of
these cells into odontoblast cells [8–10]. Stem cells from human ex-
foliated deciduous teeth (SHED) can be differentiated into odontoblast
cells [11]. SHED have been known as a stem cell population in primary
tooth pulp [3]. Though it is accessible, SHED have the ability to become
neurons, fat cells, osteoblasts and odontoblast, and can produce bone
and dentin in the right environment [3]. The first group that started
dental pulp engineering was Mooney and Rutherford [12] in 1996, their
activities stopped when they were confronted with unknown dental
stem cells that could be differentiated into odontoblast. Alternatively,
in 2000, Gronthos et al. [13] discovered pulp cells that were able to
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produce dentin. In a study conducted by Iohara et al. [14] in 2004, the
transplantation of dental pulp that was exposed to dental pulp stem
cells led to dentin reconstruction and the formation of a suitable dentin
bridge. Lately, it has been revealed that these cells have the ability to
recreate the tooth pulp in an in-vivo environment [15]. Wang et al. [16]
was examined effect of poly(L-lactic acid) (PLLA) nanofiber scaffold on
odontogenic differentiation of human dental pulp stem cells (hDPSc).
Consistent with the in vitro studies, nanofibrous scaffolds promoted
odontogenic differentiation and hard tissue formation after 8 weeks of
ectopic transplantation in nude mice.

One of the important components of tissue engineering is the scaf-
fold, which serves as a suitable platform for cellular proliferation,
growth, and differentiation. Polymer base scaffolds are commonly used
in various medical branches due to their good hydrophilicity and
flexibility. Polyhydroxybutyrate (PHB) is an artificial polymer that has
been weakened by the hydrolysis of ester bonds in physiological con-
ditions and its attenuation releases the acidic products. The biode-
gradation of PHB compared to other biodegradable polymers is slow
and best for applications that require durable materials [17]. It was
reported that in simulated physiological conditions, the PHB framework
loses about 18% of its volume over 60months [18]. One of the prop-
erties of the nanoparticles in the scaffolds is helping to proliferate and
differentiate stem cells into other cells. Therefore, the selection of a
suitable growth factor for differentiation to a specific cell line is very
important.

Growth factors are involved in the differentiation of many cells and
are a kind of cytokine. Bone morphogenetic proteins (BMP) is known to
act as a regulator and agent for bone and cartilage growth, and can
affect other tissues and organs, such as the tooth [19,20]. This protein is
increasingly important in the process of dentin reconstruction and
dentinogenesis [21–26]. However, the role of dentin-derived BMP in
the differentiation of dental pulp stem cells (DPSCs) is not completely
determined. The main hypothesis of this study is how much BMP2 can
contribute to the differentiation of SHED into odontoblast. In 2010,
Casagrande et al. [27] examined the effect of BMP2 growth factor on
the differentiation of SHED into odontoblast that were able to detect
existing antigens using dentin sialophosphoprotein (DSPP), MEPE and
DMP-1 antigens in differentiated cells in odontoblast and confirm the
differentiation of SHED. In tissue engineering, the action of growth
factors are very important at the onset and continued differentiation of
selective stem cells into odontoblast-like cells [28]. One of the proteins
called DSPP, which is a non-collagen phosphorylation protein, has been
identified for the process of odontoblast differentiation among several
other proteins [29,30]. DSPP is not only used to express odontoblast but
also to express osteoblast in a small amount [29–32]. Another protein
that plays an important role in differentiating odontoblast is collagen.
This is a protein found in the extracellular matrix of animals and is the
most abundant protein in the body. Collagen type-I forms 90% of the
bone and teeth dentin [33]. The synthesis of collagen is conducted by
osteoblasts in the bone [34], chondroblast in the cartilage [35], odon-
toblast in the teeth [33], smooth muscle cells in the wall of the blood
vessels and epithelial cells.

The purpose of this study was to investigate the adhesion, growth
and proliferation of SHED on composite nanofiber scaffolds and to
evaluate the differentiation of cells into odontoblast-like cells.

2. Materials and methods

The materials required for the manufacture of nanofiber scaffolds
include Polyhydroxybutyrate (PHB), Chitosan and Trifluoroacetic acid
(TFA) (Sigma Aldrich, USA) and Nanobioglass [36]. Materials used to
differentiate SHED are MTA powder (ProRoot MTA, Densply, USA),
BMP2 (Peprotech, USA), Dentin sialophosphoprotein (DSPP) antibody
(Abgent, USA), Collagen type-1 antibody (Ptglab, USA), Anti-Rabbit
Secondary Antibody (Rockland-inc, USA), DSPP, Alkaline phosphatase
(ALP) and Collagen type-I specific primers from BIONEER South Korea.

2.1. Fabrication of electrospinning scaffold of PHB/Chitosan/Bioglass
nanofibers

In this stage, the PHB polymer powder having a constant con-
centration of 9 wt%, as the optimum concentration, was weighed using
a digital scale [36]. To prepare each desired concentration, the ap-
propriate amount of PHB was dissolved at a temperature of 40 °C and
for 20min in a Trifluoroacetic acid (TFA) solvent. After PHB was
completely dissolved in TFA, 15 wt% of chitosan was added to the
mixture for 20min at 40 °C. Thereafter, 10 wt% of bioglass nano-
particles was added to the polymer/chitosan solution, and again, the
mixture was placed under a stirrer for 30min. To achieve a better and
more uniform dispersion while preventing particle agglomeration, the
solution was also processed for 60min by a homogenizer, and then
immediately electrospinning was done with the desired conditions. To
determine the effect of electrospinning parameters on the developed
scaffolds, two important parameters affecting the fiber diameter, i.e. the
electric potential of the spinning machine, and the spacing between the
syringe needle and the collector, were considered as variable para-
meters of the electrospinning operation. In other words, the authors
prepared different samples for two different values of the electric po-
tential (17 kV) and two different values of the needle-collector spacing
(14 cm). Once the syringe was prepared, 1ml of the composite solution
was put into the spinning machine, and the electrospinning operation
was performed on aluminum foil.

2.2. Measurement of porosity and mechanical properties of scaffold

To measure the density and porosity of electrospun scaffolds,
1× 2 cm samples of scaffolds were prepared, weighed by a scale, and
had their thickness measured by a thickness gauge. In the end, the
density and porosity of the samples were calculated through the method
of Vi and Juvi using Eqs. (1) and (2) [33]. It should be noted that each
sample had three replications and the reported values are the average of
three measurements.

= ⎛
⎝ ×

⎞
⎠

Scaffold density Scaffold mass
Scaffold area Scaffold thikness (1)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×Scaffold prosity (%) 1
Scaffold density

Bulk density
100

(2)

The bulk density was calculated by immersing in a fluid with known
density [34,35]. In this method, the scaffold was weighed and then
submerged into a specific fluid such as water or ethanol for 24 h, al-
lowing the fluid to fully penetrate the scaffold's body (this study used
phosphate buffer solution with a density of 0.995 g/cm3 for this pur-
pose). After 24 h, the scaffold was dried and was weighed again. The
difference between the two measured weights revealed the extent of
penetration of the fluid into the scaffold.

The mechanical properties of developed scaffolds were evaluated by
tensile test conducted in accordance with DIN EN ISO 2062 standard. In
this test, the samples had a dimension of 60×10mm, load cell was
50 N, and the distance between the two jaws was 10mm. To provide
test reproducibility, each scaffold sample had three replications. Tensile
test was performed using Zwick/Material Prufung1446 test machine
with tension rate of 10mm per minute. The test results were then or-
ganized in terms of elastic modulus, tensile strength and elongation.

2.3. Extraction of mesenchymal stem cells from pulp of deciduous teeth

Three healthy naturally fallen teeth (from 3 healthy children aged 6
to 11 years) were extracted and collected for mesenchymal stem cells.
Two to five days before tooth extraction, the patients underwent full
health education and full professional prophylaxis of the teeth using
brushes and pumice dough to reduce the amount of plaque and debris
as much as possible, thereby, minimizing microbial contamination in

M. Khoroushi et al. Materials Science & Engineering C 89 (2018) 128–139

129



the culture medium. Professional prophylaxis was performed again for
patients on the day of extraction. After adequate local anesthetic in-
jection, the patients rinsed their mouth with a 0.12% chlorhexidine
mouthwash twice, each time for 1min to minimize contamination of
the culture medium. Tooth extraction was performed under sterile
surgical procedures using sterile gloves after oral disinfection with io-
dine solution, and immediately after extraction, the remaining pulp of
the teeth was extracted by spoon excavator or endodontic files from the
apical end of the analyzed root with minimum trauma and immersed in
a PBS solution. Sterile equipment was also used. After washing the teeth
in PBS solution containing 1% of antibiotic penicillin/streptomycin, the
pulp tissue was removed from the teeth and washed again in the so-
lution. For the cell culture, the pulp tissue was placed in a solution of
4mg/ml collagenase type-I at 37 °C. After 1 h, the lysed tissue was
converted to single cell type using the pipetting technique, and added to
the medium containing Minimum Essential Medium Eagle Alpha (α-
MEM) and 15% ES-FSC, and was then centrifuged for 10min at
1200 rpm. The cell was mixed again with the medium and cultured
after being transferred to a suitable dish in an incubator at 37 °C and
95% humidity. After 24 h, the floating cells were removed from the
medium by washing the dish with PBS solution and the culture was left
to stay in the same conditions to proliferate the cells. After filling the
dish, the cell passage was performed using Trypsin-EDTA and even-
tually, depending on the number of cells from each sample, the cell
passage was conducted. For subsequent experiments, the cells of the
fourth passage were placed in a medium with 10% DMSO and then
transferred to the nitrogen tank.

The cells were isolated by flowcytometry using markers which in-
cluded CD19, CD14, CD146 and CD90. For this purpose, monolayer
stem cells were fixed after trypsinizing and counting in 4%
Paraformaldehyde (PFA) solution and incubated with human antibody.
After 30min, the cells were washed with phosphate buffer saline and
analyzed by flowcytometry.

After proliferation of the cells in the initial culture, filling at least
80% of the flask floor, the cells were transported to several flasks after
10–12 days. The passage steps were as follows: the outer atmosphere of
the T25 flask was evacuated, the cells were washed twice with 2ml of
PBS, 3ml of Trypsin-EDTA (Sigma) solution was then added to the flask
and placed at 37 °C for 3min. To stop the activity of trypsin enzyme,
3ml of DMEM medium with 10% FBS was added to the flask, using
pipetting, more so, the cells separated from the flask floor were isolated
and floated, the cell suspension was poured into 15ml falcon pipes and
centrifuged for 8min at 1400 rpm. The cellular deposition was placed
in 1ml of the suspension culture medium and then transferred into
three T25 flasks containing 12ml culture medium containing 10% PBS.
The flasks were kept in an incubator at 37 °C and 5% CO2 [37].

After trypsinization of SHED from the third passage (Fig. 1), 2× 104

cells were transferred to each scaffold. According to the references [38],
the scaffolds were 0.3mm in thickness and 10mm in diameter, and
each scaffold was placed in the well of the plate. To each well, 1ul of
Dulbecco's Modified Eagle's medium (DMEM) containing 10% serum
and 1% Pen/Str was added. Finally, to sterilize the scaffolds, they were
exposed to UV for 2 h and 70% ethanol for 30min and washed with PBS
solution. After this stage, four groups including: (1) culturing cells in
the flask flood without scaffold (control), (2) PHB scaffold (G1), (3)
PHB/chitosan scaffold (G2), (4) PHB/chitosan/Bioglass scaffold (G3)
were selected at 3, 5 and 7 days with at least 3 repetitions and were
prepared for cell culture. MTT-assay (MethylThiazol Tetrazolium-assay)
was used to determine the survival and proliferation of these cells on
the scaffolds. In this test, the activity of the mitochondria dehy-
drogenase enzyme and ultimately the recovery of tetrazolium salt,
which is an indicator of cell growth, were investigated. After per-
forming MTT assay at the time mentioned above, removed the media,
washed the cells with PBS about 400 μl of pure media, and 40 μl of MTT
solution (with concentration of 5mg/μl) were added to each well and
placed in the incubator at 37 °C for 4 h. The medium was slowly

evacuated and 400 μl of Dimethyl sulfoxide (DMSO) was added and
stored in the dark for 2 h at laboratory temperature, and then 100 μl of
the solution was pipetted and transferred to the well of the 96-well
plate. In order to determine the presence of antibodies or specific an-
tigens, the OD absorbance of samples were read by the spectro-
photometer ELISA reader (Hiperion MPR 4+ Microplate reader) at the
wavelength of 540 nm.

2.4. Differentiation of SHED to odontoblast

In order to induce the differentiation of SHED into odontoblast, four
different media with different compositions were also used and induc-
tion of the cells on different scaffolds was performed for 14 days. The
groups considered for the cellular differentiation medium are: (1)
Medium, (2) Medium containing BMP2 growth factor (100 ng/μl), (3)
Medium containing BMP2 growth factor (100 ng/μl)+MTA (200mg)
and, (4) Medium containing MTA (200mg). To differentiate odonto-
blastogenesis, 5× 105 cells per well with scaffolds were cultured. The
differentiation groups are: PHB/chitosan/Bioglass scaffold (control),
(2) PHB/chitosan/Bioglass + BMP2 Scaffold (D1), (3) PHB/chitosan/
Bioglass+BMP2+MTA Scaffold (D2) and (4) PHB/chitosan/
Bioglass+MTA scaffold (D3). The differentiation medium of the scaf-
fold groups and monolayer cells on days 3 and 14 of the differentiation
has been shown in Fig. 2. The cell culture medium was changed every
three days. After 14 days from the time of differentiation, mRNA ex-
traction and cDNA synthesis were performed, and in order to evaluate
odontoblast specific genes [11] in the Real time-PCR step, DSPP, ALP
and Collagen type-I primers were used and Hematoxylin-Eosin (H-E),
while immunohistochemistry (IHC) methods were used to trace DSPP
and Collagen type-I proteins of the differentiated cells.

2.5. mRNA extraction and cDNA synthesis from differentiated cells

The Trizol solution (TriPure Isolation Reagent, Roche Diagnostics,
USA) and TriPure Extraction Kit (13RXN) were used to separate the
cells from the scaffold surface. The scaffolds were placed into the falcon
tube and 1 cm3 of Trizol was added and mixed well to dissolve the
scaffold inside the solution (20 s). 200ml of chloroform was then added
to the tube and the samples were kept in the laboratory for 10min. It
was then centrifuged for 15min at 13,000 rpm at 4 °C. After cen-
trifugation, three phases were formed; a transparent upper phase con-
taining mRNA, which was carefully separated and inserted into the new
tube (600 μl). Then, 600 μl of isopropanol was added to the previous
sample and kept at room temperature for 10min. Subsequently, the

Fig. 1. SHED after the third passage.
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tubes were centrifuged at 12,000 rpm at 4 °C for 12min. A white mass
was formed at the bottom of the tubes that actually indicated RNA
deposition. The next step was to discard the superficial fluid and add
1 cm3 of 70% ethanol to the tube and centrifuged it for 5min at
8500 rpm (RNA washing step). The supernatant was dispose again and
the tubes were placed at room temperature to evaporate the extra
ethanol. After drying 50 μl of water without enzymes, the arenas were
added to the samples and placed at 56 °C for 10min. The prepared RNA
sample should be stored at −80 °C or rapidly converted to cDNA.

2.6. Synthesis of cDNA

The Revertal-L kit of the company AmpliSens was used to synthesize
cDNA. In accordance with the kit instructions, each sample of 10.3 μl of
the RT mix buffer, 0.42 μl of RT Gmix2 buffer, and 0.5 μl of RT reverse
transcriptase enzyme were used. These materials were added to the
tube and 10 μl of the extracted mRNA was added to the mixture and
placed at 38 °C for 30min. After that, the cDNA sample was prepared
and kept at −20 °C.

2.7. Real time-PCR technique

In this method, the reference gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), which has a fixed and unchanged expression in
cells, was used to normalize the data. Specific primers of the reference
gene and specific odontoblast genes used in this study were extracted
from available sources [11] (Table 1) and a standard curve was used to
calculate the level of expression of each of the targeted genes.

2.8. Stages of real-time PCR test

The device's thermal - time schedule was completed in three steps.
The first stage, which leads to the denaturation of DNA molecules and
activation of the polymerase enzyme was performed at 95 °C for 12min,
the second stage was carried out at 60 °C for 25 s and at 72 °C for 30min
for 40 consecutive cycles, and the final step was to draw the

dissociation curve or the melting curve. The temperature of different
proliferation stages of DNA strands has been written in Table 2. Real-
Time PCR reactions were used in the final volume of 10 μl and in 100 μl
tubes. In the present study, Sybr-Green characterized by green fluor-
escence, is placed through a small strand of double-stranded DNA
molecule and diffused fluorescence light. The production of fluorescent
light is in direct proportion to the production of PCR hence Sybr-Green
molecule has no inhibitory effect on PCR and can be used instead of
fluorescent probes.

2.9. Relative quantization data analysis

In this study, a threshold cycle comparison method was used to
measure the number of copies of the target and reference genes. In this
method, the threshold cycles of each gene (conducted in triplicate) was
used. The gene was normalized based on the glyceraldehyde 3-phos-
phate dehydrogenase reference gene. The expression level of each of the
target genes was calculated using formula (3), which means that CtGene
is equivalent to the threshold cycle of each primer and CtControl is
equivalent to the GAPDH primer threshold cycle;

∆ = −Ct Ct CtGene Coltrol (3)

The amount of mRNA proliferation in each sample was calculated
from formula (4):

∆ ∆ = ∆ − ∆Ct Ct Ct( ) Gene Coltrol (4)

Finally, 2−Δ(ΔCt) is equal with the proportion of target gene to re-
ference gene (formula (5)):

= −∆ ∆old changeF 2 Ct( ) (5)

The number of cycles was considered 40 times for progressive
propagation and the wavelength of 470 nm was according to the Sybr-
Green standard, and then the test was controlled by Rotor-Gene 6000
Series Software 1.7.

Fig. 2. Differentiation medium of scaffold groups and monolayer cells on days 3 and 14.
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2.10. Preparation of scaffolds for immunohistochemistry (IHC) test

IHC test was performed using primary antibodies of collagen type-I,
dentin sialophosphoprotein (DSPP) and secondary anti-Rabbit IgG an-
tibody (GOAT). Initially, all antibodies were diluted with dinitrogen
water at 20 μl and frozen into eppendorf. The cells cultured on the
scaffolds were fixed in phosphate buffered formaldehyde at 10% v/v.
For proper evaluation, the scaffold with transverse sections should be
prepared. Block preparation was done in four steps, namely: the pro-
cessing stage, in which cells and scaffolds were prepared using the
Tissue processor-DS 2080/H machine. In the next step, each scaffold
was divided into three parts and held vertically in the mold to slowly
melt the paraffin around it, then the molds were quickly transferred to
the freezer at −30 °C to cool the paraffin. Thereafter, blocks were cut
into pieces to have a thickness of 8–10 μm using a microtome machine
model Accu-Cut SRM-SAKURA. Finally, the samples were placed in the
oven for 60min at 45 °C. Subsequently, the components were dehy-
drated with alcohol and stained to evaluate the morphology with H-E
solution. This method was used for general staining in most pathology
labs. This method includes using Xylene solution to clear the blocks for
20min in 3 steps, namely: hydration with 100 to 70 degrees of alcohol,
cell core staining by Hematoxylin and staining of cell cytoplasm by
Eosin, and dehydrating step by 70 to 100% of alcohol. For im-
munohistochemistry (IHC), sections were immersed in 0.3% H2O2 for
30min and blocked in TBS for 1 h. The cut blocks were then incubated
for 30min with DSPP, Collagen type-I antibodies for 60min, and sec-
ondary anti-Rabbit IgG (GOAT) antibodies for 30min and then placed
in DAB solution for 1min. Finally, the H-E and IHC images were viewed
by the Olympus CX31 microscope.

2.11. Statistical test

The results of the experiments were statistically analyzed by IBM
SPSS Statistics V21.0 software and by two-way ANOVA analysis with
significance level of p < 0.05.

3. Results and discussion

3.1. FE-SEM test of electrospun scaffolds

The FE-SEM image and histogram diagram of the nanocomposite
scaffold samples have been shown in Fig. 3. It can be seen that the
tensile strength increases during the formation of the fibers and a

decrease in the fiber diameter is notable, as compared to the pure PHB
sample of this phenomenon in Fig. 3. In this image, there is also a
completely porous network of fibers without nodes and agglomerates,
therefore, the presence of ionic groups in the polymer structure caused
by the bioglass nanoparticles increases the electrical conductivity of the
solution thereby transferring more electricity and ultimately leading to
the elongation and narrowing of the fibers, which reduces their dis-
tribution. In general, a droplet of polymer solution released from the
needle changes shape under the influence of the electric field and will
be in the form of a Taylor cone; so that a high-electrical solution can
move more electric charges which ultimately leads to elongation and
narrowing of the fibers and a reduction in their distribution [39]. The
presence of 10 wt% bioglass nanoparticles and 15wt% chitosan in-
creased the tensile strength and young's modulus of fibers to 3.42MPa
and 210.96MPa, respectively [36].

3.2. Results of porosity and mechanical properties of scaffold

High pore size allows the cells to repair the damaged tissue more
properly. In addition, pores play an important role in supplying the cells
with nutrition [2]. In Table 3, where the samples porosities are listed,
compounds containing 15wt% bioglass have higher agglomeration in
their structure, resulting in a higher pore size and thicker fibers; on the
other hand, the presence of agglomerates in these structures has limited
the movement of polymer chains, ultimately resulting in lower porosity.
In chitosan containing compounds, the change in the density of com-
posite causes the fibers to become thinner and the pores to become
smaller, but it should be noted that these positive effects of adding
chitosan reduces after exceeding a certain limit. In samples containing
20wt% chitosan, the very high viscosity limits the movement of na-
noparticles in polymer matrix as well as the movement of polymer
chains and reduces the porosity. Therefore, according to the above
description and the results of Table 3, the sample S1 can be selected as
the best sample in terms of high porosity.

PHB and chitosan are brittle polymers whose brittleness depends on
their degree of crystallinity. However, the addition of bioglass can be
used as a measure to adjust the polymer crystallinity, and thereby im-
prove the scaffold's brittleness and tensile properties. It should again be
noted that the presence of high amounts of chitosan in polymer solution
will cause it to gain a high viscosity and become ill-suited for electro-
spinning. Meanwhile, the presence of up to 10% (by weight) of bioglass
nanoparticles in the polymer chain allows these particles to act suc-
cessfully as temporary cross-links and ultimately improve the me-
chanical properties. This is the effect of high surface energy of nano-
particles and their ability to act favorably in tensile field and move in
the direction of elongation. Ceramics such as bioglass that have ionic
bonds exhibit a high durability and can therefore be used to improve
the durability of composite, but only when their presence does not lead
to agglomeration. In fact, agglomeration is weakening the mechanical
properties by weakening the bond between bioglass nanoparticles and
the polymer matrix. These agglomerations points become highly vul-
nerable to stresses and in effect act as points of stress concentration
resulting in easier formation of micro-cracks in the structure and

Table 1
List of primers used in Real-time PCR analysis.

Gene name Direction Sequence (5′→ 3′) Length (bp) Melting temperature (°C)

DSPP Forward GGGCCATTCCAGTTCCTCAAA 171 59.6
Reverse TCTCTTGCCTTCCTCTATCACCTT 171 59.8

Collagen type I Forward GGCAAAGAAGGCGGCAAAG 133 59.4
Reverse GAGCACCAGCAGGACCATC 133 59.5

ALP Forward TGTGGAGTATGAGAGTGACGAGAA 111 59.6
Reverse CAGATGAAGTGGGAGTGCTTGTAT 111 59.6

GAPDH Forward CATGTTCGTCATGGGGTGAACCA 159 61
Reverse AGTGATGGCATGGACTGTGGTCAT 159 61

Table 2
Temperature of different stages of DNA strands.

Status Temperature (°C) Time

Hold 95 15min
Cycle Denaturation 95 12 s

Annealing 60 25 s
Elongation 72 30 s

Melting 60–95 –
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therefore reducing the mechanical properties. According to the SEM
(Fig. 1) analysis and evaluation of the porosity and mechanical prop-
erties, the PHB/15%Chitosan/10%nBG sample had the best results
among the other samples, so this scaffold was selected as the most
suited sample for bioactivity and biodegradability analyses.

3.3. Results obtained from cell morphological observations

Live cells grown on culture media were identified on days 1, 5 and 7
after starting the culture. Live cells were extracted from pulp tissue on
days 1, 5 and 7 after starting the culture using a contrast phase mi-
croscope, the appearance of fibroblasts was visible on the flask floor,
and it gradually increased the density of these cells with increasing
culture time (Fig. 4).

The flow cytometry analysis results revealed that CD90 and CD146
mesenchymal markers were positive in cells isolated from deciduous
dental pulp, while the hematopoietic markers of CD14 and CD19 were

negative. The results are shown in Fig. 5. In Fig. 5, the expression of
endothelial markers of CD90 and CD146 were 99.79% and 94.21%,
respectively, and the rate of expression of the hematopoietic markers of
CD14 and CD19 were 23.32% and 7.32%, respectively. Dental pulp
studies have suggested that dental pulp cells have a vascular outflow,
because the cells exhibit CD146 and CD90 markers, which are specific
markers of endothelial cells. There is only one unidentified cell type in
the dental pulp that can be differentiated into other cells. Concerning
the closed space of the pulp chamber and the very narrow canal of the
root of the tooth, we concluded that the dental pulp cells are all fun-
damental [40–42].

CD14 and CD19 are markers for endothelial progenitor cells [43],
while CD90 and CD146 are markers for pluripotent stem cells [44],
therefore, it can be stated that the stem cells extracted in this study are
pluripotent. Previous studies by Miura et al. revealed that ex-vivo ex-
tended SHED express the primary mesenchymal marker (STRO1) [3],
but contrary to the results, the cells were positive for endothelial pro-
genitor cells (CD146). In this study, the positive cells of STRO1 and
CD146 were also accumulated around the remaining pulp blood vessels
and it was concluded that the origin of these cells is probably the
perivascular micro environment [3].

3.4. The percentage of cell viability survey

The MTT assay was used to confirm the activity and growth and
proliferation of cells on the nanofibers used and the amount of scaffold
toxicity. The absorbance of the OD of the samples was read using the
ELISA reader spectrophotometer. The change in the growth rate of cells
along the scaffolds and the percentage of cell viability (Formula (6))
have been shown for day 1, 5 and 7. The results of the MTT assay for the

Fig. 3. SEM Image and histogram diagram for PHB/10Cht/15nBG nanocomposite fibers [66].

Table 3
Mechanical properties and porosity of electrospun scaffolds (n=3).

Sample Stress (MPa) Modulus (MPa) Porosity (%)

S0 0.95 ± 1.5 109.90 ± 0.05 63.5
S1 3.42 ± 2.98 210.96 ± 0.09 81.2
S2 1.01 ± 3.04 217.98 ± 0.1 66.3
S3 1.55 ± 1.28 183.22 ± 0.06 65

S0: PHB.
S1: PHB/15Cht/10nBG.
S2: PHB/20Cht.
S3: PHB/15nBG.

Fig. 4. SHED medium after 7 days. (a) Shows a small clone one day after the culture; (b) the same clone on the fifth day; and (c) the same clone on the seventh day.
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corresponding time intervals are plotted in a chart and the MTT test
mechanism have been shown in Fig. 6.

= ×Cell viability OD test OD control(%) ( )/ ( ) 100 (6)

Nanofiber scaffolds physically imitate the extracellular matrix, so
that they can be a good substrate for cell adhesion and cell growth [45].
For this purpose, the MTT assay was performed for cultured SHED on
the scaffolds at day 3, 5 and 7, the results are shown in Fig. 6. Based on
the test, there was a significant difference between the control group
and the experimental groups (ANOVA, p < 0.05). The highest cell
viability rate was observed for the control sample, and following, were

the samples G3+MTA and G3. There was no significant difference
between the two groups of G3+MTA and G3 in terms of cell viability
(ANOVA, p > 0.05). While these two groups had a significant differ-
ence from the G1 sample, this may result from the presence of car-
boxylamino groups in the chitosan structure which improves substrate's
hydrophilicity and, consequently, the better growth of active metabolic
cells on G3+MTA and G3 scaffolds, compared to the G1 sample. Al-
though the cell survival rate was lower in both G3+MTA and G3
groups than in the control group, however, due to the results of the
biocompatibility test performed in the previous study [36], the G3
composition containing bioglass and chitosan had good biocompat-
ibility and it can be said to be a suitable substrate for cell growth and
proliferation. Therefore, it can be stated that the growth and pro-
liferation of SHED can be a function of the chemical (hydrophilic) and
structural properties (porosity and fiber size) of the scaffolds, and with
better properties, the better the binding and growth of the cells [45].
According to Fig. 6, there was no significant difference between the
groups of day 3 (ANOVA, p > 0.05), but on the 5th day, this difference
was significant in G1 group, and on the 7th day, there was a significant
difference between groups G3, G3+MTA and MTA. According to the
results obtained from the evaluation of the percentage of cell viability,
the scaffolds containing bioglass nanoparticles have far more cellular
viability than scaffolds without nanoparticles, therefore, it can be
concluded that the presence of nanoparticles plays an important role in
cell growth and adhesion [46]. The change in cell direction and
crossing multiple different courses of random nanofibers decreases the
speed of proliferation compared to aligned nanofibers, which leads to
the formation of smaller colony size and less cell elongation with
multipolar shape. On day 7 we observed the highest proliferation rate
in the PHB/chitosan/nBG scaffolds. Supposing the highest proliferation
rate of the SHED occurred 3 days after initial culture, the decrease in
cellular proliferation in aligned nanofibrous scaffolds on MTA groups
could be related to the lack of space for proliferation and relative
toxicity of MTA. According to Fig. 6, most of the cells on MTA were

Fig. 5. Results of flowcytometry of human SHED. (a) CD90, (b) CD146, (c) CD14 and (d) CD19.

Fig. 6. The results of the MTT assay and the comparison of the survival of the
cells on the scaffolds (n= 3), (a) the third day, (b) the fifth day, and (c) the
seventh day, with a significant difference between the control group and the
groups with scaffold (G) (n=3). * Indicates a significant difference from the
MTA (p < 0.05, ANOVA).
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dead, and only the cell debris could be observed, especially when the
cells were seeded after day 3 of MTA hydration. However, cells seeded
on MTA after day 5 of MTA hydration appeared to recover to some
extent in 4 day cultures. The differences were statistically significant
(ANOVA, p < 0.05). In a 2010 study by Yang et al. [38], the effect of
hydroxyapatite nanoparticles on PCL/Gelatin/nHA scaffolds was in-
vestigated and it was concluded that, the presence of nanoparticles
increases the hydrophilicity of the scaffold, and as a result, can improve
cell growth, proliferation and adhesion.

3.5. Evaluation of cell morphology and adhesion on the scaffold surface

The suitability of 3D composite scaffolds for cell culture was de-
termined by observing cell adhesion and dispersion using SEM images.
High cell binding on the optimized scaffold can be seen in the SEM
images shown in Fig. 7; this is the result of suitable physical-chemical
properties and the cell-compatibility of the scaffolds. Increasing the
concentration of chitosan increased the cellular binding. Bioglass na-
noparticles also play a key role in binding SHED on the composite
scaffolds. In Fig. 7-b shown cell adhesion and dispersion (with magni-
fication of 2500×).

3.6. Real-time PCR test analysis

While many researchers have investigated the odontoblast differ-
entiation of dental cells, the formation of odontoblast cells is unclear to
a large extent. One of the important factors that can lead this type of
research to the desired goal is the selection of the appropriate molecular
signals that are important in tissue engineering [47–49]. Therefore, in
this study, according to the references, a suitable growth factor for
inducing SHED was selected for odontoblast [11]. The differentiation of
stem cells into odontoblast was confirmed by Real-time PCR. The ex-
pressions of collagen type-I, DSPP and ALP genes were selected as
odontogenic phenotype markers and examined in differentiated cells
after 14 days. Factors such as the shape and morphology and the scaf-
fold components can also play an important role in increasing cell in-
duction [11]. The nanofiber scaffolds in this study are three-dimen-
sional, which is one of the most effective induction factors for the
scaffold. The results of the study by Iohara et al. indicated that BMP2
induction of cells in a 3D culture was much more effective than in the
monolayer culture, so that, after 21 days, the DMP-1 gene expression
was observed only in the 3D culture [50]. On the other hand, the
presence of bioglass nanoparticles in the scaffold composition also in-
creases cell induction [51]. According to Fig. 8, it is observed that, in all
the groups, SHED differentiated into odontoblast-like cells and their
gene expression was positive, making them significantly different from
that of the control group. ANOVA test showed that p < 0.05 and there

was no significant difference between other groups.
The expression level of Collagen type-I in the medium+BMP2 (D1)

group was about 6.5 times. In the medium+BMP2+MTA (D2) group,
the expression of the gene was 3 times and in the medium+MTA (D3)
group it increased to 2.5 times, compared to the control group. Given
that collagen exists in the extracellular matrix as one of the most
abundant proteins in the body and it plays an important role in bone
formation; therefore, collagen growth factor, plays an important role in
bone formation and helps to increase the expression of the collagen
gene and its differentiation toward the odontoblast-like and osteoblast
cells [24]. However, when the BMP2 growth factor with MTA is present
in the differentiation medium due to the release of Si and Ca ions, the
MTA extract disrupts BMP2 function [52] and reduces the expression of
the collagen gene by 50% compared to the D1 group and decreases the
D3 group by about 22% compared to D1. DSPP expression level in the
D1 group was about 5.5 fold, in the D2 group, the expression of the
gene was about 2.5 times and in the D3 group, it was about 1.5 times,
compared to the control group. DSPP is the most important non-col-
lagenic dentin matrix protein that plays a key role in the formation and
mineralization of dentin [53–56]. ALP gene had the lowest expression
in the three groups of scaffolds compared to the control, so that in the
D1 group, the expression rate of the gene was about 2 times, about 1.5
times in the D2 group, and in the D3 group, approximately one-fold
increase in the expression of the gene. This decrease in the expression of
ALP gene expression in all the groups, compared to DSPP and Collagen
type-I genes, is due to the presence and release of calcium phosphate
and calcium hydroxide in the MTA during the time of differentiation
(14 days) [49,52]. According to references [57], the degree of differ-
entiation in the groups containing MTA has been due to the presence of
scaffold bioglass nanoparticles and the release of calcium ions. The
morphology and structure of nanoparticles also play a significant role in
biological responses [58,59]. It can be concluded that the environments
that are less involved in ion release (group D1) are much less indicative
of the expression than the groups that releases more ion (groups D2 and
D3). It should be noted that MTA exhibits minor toxicity at the earliest
time when it enters into differentiated media [60,61]. Animal studies
have shown that MTA leads to a limited amount of pulp tissue necrosis
after application [62–64]. However, due to the mesh state of the scaf-
folds, MTA takes a longer time to prepare; therefore, the ion release
continues and reduces the gene expression in the groups. The scaffold
seems to allow the MTA to have beneficial effects on the formation of
dentin. Lee et al. [65] showed that the PCL-F scaffold is a temporary
barrier for MTA to be prepared. The extract of MTA with BMP2 pro-
motes the expression of DSPP and Collagen type-I genes, which do not
differ significantly. In addition, the grown cells on the scaffolds of the
D1 and D2 groups significantly increased the expression of DSPP and
Collagen type-I genes than those of the D3 group. These MTA attributes

Fig. 7. Evaluation of cell morphology and adhesion on the scaffold surface. (a) Magnification of 500× and (b) magnification of 2500×.
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showed that the D2 group did not only maintain the beneficial prop-
erties of MTA, instead of the D3 group, but also induced differentiation
into the odontoblast-like cell line.

3.7. The results of H-E staining and immunohistochemistry (IHC) tests

Scaffold samples affected by the growth factor of the BMP2 and
MTA extracts in a differentiation medium were evaluated for the pre-
sence of odontoblast specific matrix by IHC and H-E staining methods.
As notable in Fig. 9, after staining H-E, the cell cores appeared in dark
purple and the cellular cytoplasm medium, in pink. On the other hand,
IHC test images (arrows representing some of the differentiated cells on
the scaffolds) were analyzed by ImageJ software and the percentage of
the formation of differentiated cells in each of the groups was eval-
uated. Fig. 10 shows the differentiated cells of the groups marked with

the Collagen-I antibody. Fig. 11 reveals the cells differentiated with
DSPP antibodies. It is noteworthy that cells that have dark purple cores
and brown cytoplasm can be accepted as differentiated cells. In Fig. 12,
the D1 group that contains the BMP2 growth factor with Collagen type-I
antibody has the highest percentage (32%) of the differentiated cells; so
that, the results of the Real-Time PCR test seem logical. The results
indicated that the presence of DSPP and Collagen type-I compounds
was determined as the formation of brown deposition of Diamino-
benzidine (DAB).

4. Conclusion

In this research, the PHB/10Cht/15nBG nanocomposite scaffold was
made using the electrospinning method while putting the optimal
parameters into consideration. According to the results, due to the

Fig. 8. Diagrams of various scaffolds and expression levels of (a) collagen type-I, (b) DSPP and (c) ALP genes (p < 0.05) *.
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presence of chitosan and bioglass nanoparticles, the resulting scaffold
had good hydrophilic and uniformity properties. The results of flow
cytometry showed that in the cells isolated from the deciduous dental
pulp, the mesenchymal markers of CD90 and CD146 were positive,
while, the hematopoietic markers of CD14 and CD19 were negative.
The SEM images show cellular binding and a high cell proliferation on
the scaffolds, which determine the compatibility of the scaffolds re-
garding the non-toxicity of cells. The results of the Real-time PCR test
showed a 6-times increase in the expression of DSPP and Collagen type-
I genes compared to the control group, so that in the images obtained
from the IHC test, the extracted cells of SHED are visibly differentiated

into odontoblast-like dentin cells. Therefore, according to the results, it
can be concluded that the scaffold constructed is suitable for direct pulp
capping.
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Fig. 9. H-E test images and presence of cells on the scaffolds of (a) control group; (b) BMP2 group; (c) BMP2+MTA group; and (d) MTA group (400×). (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 10. Immunohistochemistry test images and the presence of cells on the scaffolds marked with the Collagen-I antibody. (a) Control group; (b) BMP2 group; (c)
BMP2+MTA group; and (d) MTA group (400×).
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