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Abstract

BACKGROUND: The major challenge of tissue engineering is to develop constructions with suitable properties which
would mimic the natural extracellular matrix to induce the proliferation and differentiation of cells. Poly(e-caprolactone)-
poly(ethylene glycol)-poly(e-caprolactone) (PCL-PEG-PCL, PCEC), chitosan (CS), nano-silica (n-SiO,) and nano-hy-
droxyapatite (n-HA) are biomaterials successfully applied for the preparation of 3D structures appropriate for tissue
engineering.

METHODS: We evaluated the effect of n-HA and n-SiO, incorporated PCEC-CS nanofibers on physical properties and
osteogenic differentiation of human dental pulp stem cells (hDPSCs). Fourier transform infrared spectroscopy, field
emission scanning electron microscope, transmission electron microscope, thermogravimetric analysis, contact angle and
mechanical test were applied to evaluate the physicochemical properties of nanofibers. Cell adhesion and proliferation of
hDPSCs and their osteoblastic differentiation on nanofibers were assessed using MTT assay, DAPI staining, alizarin red S
staining, and QRT-PCR assay.

RESULTS: All the samples demonstrated bead-less morphologies with an average diameter in the range of 190-260 nm.
The mechanical test studies showed that scaffolds incorporated with n-HA had a higher tensile strength than ones
incorporated with n-SiO,. While the hydrophilicity of n-SiO, incorporated PCEC-CS nanofibers was higher than that of
samples enriched with n-HA. Cell adhesion and proliferation studies showed that n-HA incorporated nanofibers were
slightly superior to n-SiO, incorporated ones. Alizarin red S staining and QRT-PCR analysis confirmed the osteogenic
differentiation of hDPSCs on PCEC-CS nanofibers incorporated with n-HA and n-SiO,.

CONCLUSION: Compared to other groups, PCEC-CS nanofibers incorporated with 15 wt% n-HA were able to support
more cell adhesion and differentiation, thus are better candidates for bone tissue engineering applications.
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1 Introduction

Bone injuries and defects caused by tumor resection,
trauma, and congenital deformity remain a major challenge
in clinical therapy [1]. Compared to present-day clinical
therapies such as autografts and allografts [2], bone tissue
engineering provides an alternative approach for bone
reconstruction through the substitution of damaged tissues
and has developed rapidly [3—7]. Over the past years, nano-
scale substrates have attracted increasing attention in bone
tissue engineering because they can affect cell perfor-
mance, such as migration, proliferation, mitosis and lin-
eage-specific differentiation, and extracellular matrix
(ECM) deposition [8, 9]. In the nano-matrix realm, the 3-D
nanofibrous scaffolds have been extensively utilized in
tissue regeneration applications [10, 11]. Besides the nar-
row diameter distributions, nanofibrous scaffolds possess
large surface area for cell adhesion and interconnected pore
structure, which provides nutrient supply to the cells [12].
There are various methods to fabricate nanofibrous scaf-
folds for bone regeneration applications; such as self-
assembly [13], phase separation [8], template synthesis
[14], and electrospinning [15, 16]. Among them, electro-
spinning is regarded as a simple, economical and versatile
method capable of providing continuous ultrafine fibers,
which can replicate the nanoscale properties of the natural
extracellular matrix (ECM) [17, 18]. It has been proved
that the biological features for nanofibrous scaffolds such
as hydrophilicity, mechanical strength, biocompatibility,
and biodegradability depend on the compositions of the
materials utilized for tissue engineering scaffolding [19].
As natural bone is a composite from several components,
scaffold for bone tissue engineering, if prepared by means
of single material, cannot supply necessary cues for cellular
growth. However, if a combination of two or more mate-
rials is used to scaffold fabrication, might cause a syner-
gistic effect to create the necessary mechanical strength to
the scaffold as well as allow cell attachment, proliferation
and differentiation [20, 21]. Nowadays, researchers have
been focusing on making scaffolds consisting of multi-
polymers and bioactive materials to resemble the charac-
teristics of extracellular matrix (ECM), which also com-
prises of multi-polymers and biominerals like poly(e-
caprolactone)/gelatin/HA [22], gelatin/chitosan/SiO, [23],
poly(e-caprolactone)/fibroin/HA [24], sodium alginate/
poly(vinyl alcohol)/zinc oxide [25] and etc. Although there
are a variety of natural polymers used in scaffold fabrica-
tion, chitosan (CS), a fully or partially deacetylated chitin,
has been extensively used as a scaffold material in
biomedical field due to its structural similarity with gly-
cosaminoglycan, antibacterial and anticorrosion properties,
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high biocompatibility, osteoinductive properties, commer-
cial availability at relatively low cost, and non-requirement
for any crosslinking agents [26-28]. In spite of the
promising potential of chitosan, it has relatively low
mechanical strength [29]. For better mechanical properties,
it can blend with synthetic polymers such as, poly (e-
caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)
(PCL-PEG-PCL, PCEC) and nanoceramics. PCL-PEG-
PCL is a biodegradable, biocompatible, synthetic and non-
toxic copolymer of PCL and PEG and has been used as a
substrate in a number of biomedical applications [17]
because it can develop several blends, composites, and also
can integrate with bioactive molecules without changing
their biological properties [30, 31]. The use of nanoceramic
particles in the fabrication of scaffolds for bone tissue
engineering can incorporate nanotopographic features that
resemble the structure of natural bone [20]. Silicon dioxide
(S10,) is necessary in the formation of hard tissues. The
first reports of silicon dioxide physiological role have
shown that it is involved in the early stage of bone calci-
fication [23, 32]. Silicate bioactive glasses is osteoinduc-
tive and bonds with the surrounding tissue because of the
interaction of the Si—~OH groups with calcium and phos-
phate ions, resulting in the crystallization of apatite crys-
tals, cell adhesion and collagen formation [32-34]. Silicon
is necessary in the formation of hard tissues. The first
reports of silicon physiological role have shown that it is
involved in the early stage of bone calcification [23, 32].
Silicate bioactive glasses is osteoinductive and bonds with
the surrounding tissue because of the interaction of the Si—
OH groups with calcium and phosphate ions, resulting in
the crystallization of apatite crystals, cell adhesion and
collagen formation [32—34]. The excellent biocompatibility
and the positive biological properties of silicate bioactive
glasses have maintained them in the center of biomaterials
research for many decades [35, 36]. Hydroxyapatite (HA)
is considered the most widely used inorganic biomaterial
for bone replacement therapies since it is similar to the
bone mineral phase and has excellent biocompatibility,
bioactivity, and osteoconductivity [37-39]. The inclusion
of nano-HA (n-HA) has been proven to supply a desired
environment for cell response and proliferation by
increasing surface roughness and thereby absorption of
chemical species from surrounding environment [40]. In
the present study, our aim is to fabricate nanofibrous
scaffolds of PCEC-CS incorporated with nanoceramics like
n-HA and nano-SiO, (n-SiO,) by electrospinning method
and to assess the effect of these nanoparticles on physical
properties, mechanical properties, and human dental pulp
stem cells (hDPSCs) response of the nanofibrous scaffolds.
Fourier transform infrared spectroscopy (FT-IR), field
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emission scanning electron microscope (FE-SEM), contact
angle and mechanical test were applied to evaluate the
morphology and chemical properties of nanofibers. More-
over, the effect of nanoparticles on spreading, proliferation
and osteogenic differentiation of hDPSCs were assessed.

2 Materials and methods
2.1 Materials

e-Caprolactone (e-CL), poly(ethylene glycol) (PEG) with Mw
4000, stannous 2-ethyl hexanoate (stannous octoate, Sn(Oct),),
tetraethylorthosilicate (TEOS) and glutaraldehyde (25%) were
purchased from Sigma-Aldrich Co. (Steinem, Germany). Chi-
tosan (degree of deacetylation 85% and Mw =

100,000-300,000) was supplied from Acros chemical Co.
Calcium hydroxide [Ca(OH),], dimethyl sulfoxide (DMSO),
n-hexane, ammonium hydroxide (NH4OH), orthophosphoric
acid (H;PQOy,), absolute methanol (MeOH), acetone and formic
acid were all obtained from Merck Chemical Co. Phosphate
buffer fetal bovine serum (FBS), phosphate buffered saline
(PBS) and Dulbecco’s modified Eagle medium (DMEM) were
procured from Gibco, Singapore. 3-(4,5-Dimethylthiazol-2-yl-
2, 5-diphenyltetrazolium bromide) (MTT) was obtained from
Invitrogen (Carlsbad, CA, USA).

2.2 Synthesis of PCEC copolymer

Three block copolymers PCEC were prepared by ring
opening polymerization of g-caprolactone in presence of
PEG of Mw 4000 and stannous octoate [Sn(Oct),] [17].
Briefly, a known amount of e-caprolactone (20.0 g,
175 mmol), PEG (2.0g, 0.5 mmol) and Sn(Oct),
(0.5 wt%) was placed in the 50 ml round-bottom flask. The
system was heated to 130 °C under nitrogen atmosphere
and the polymerization was performed for 12 h. The
resulting product was solubilized in methylene chloride
followed by precipitation in an excess of cold hexane to
remove unreacted species. The molecular weight of PCEC
was equal to 45454 g/mol.

2.3 Synthesis of nano-HA particles

The nano-HA particles were obtained in-house by the
reaction of calcium hydroxide [Ca(OH),] with orthophos-
phoric acid (H;POy):

10 Ca(OH)2 + 6 H;PO4 — Calo(PO4)6(OH)2 + 18 H,O

Briefly, 100 mL of 0.3 M H3PO, solution was dropped
into 100 mL of 0.5 M Ca(OH), solution to produce a white
precipitate. The PH of the solution was maintained above
10 by the addition of ammonium hydroxide (NH,OH)

within the sedimentation process. The resulting precipitate
remained in the same solution for 5 days. After extensively
washed by ultrapure deionized water, the resulting
nanoparticles were dried in an oven at 110 °C for 2 h
[41, 42].

2.4 Synthesis of nano-SiO, particles

Silica nanoparticles were synthesized by sol—gel method as
explained previously by our group [43]. Briefly, 1.98 g
(10 mmol) H,O, 60 mL (10 mmol) NH,OH and 100 mL
absolute MeOH were added to a 250 mL round-bottom
flask. The solution was kept under stirring for 5 min. Then,
10.41 g (500 mmol) TEOS was dropped into the reaction
media. After the final solution was kept for 3 days at room
temperature, the resulting nanoparticles were precipitated
with n-hexane and collected by centrifugation at
14,000 rpm. Finally, the obtained powders were freeze-
dried for 24 h.

2.5 Fabrication of nanofibrous scaffolds
by electrospinning

To prepare the 9 wt% PCEC and 2 wt% CS solutions,
PCEC and CS were dissolved separately in formic acid/
acetone (10:3 v/v) solvent mixture. PCEC and CS solutions
were then mixed in a volume ratio of 80:20 and kept stir-
ring for 12 h. For electrospinning of polymeric solutions
containing n-HA and n-SiO,, a known amount of these
particles (10 and 15% wt with respect to the total weight of
polymers) was mixed with the PCEC-CS solution to pro-
vide two different concentration of each nanoparticle. For
the preparation of nanofibrous scaffolds by electrospinning,
the polymer solutions of (A) PCEC-CS, (B) PCEC-CS/
10HA, (C) PCEC-CS/15HA, (D) PCEC-CS/10SiO, and
(E) PCEC-CS/15Si0, were separately placed in a 5 ml
plastic syringe which is attached to a blunt-ended needle
with tip diameter of 16-gauge. The flow rate of polymeric
solutions was adjusted at 0.8—1 mL/h, and the applied
voltage of 16-19 kV and a distance of 90-110 mm
between the needle tip and collector were optimized
through electrospinning process. The nanofibrous samples
were produced at room temperature and the humidity at a
range of 12-17%. On application of parameters cited
nanofibers were spread on metal collector wrapped with an
aluminum foil with the dimension of 2 x 20 cm?.

2.6 Electrospun nanofibrous scaffold
characterizations

FT-IR spectra of samples were recorded on a Bruker-Tensor

270 spectrometer in the frequency range between 4000 and
400 cm™'. XRD tests were observed by a Bruker Discover
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X-ray diffractometer (Karlsruhe, Germany) diffractometer.
The analysis of samples was carried out at 40 kV and 40 mA
using the Cu-Ka radiation in 20 range of 5°~70°. The surface
morphology of the electrospun fibers was studied with FE-
SEM type 1430 VP (LEO Electron Microscopy, Cambridge,
UK). Before SEM imaging, the samples were vacuum-
coated with a gold layer using a sputter coater unit (Polaron
SC7620) and observed under SEM at 10 kV. n-HA and
n-Si0O, particles size, fiber diameters and their distribution
were determined by random selecting of at least 60 different
mat segments by using image J software. The specific surface
area of n-HA and n-SiO, particles was measured by the
Brunauer—-Emmett-Teller (BET, NOVA 2000 SERIES N20-
14, Boynton Beach, FL, USA). The distribution of n-HA and
n-Si0, within the PCEC-CS nanofibrous scaffolds was
evaluated by means of a transmission electron microscope
(TEM, Phillips, Eindhoven, Netherlands) at an operating
voltage of 100 kV. For TEM observations, the nanofibers
were directly electrospun onto copper/carbon grids for 10 s
and then dried. Thermogravimetric analysis was performed
by TGA (Mettler Toledo, TGA/SDTA 851 e, Columbus, OH,
USA) to assess the thermal decomposition of the nanofibrous
scaffolds. All the nanofibers were weighed and run at the
temperature ranging from 50 to 800 °C at arate of 10 °C per
minute in the nitrogen atmosphere. The tensile strength of
nanofibrous composite scaffolds was tested using a Zwick
tensile testing machine (Z010, Zwick/Roell, Ulm, Ger-
many). Strip-shape samples of PCEC-CS, PCEC-CS/HA (10
and 15 wt%), and PCEC-CS/SiO, (10 and 15 wt%) scaffolds
(10 mm x 50 mm x 0.06 mm) were utilized for testing
with a 10 N load cell and at an extension rate of 5 mm/min.
The mechanical tests were repeated in triplicate for each
sample. Tensile stress, strain, and elastic modulus were
estimated based on the resulted tensile stress—strain curves
[22]. The wettability of the fabricated nanofibrous scaffolds
was measured by drop water contact angle instrument (Data
Physics Instruments GmbH, Filderstadt, Germany). A drop
of deionized water with a size of 5 pL was dropped onto the
surface of the scaffolds and images were taken at 5 s to
characterize the wetting ability of each scaffold. All of the
experiments were done at 25 °C.

2.7 In vitro degradation

In order to evaluate the in vitro degradation of PCEC-CS
nanofibers with different n-HA and n-SiO, contents, the
nanofibrous scaffolds were weighed (W), placed in PBS-
medium containing lysozyme (10,000 U/ml), and then incu-
bated at 37 °C for a period of time. At preselected time point,
the nanofibrous scaffolds were taken out, washed thoroughly
with water, dried at room temperature, and then weighed (W,).
Values are mean + SD (n = 3). Weight loss (%) of each
sample was calculated from the following formula:
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Weight loss (%) = (Wo — W,)/Wq x 100

2.8 Isolation and characterization of hDPSCs

Recently, the procedure of isolation and characterization of
human dental pulp stem cells (hDPSCs) was reported by our
group [30]. These cells were extracted from primary and
permanent teeth and were determined by FACS (Fluores-
cence-activated cell sorting). The regeneration of bone using
hDPSCs cultured on appropriate composite nanofibrous
scaffolds was evaluated at this study. All experimental pro-
tocols were approved by the Ethics Committee of Tabriz
University of Medical Sciences (TUMS) which was in
compliance with Helsinki declaration, and all participants
signed the informed consent (Approval No. 56/6925) [44].

2.9 Cell proliferation analysis by the MTT test

Before cell culturing, nanofiber mats (10 mm x 10 mm x
0.06 mm) were weighed (10 mg) and transferred to 24-well
plates, soaked 3 times in a 70% EtOH solution for 20-30 min.
After evaporation of EtOH in the air, nanofibrous mats were
washed with PBS and incubated in DMEM for one day.
hDPSCs were cultured in DMEM amplified with 10% fetal
bovine serum (FBS, Cambrex, East Rutherford, NJ, USA),
100 U mL™! penicillin (Gibco BRL, Grand Island, NY,
USA), and 100 pg mL™" streptomycin (Gibco BRL, Grand
Island, NY, USA), 1X amphotericin B and were incubated at
37 °C in a 5% CO, incubator. When cell density reached
70-80% confluency, they were harvested by 0.05%-trypsin
containing 1 mM EDTA solution. Cell population were
accounted by hematocytometer and viable cells were
numerated by trypan blue analyze. After completely detach-
ing culture medium from scaffolds, stem cells were subcul-
tured on the nanofibrous scaffolds at a density of
20,000-30,000 cell/well and incubated to allow cells distri-
bution and cell attachment throughout the scaffolds. The
medium was changed every day. Cell culturing tests were
carried out triplicate for each sample. The proliferation of cells
was measured by MTT assay. After 3, 7 and 12 days, the
medium was refreshed and 500 pL of MTT solution (2 mg/
mL in PBS (pH 7.4)) were added to each well and then
incubated for 4 h. Next, supernatants were discarded and
DMSO was added to wells to dissolve blue furmazan crystals.
The absorbance of samples was taken at 570 nm using an
ELISA reader. The stem cells cultured on tissue culture plates
(TCPs) were considered as control group.

2.10 DAPI staining

DAPI (4,6-diamidino-2-phenylindole) staining was also
carried out to examine the cell attachment and proliferation
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Table 1 Sequences of primers

used for QRT-PCR Name Forward Reverse
BMP2 GAGAAGGAGGAGGCAAAGAAAAG GAAGCAGCAACGCTAGAAGAC
BGLAP ATTGTGGCTCACCCTCCATCA AGGGCTATTTGGGGGTCATC
DSPP CTGGTGCATGAAGGTGATAGAG TCCTACTTCTGCCCACTTAGA
RUNX2 ACCTTGACCATAACCGTCTTC GGCGGTCAGAGAACAAACTA
GAPDH CAAGATCATCAGCAATGCCTCC GCCATCACGCCACAGTTTCC

on the nanofibrous scaffolds for 12 days. The cell-seeded
constructions were washed with PBS solution, fixed with
4% phosphate-buffered paraformaldehyde at room tem-
perature for 20 min, and then rinsed with PBS. The cells
were permeabilized with 0.1% Triton-X100 (Sigma-
Aldrich, St. Louis, MO, USA) in PBS for 5 min, washed
with PBS, and followed by staining with 0.1 pg/mL of
DAPI (Sigma-Aldrich, St. Louis, MO, USA). Subse-
quently, the samples were rinsed with PBS and visualized
with a fluorescent microscope (Olympus IX81, Hamburg,
Germany).

2.11 Cell morphology study

Morphological studies of the adhered hDPSCs on the
electrospun scaffolds were carried out after 14 days of In
vitro cell culture, by means of FE-SEM analysis. The
electrospun nanofibers were washed twice with PBS and
fixed in 2.5% glutaraldehyde. Subsequently, electrospun
scaffolds were dehydrated with calibrated concentration of
EtOH (50, 75, 90 and 100%) and then air-dried at 25 °C,
and their morphology evaluated by FE-SEM.

2.12 Alizarin red S assay

Alizarin red S (ARS) staining was employed to evaluate
the calcium mineralization. It was carried out as defined by
Stanford et al. [45, 46]. Briefly, the constructs were rinsed
three times by PBS and fixed in 70% (v/v) cold ethanol for
1 h. These ethanol-fixed constructions were washed with
water and then incubated with 40 mM ARS solution for
20 min. Composite scaffolds with no hDPSCs were applied
to remove the background. After washing several times
with water, these constructs were destained with 10% (w/v)
cetylpyridinium chloride in 10 mM sodium phosphate for
15 min. Afterwards, ARS levels were determined by
absorbance measurement at 570 nm.

2.13 QRT-PCR

After 21 days of hDPSCs seeding on electrospun scaffolds,
the media was removed and then rinsed with PBS. Total
RNA Kit (Bio basic, Toronto, Canada) was utilized to
extract the total RNAs from all of the treatment samples

and hDPSCs used as control group. The gel electrophoresis
and Nanodrop (Thermo Scientific, Waltham, MA, USA)
were applied for the determination of extracted RNA yield
and value. The total RNA (1 png) was utilized for cDNA
synthesis using a Revertide cDNA synthesis kit (Fermen-
tase, Life Science, USA). To real-time PCR, cDNA was
mixed with Syber green Master Mix (Ampliqon, Odense
M, Denmark) and specific primers of BGLAP, DSPP,
BMP2, Runx2 and GAPDH as housekeeping gene. Primer
sequences were offered in Table 1. The PCR data were
evaluated using the AACt method.

2.14 Statistical analysis

The statistical comparisons of different groups were con-
ducted based on ANOVA and T test where p < 0.05 was
regarded as significant. The experiments were carried out
in triplicate.

3 Results and discussion
3.1 Morphology and structure of nanoparticles

The morphological and structural characterization of
nanoparticles was carried out using a series of techniques,
including FT-IR, XRD, and FE-SEM. FT-IR spectra of the
synthesized n-HA and n-SiO, were shown in Fig. 1A. In
the IR spectra of n-HA, the absorption peaks at 451, 574,
601 and 1041 cm™ ' corresponded to P-O vibrations of
phosphate groups (PO4>7). The broad peak at 3429 cm™"
was related to the stretching vibrations of hydroxyl groups
(~OH). The peak at 1425 cm ™' belonged to the stretching
vibration of carbonate group (COs*"), which might be
entered to n-HA from the atmosphere within synthesis [47].
The observation peaks at 956 and 1083 cm™' in the IR
spectra of n-SiO, were related to the stretching vibrations
of the Si—-OH and Si—O-Si groups, respectively. A broad
peak at 3402 cm ™' was attributed to the stretching vibra-
tions of free-silanol O-H groups. From XRD analysis, the
peaks of n-HA were detected at 20 = 26.24°, 31.36°,
39.48°, and 49.64°, the pattern of the synthesized n-SiO,
showed the presence of the major n-SiO, peak at
20 = 20.2° which was accordance with the standard peak
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Fig. 1 A FT-IR spectra of n-HA and n-SiO,, B XRD patterns of n-HA and n-SiO,, C FE-SEM images of n-HA and n-SiO,. Scale bars in SEM

images = 500 nm

of n-SiO, (Fig. 1B) [48]. FE-SEM evaluation of nanopar-
ticles revealed that the n-HA and n-SiO, particles were
uniform in size and shape. As seen in Fig. 1C, the n-HA
crystals showed rod-like morphologies with a mean size of
74.44 + 18.44 nm, while the n-SiO, particles showed
spherical morphologies with a mean size of
45.47 £ 8.9 nm. The BET analysis of the HA and SiO,
nanoparticles gave a specific surface area of 131 and
444 m*/g, respectively.

3.2 Morphology of electrospun nanofibers
The electrospinning of polymer blends is one the most

interesting techniques for providing new and desirable
scaffolds for tissue engineering applications. Various

@ Springer

solvent systems have been used for electrospinning of
polymer blends like 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), and trifluoroethanol (TEF) [49-52]. Due to the
high cost of these solvents and their drastic nature, which
leads to faster degradation of the polymers, their use is
limited. Here, we used formic acid/acetone as a solvent
system for electrospinning of PCEC-CS nanofibers con-
taining n-HA and n-SiO, as inorganic nanoparticles. This
solvent system is cheap and the high conductivity of formic
acid leads to the production of high quality fibers. On the
other hand, acetone reduces surface tension and produces
beadless nanofibers. Acetone also helps to increase the
evaporation of the solvent system. To produce bead-free
nanofibers with a relatively similar diameter distribution,
the process of optimization was done by varying of
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different electrospinning parameters. The morphology and  showed bead-free fibrous structures with smooth surfaces,
diameter distribution of electrospun scaffolds have been  high porosity and interconnected pores produced under
demonstrated in Fig. 2. FE-SEM images of nanofibers  controlled conditions. High porosity and pore
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interconnectivity are of the necessities for tissue regener-
ation as they can offer a suitable 3D microenvironment for
cell penetration and also support nutrients and waste
exchanges between the scaffold and its environment [53].
TEM images showed the inner structure of nanofibrous
scaffolds more obviously. As seen in Fig. 2B, the surface
of the PCEC-CS nanofibers was smooth and no nanopar-
ticles were detected. However, the surface of the n-SiO,
and n-HA incorporated PCEC-CS nanofibers became rough
and the distribution of nanoparticles could be observed. As
seen in Fig. 2E, K, n-HA and n-SiO, particles were well
distributed within the fibers with slight agglomeration
when the content of nanoparticles was 10 wt%. With the
increase of the n-SiO, and n-HA contents up to 15 wt%,
the agglomeration of the nanoparticles increased and some
protrusions were detected on the surface of n-SiO, incor-
porated electrospun scaffolds (Fig. 2H, N). Additionally,
with the incorporation of n-SiO, and n-HA to PCEC-CS
electrospun nanofibers, the fiber diameter increased. The
average diameter of PCEC-CS fibers measured from FE-
SEM images was 199.8 £ 65.4 nm (Fig. 2C). The samples
containing 15% of additives (i.e., PCEC-CS/15HA and
PCEC-CS/15Si0,;) had the highest average fiber diameter,
256.46 £ 119.6 nm and 257.63 + 99.36 nm, respectively
(Fig. 21, O). Whereas the average fiber diameter for sam-
ples containing 10% of nanoparticles (i.e., PCEC-CS/
10HA and PCEC-CS/10SiO,) was in the sequence of
226.46 £ 88.8 nm and 233.98 £ 104.8 nm, respectively
(Fig. 2F, L). In fact, by introducing nanoparticles into
polymeric solutions, the conductivity of the solution
decreased, which might affect the spinning behavior of the
solution and lead to an increase in the diameter of the mats.

3.3 Characterization of electrospun nanofibers

FT-IR spectroscopy was utilized to analyze the chemical
structure of electrospun nanofibers to investigate the pres-
ence of scaffold components. As seen in Fig. 3A, the
absorption peaks of PCEC were found at 1733 cm™" (ester
carbonyl stretching), 1253 cm™' (~COO- stretching) and
1176 cm™' (C—O-C stretching). The characteristic peaks
of CS were observed at 1647 cm™' (N=H stretching) and
1095 cm ™! (C—O-C bending). These data were consistent
with theoretical data [17, 47] and showed that both PCEC
and CS were present in the composite scaffold. The
chemical structures of PCEC-CS scaffolds containing 10
and 15 wt% n-HA showed the absorption peaks at 451, 576
and 1041 cm™" that were due to P-O vibrations of phos-
phate groups (PO;>) of n-HA. The presence of PCEC was
verified by the peaks at 1733, 1253 and 1176 cm ™' related
to carbonyl stretching, —COO- stretching and C-O-C
stretching. The absorption peaks of CS were also observed
at 1647 and 1095 cm ™' related to N-H stretching and C—
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O-C bending. The chemical structures of PCEC-CS scaf-
folds containing 10 and 15 wt% n-SiO, showed absorbance
peak at 956 cm™' which was related to the stretching
vibrations of the Si-OH groups. Similarly, the absorption
peaks associated with PCEC and CS were observed in FT-
IR spectra of PCEC-CS/SiO, (10 and 15 wt%).

TGA thermograms have been used to evaluate the
thermal stability and decomposition of nanofibrous scaf-
folds. Figure 3B showed the TGA diagrams of PCEC-CS,
PCEC-CS/10HA, PCEC-CS/15HA, PCEC-CS/10Si0,, and
PCEC-CS/15Si0O, nanofibers. The maximum thermal
degradation temperature of PCEC-CS, PCEC-CS/10HA,
PCEC-CS/15HA, PCEC-CS/10Si0,, and PCEC-CS/
15Si0, nanofibers was 347, 387, 380, 360, 383 °C,
respectively, exhibiting that the incorporation of n-HA or
n-SiO, nanoparticles improved the heat resistance of
PCEC-CS nanofibers. These results are attributed to the
excellent insulation and mass-transport barrier features of
the inorganic nanoparticles, which slow down the decom-
position of the polymeric scaffold [54]. Additionally, the
final remaining weight increased with increasing nanopar-
ticle contents.

3.4 Mechanical behaviors of nanofibrous scaffolds

The mechanical characteristics of scaffolds are one of the
important factors that need attention in tissue engineering.
Since they can affect the cell activities, for example, cell
adhesion, proliferation, and differentiation [55, 56]. The
effect of n-SiO, and n-HA contents on the mechanical
properties of PCEC-CS nanofibrous scaffolds were ana-
lyzed. As shown in Fig. 4 and Table 2, the mechanical
properties of PCEC-CS nanofibrous scaffolds in term of
tensile strength and Young’s modulus significantly
increased by increasing of nanoceramics while the elon-
gation at break reduced. There was also an increase in the
mechanical properties of PCEC-CS/10HA and PCEC-CS/
15HA compared to its n-SiO, incorporated counterparts.
High mechanical properties of polymer composites con-
taining nanoceramics are due to the fact that these particles
have stiffer mechanical properties than polymers and thus
their distribution within polymer matrix provide adequate
strength and stiffness that will withstand a certain level of
physiological loading so that the scaffolds can function
before the new tissue replaces the scaffold matrix which is
gradually degrading [57].

3.5 Contact angle of electrospun nanofibers

The surface hydrophilicity is an important index for bio-
materials as in vivo tissue engineering scaffolds. It can lead
to good spreading, attachment and proliferation of cells
[58]. The contact angles of the nanofibrous scaffolds were
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Fig. 3 A FT-IR spectra and A
B TGA diagrams of electrospun
scaffolds
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measured to evaluate the surface hydrophilicity of the 15
scaffolds. The contact angle of PCEC-CS electrospun ) ™ ¢
nanofiber was calculated to be 126.17° £ 0.81°, whereas 12 1
the scaffolds enriched with nanoparticles had a lesser T 5
contact angle, namely, 123.56° + 2.29°, 101.36° £ 1.84°, -ﬁ-
93.07° £ 1.63°, and 70.05° £ 2.36° for PCEC-CS/10HA, § 6 - E .
PCEC-CS/15HA, PCEC-CS/10Si0,, and PCEC-CS/ @ WM% '
15Si0,, respectively. With the increasing of n-HA and 3 o D
n-Si0, contents, the contact angle of scaffolds decreased WWA
significantly. The results showed that n-SiO, and n-HA 0 T . . T .
(i} 4 8 12 16 20 24

nanoparticles improved the surface hydrophilic features
due to their high specific surface area. Our observations
were in good agreement with previous studies in which the
hydrophilicity of scaffolds increased by increasing
nanoparticle contents [59, 60]. Photographs of water drops
on nanofibrous scaffolds were shown in Fig. 5.

3.6 In vitro degradation studies

The biodegradation of the scaffolds is an essential factor in
tissue engineering. In an ideal scenario, the scaffolds must

Strain (%)

Fig. 4 The stress—strain curves of electrospun scaffolds: A PCEC-
CS, B PCEC-CS/10HA, C PCEC-CS/15HA, D PCEC-CS/10SiO,,
and E PCEC-CS/15Si0,

be degraded at a rate that the formation of new tissue takes
place [57]. Figure 6 exhibited weight loss of PCEC-CS,
PCEC-CS/10HA, PCEC-CS/15HA, PCEC-CS/10Si0,, and
PCEC-CS/15Si0, nanofibers against incubation time in
PBS solution (PH = 7.4) at 37 °C. It could be seen that
with the increase of degradation time, the weight loss of all
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Table 2 Mechanical properties

of PCEC-CS nanofibers with Sample Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa)

Sﬁfgﬁi‘; n-HA and n-Si0, PCEC-CS 275 + 0.56 23.5 + 0.98 5735+ 1.2
PCEC-CS/10SiO, 4.84 £ 0.25 16.3 + 0.63 61.97 £ 0.36
PCEC-CS/15Si0, 6.01 £ 0.87 15.68 + 1.25 88.44 + 0.25
PCEC-CS/10HA 6.55 £ 1.12 19.38 £ 5.2 194 + 0.89
PCEC-CS/15HA 14.33 £ 0.36 17.88 £+ 2.36 183 £ 6.5

Fig. 5 Water contact angles of electrospun scaffolds: A PCEC-CS, B PCEC-CS/10HA, C PCEC-CS/15HA, D PCEC-CS/10Si0,, and E PCEC-

CS/158i0,

nanofibrous scaffolds improved, although the weight loss
was minor in all samples. After 6 weeks in vitro degrada-
tion, the percentage of weight loss was almost 7.76% in the
case of PCEC-CS without nanoparticles, whereas it was
higher in the case of n-SiO, and n-HA incorporated PCEC-
CS nanofibrous scaffolds over the same period. PCEC-CS/
10HA, PCEC-CS/15HA, PCEC-CS/10SiO,, and PCEC-
CS/15Si0; nanofibers lost 9.22, 10.16, 11.25, and 12.26%
weight at the end of the in vitro degradation studies,
respectively. According to results, the degradation rate of
nanofibers improved with the increase of nanoparticles
content. These results might be due to high hydrophilicity
of nanocomposite nanofibrous scaffolds compared to
PCEC-CS nanofibers.

3.7 MTT assay

In order to evaluate the proliferation rate and viability of
hDPSCs in nanofibrous scaffolds, an MTT assay was per-
formed. Figure 7A presented the cell viability values of
hDPSCs cultured on the TCPS containing DMEM without
nanofibers as control, PCEC-CS, PCEC-CS/10HA, PCEC-
CS/15SHA, PCEC-CS/10Si0,, and PCEC-CS/158i0,
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Fig. 6 In vitro degradation of electrospun scaffolds after 6 weeks

nanofibrous scaffolds after 3, 7 and 12 days. As seen in
Fig. 7A, the cell viability increased by increasing exposure
time. In comparison to the behavior of TCP-grown cells
with DMEM, the PCEC-CS scaffolds could be introduced
to be non-toxic, and therefore biocompatible for hDPSCs.
The viability of hDPSCs was almost same in all fiber types
on the third day, and n-SiO, and n-HA contents had no
noticeable effect on OD values. However, at 7th and 12th
days, the cell viability increased on all types of fibers,
especially in the scaffolds containing nanoparticles. This
increase was particularly significant on the 12th day. Based
on MTT assay results on day 12, the scaffolds enriched
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Fig. 7 A MTT assays for cell viability study of hDPSCs combined
with PCEC-CS nanofibrous scaffolds with different n-HA and n-SiO,
contents cultured for 3, 7, and 12 days. The n-HA and n-SiO,

with different ratios of n-HA showed higher hDPSCs
proliferation rates as compared to ones enriched with
n-Si0,. PCEC-CS/15HA had the highest cell proliferation
rate. Indeed, the introduction of nanoparticles into the
structure of scaffolds improved cell anchoring and accel-
erated hDPSCs proliferation. The reason for which could
be related to the excellent bioactivity of nanoparticles that
ultimately led to better hydrophilicity and good adhesion
and proliferation. Therefore, the presence of n-SiO, and
n-HA nanoparticles in the nanofiber structure was advan-
tageous for accelerating cell proliferation.

DAPI staining of hDPSCs proliferated on the TCPS
containing DMEM without nanofibers as control, PCEC-
CS, PCEC-CS/10HA, PCEC-CS/15HA, PCEC-CS/10Si0,,
and PCEC-CS/15SiO, scaffolds was shown in Fig. 7B.

PCEC-CS

PCEC-CS/10Si0,

PCEC-CS/10HA

PCEC-CS/15Si0;

contents were biocompatible for hDPSCs and higher cell numbers
were observed in treatment groups. *p < 0.05. B DAPI staining of
hDPSCs cultured on electrospun scaffolds after 12 days of culture

Cell imaging demonstrated that hDPSCs were well dis-
tributed and attached on all types of groups. More hDPSCs
were attached on PCEC-CS nanofibers incorporated with
n-HA and n-SiO, in comparison to bare PCEC-CS nano-
fibers. PCEC-CS/HA nanofibrous scaffolds exhibited a
slight difference in DAPI staining compared to PCEC-CS/
Si0O, nanofibers. It seems that PCEC-CS incorporated with
n-HA shewed higher cell adhesion compared to other
samples.

3.8 hDPSCs adhesion and proliferation studies
on electrospun scaffolds

Figure 8 showed the FESEM images of the morphology
of hDPSCs attached on the PCEC-CS, PCEC-CS/10HA,
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Fig. 8 FE-SEM images of
hDPSCs adhesion and spreading
on electrospun scaffolds after
14 days of culture: A, B PCEC-
CS, C, D PCEC-CS/10HA, E, F
PCEC-CS/15HA, G, H PCEC-
CS/10Si0,, and I, J PCEC-CS/
15Si0,. Scale bars: (A, C, E, G,
and I) = 20 ym, (B, D, F, H,
and J) = 100 um
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PCEC-CS/15HA, PCEC-CS/10Si0, and PCEC-CS/
15Si0, nanofibrous scaffolds after 14 days of culture.
Cell adhesion and proliferation studies with hDPSCs after
14 days revealed more favorable cell attachment mor-
phology in all nanofibrous scaffolds. As seen in the
FESEM micrographs, hDPSCs cultured on the control
PCEC-CS scaffold could attach and scattered adequately
on the surface of the scaffold. They showed a cortical cell
morphology. The flat spread out of hDPSCs on the
nanofibrous scaffolds indicated a very intense cell
attachment and proved a good cytocompatibility and close
interaction of scaffolds with cells. The interconnected
pores in the nanofibers were covered by hDPSCs and
created long cell processes. The evaluation of cell mor-
phology of hDPSCs seeded on nanofibers containing
n-HA and n-SiO, showed that hDPSCs were able to attach
and fully dispersed in the whole area of nanofibers and
produced continuous cell sheets on them so that the
underlying scaffolds would not be visible. The reason was
that nanoceramics could create a better space for the cells
due to the high surface area of incorporated nanoparticles
and cause more favorable integration of cells with scaf-
folds. FE-SEM images may be evidence of the ability of
improved scaffolds for adhesion, proliferation, and dif-
ferentiation of hDPSCs and confirmed the outstanding
prospects of these scaffolds toward bone tissue engi-
neering applications.

3.9 Mineralization of hDPSCs

The process by which calcium phosphate is deposited on
the surface of the substrate is called mineralization where
anionic matrix molecules take up calcium, continued by

Fig. 9 A Alizarin red S staining A
of hDPSCs osteogenic
differentiation cultured on

phosphate ions, and act as nucleation and growth sites
resulting in calcification. ARS can form a complex with
Ca’" in mineralized ECM and thereby display bright
orange-red stains [61, 62]. In order to analyze the effect of
n-HA and n-SiO, nanoparticles on osteogenic differentia-
tion of hDPSCs, ARS tests were carried out on PCEC-CS
nanofibrous scaffolds. Figure 9 shows the ARS activity of
hDPSCs cultured on PCEC-CS, PCEC-CS/10HA, PCEC-
CS/15HA, PCEC-CS/10Si0,, PCEC-CS/15Si0,, and reg-
ular growth media (DMEM) used as a control. Compared
to regular growth media (DMEM) and PCEC-CS scaffold,
hDPSCs cultured in nanofibrous scaffolds containing
n-SiO, and n-HA nanoparticles exhibited significantly
higher degree of ARS activity, mainly related to the for-
mation of an osteo-like phenotype. ARS activity was most
noticeable in PCEC-CS/15HA, where the OD values had
increased approximately 3.3-fold compared with the con-
trol group. Our results highlighted that the addition of
n-HA and n-SiO, in PCEC-CS scaffolds had a positive
effect in simulating of minerals, making them worthy for
bone tissue engineering purposes.

3.10 QRT-PCR analysis

This study showed that the blending of n-HA and n-SiO,
can improve the expression of osteogenic marker genes
over control PCEC-CS. The up-regulation of osteogenesis
markers in cells seeded at nanofibers is an indicator of
better-quality osteogenesis. Therefore, we studied the
expression of osteogenic markers in hDPSCs cultured on
PCEC-CS scaffolds containing n-SiO, or n-HA. As seen in
Fig. 10A, BGLAP which encodes for osteocalcin in human
[63], showed the highest expression levels in PCEC-CS/

B

ctrl

electrospun scaffolds after 2.5-
16 days of culture. The n-HA

and n-SiO, incorporated PCEC- 2.04
CS scaffolds considerably

improved osteogenesis potential 1.5
scaffolds. **p < 0.01. 8
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ARS at 16th day to visualize the
mineralized bone matrix
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Fig. 10 The QRT-PCR results for expression index of osteogenic
marker genes, A BGLAP, B BMP2, C DSPP, and D Runx2 in
hDPSCs seeded on PCEC-CS, PCEC-CS/10HA, PCEC-CS/15HA,

15HA (p < 0.001) and PCEC-CS/10SiO; (p < 0.01) which
demonstrates high osteoconductivity of our treatments. The
expression of BMP2 gene in the PCEC-CS/15HA
(p < 0.001) and PCEC-CS/10Si0; (p < 0.01) groups was
significantly higher than that in the other groups
(Fig. 10B). The BMP2 is an important gene in osteogenic
induction [64]. Moreover, the expression of DSPP exhib-
ited significant upregulation in PCEC-CS/15HA (p < 0.01)
and PCEC-CS/10Si0, (p < 0.001) (Fig. 10C). The DSSP
is a key gene in odontogenesis [65]. Additionally, the
expression levels of Runx2, as a key transcription factor
associated with osteogenic differentiation [66], was higher
in n-HA blended scaffolds, however, upon the n-SiO, did
not show significant upregulation (Fig. 10D). In general,
most of the osteogenesis genes become upregulated
through n-HA or n-SiO, blending of scaffolds. The findings
of the present study are in agreement with previous studies
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of our group which showed positive effects of n-HA on
scaffold mediated osteogenic differentiation of DPSCs
[66, 67]. Moreover, the present study confirmed the
encouraging effect of n-SiO, in osteogenic bioengineering.
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