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Abstract

Objectives: There is growing need for new scaffold
constructions for synthetic bone graft substitutes to
repair large bone lesions. A very promising and
important class of new implants for tissue engineer-
ing is based on three-dimensional scaffolds and
bioceramics.

Materials and methods: In this study, after
investigation of mechanical properties of polyether-
sulphone (PES) nanofibres, fabricated by electros-
pinning methodology and coated with bioactive
glass (BG), cells of the MG-63 line were cultured
on surfaces of these scaffolds. Their capacity to
support MG-63 proliferation was also investigated
in vitro by MTT assay. Osteoconductivity on these
scaffolds was investigated by the common osteo-
genic markers alkaline phosphatase (ALP) activity,
calcium mineral deposition and bone-related gene
activation. Next, a bone reconstruction of rat criti-
cal-size defects model was evaluated using radio-
graphic imaging analysis (digital mammography),
computed tomography and histological examina-
tion.

Results: In vitro results indicated that biocompati-
bility and osteogenic markers of MG-63 cells were
significantly enhanced after coating PES with BG.
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Based on in vivo results, new bone formation in
the defect site was enhanced in implanted rats in
comparison with a control group. The highest
reconstruction was observed in animals implanted
with BG-coated nanofibres.

Conclusions: Osteoconductivity of PES nanofibres
was markedly enhanced after coating them with
BG, and introduction of this construct as new
bone-graft substitute for bone loss and defects is
indicated.

Introduction

There is growing interest in a combination of bioceram-
ics with nanofibrous scaffolds as bone implant materials
(1,2). After addition of metallic and biomedical poly-
mers, many studies have reported excellent biocompati-
bility and remarkable bioactivity of bioceramics (3-5).
Such scaffolds are commonly used to fill bone void
defects and treat bone injuries caused by accidents,
trauma and more. Among these materials, bioactive
glasses (BG) are one of the major ceramics used in
orthopaedic surgery. BG has a network structure based
on silicate or phosphate, while Na,O and CaO play net-
work modifier roles (6,7). Use of these materials is cru-
cial for bone linkage and promoting new bone formation
(8,9). Recently, a new technique termed °‘electrospin-
ning’ has shown much promise for applicability of
nanofibres in tissue engineering; it has enabled research-
ers to construct nanofibrous scaffolds in a versatile, rela-
tively easy and affordable process. Nanofibres have
been shown to be suitable for construction of scaffolds
with high surface-to-volume ratio, and this property via
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preparation of beneficial surfaces can affect cell
adhesion, proliferation and differentiation (10-12).
Nanofibres can be fabricated from different substrates,
mostly polymeric materials. Polyethersulphone (PES) is
a biocompatible polymer known to be an effective mem-
brane used in haemodialysis (13—15). Recently, it has
also been proven to function when electrospun into a
nanofibrous scaffold that can play positive roles in in
vitro osteogenesis (16,17).

Coating bioactive materials on scaffold surfaces is a
common technique to affect their functioning, including
osteoinductivity, osteoconductivity and osteogenicity.
Recently, we evaluated biological behaviour of this
bioceramic, and results showed that these particles
enhanced viability and proliferation of bone marrow
stem cells (hMSCs). In the present study, we introduced
a novel approach to obtain absolute tissue engineering
biomaterial, namely, BG-coated PES, for bone tissue
engineering applications.

Materials and methods

Materials

Nanofibrous scaffolds fabricated by using polyethersul-
phone Ultrason E6020P, average molecular weight of
58 KDa, were purchased from BASF (Germany).
N,N-dimethylformamide solvent and bioactive glass
were purchased from Merck (Darmstadt, Germany).

In vitro investigation

Bioceramic coated nanofibrous scaffold preparation. In
this study, an electrospinning method was used to fabri-
cate nanofibrous PES mats. In brief, PES solution (24%
wt) in N,N-dimethylformamide (DMF) after incubation
at 35 °C for 4 h was drawn into four syringe pumps
(5 ml) with constant mass flow rate of 0.3 ml/h. The
electrospinning process was carried out using 18 kV as
high voltage power supply between syringe needle and
collector. Fabricated mats thickness in the order of
200 pm, were prepared over 8 h. Residual DMF evapo-
rated using to place mats in vacuum for 24 h. BG was
prepared according to protocols previously reported
(18).

Then, plasma treatment was used to increase
hydrophilicity of PES surfaces (pure oxygen gas,
2.45 GHz frequency; Diener Electronics, Nagold, Ger-
many) and treated mats were punched into 1.2 cm
diameter and immersed in bioactive glass/distilled
water (1 mg/ml) overnight. Scaffolds were sterilized
and used for subsequent surface characterization and
implantation.

© 2015 John Wiley & Sons Ltd

Characterization of electrospun nanofibres. Scanning
electron microscopy (SEM, S-4500; Hitachi, Tokyo,
Japan) was used for evaluation of morphology and
biocompatibility of nanofibrous mats at accelerating
voltage of 20 kV. Biocompatibility evaluation of nano-
fibres was also carried out using SEM after MG-63
cell seeding. For this reason, cell seeded-nanofibrous
PES was fixed in 2.5% glutaraldehyde for 2 h (room
temperature). For nanofibre dehydration, mats were
passed through a series of graded alcohol concentra-
tions, then dried.

ATR-FTIR spectroscopy and mechanical properties. FTIR-
ATR analysis was used to confirm BG coating on
surfaces of the nanofibrous mats using an Equinox 55
spectrometer (Bruker Optics, Ettlingen, Germany)
equipped with triglycine sulphate as pyroelectric detector
and diamond ATR crystal. Galdabini testing equipment
was used for stability and strength investigation of the
nanofibre mats. For this purpose, nanofibres were
punched as 10 mm x 60 mm x 0.11 mm pieces then
testing was performed at 50 mm/min crosshead speed at
room temperature.

Cell seeding. After scaffold preparation and character-
ization, the sterilization process was performed by
immersing mats in 70% ethanol for 2 h, and then
immersing them in culture medium supplemented with
antibiotics and anti-fungal reagent. The cells were cul-
tured on mats at initial density of 2 x 10* per cmz, and
these were inserted into 24-well plates. After 24 h, basal
medium was removed and osteogenic medium was
replaced for 2 weeks. Induction medium was exchanged
every 2 days.

Biocompatibility evaluation. For biocompatibility evalu-
ation of the fabricated mats, MTT assay was performed
for 5 days by culturing the MG-63 cells in three groups
on tissue culture polystyrene (TCPS), PES and
BG-coated PES, at 3 x 10% cells per cm2, and incubated
at 37 °C, 5% CO,. 50 pl of MTT solution (5 mg/ml in
DMEM) was added to each well containing 500 pl
DMEM supplemented with 10% fetal bovine serum
(FBS) every day for the 1-5 days after cell seeding.

Gene expression analysis. Relative quantification was
performed, of the four most important bone gene
expressions: runt-related transcription factor 2 (Runx2),
collagen type 1 (Co-1), osteocalcin and osteonectin on
MG-63 cells cultured on mats, and compared to TCPS
controls at 4, 7 and 14 days. Total RNA extraction and
cDNA synthesis was carried out using Revert Aid first
strand cDNA synthesis kit (Fermentas, Burlington, ON,
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Canada). cDNA (5 pg) was used for 40 cycles PCR in
Rotor-gene Q real-time analyzer (Corbett) using Maxima
SYBR Green/ROX qPCR Master Mix (Fermentas).
Bone gene-related specific primers are showed in
Table 1.

Alkaline phosphatase activity and calcium content
assay. The alkaline phosphatase (ALP) activity assay
was performed using total protein extraction of cells,
cultured in all groups, by 200 ml radioimmunoprecipita-
tion assay lysis buffer. Lysate was maintained on shak-
ers for 20 min at 4 °C then samples were centrifuged at
14 000 g at 4 °C for 15 min; supernatant contained the
total proteins. The ALP activity assay was performed
using the PARS-AZMON ALP kit protocol (PARS-AZ-
MON, Tehran, Iran). Calcium extraction was carried out
for all groups using 0.6 N hydrochloric acid (Merck)
followed by shaking for 2 h at 4 °C and then was also
measured using to the PARS-AZMON calcium content
kit protocol (PARS-AZMON).

In vivo investigation

Surgical procedures. In the present study, 30 male rats
(Pasture Institute, Tehran, Iran) weights 300 £ 5 g,
were used in the three groups (10 animals per group)
control, PES implanted and BG-coated PES implanted
rats. All surgical procedures were carried out in accor-
dance with Stem Cell Technology Research Center
(Tehran, Iran) guidelines. After anaesthetizing rats by
intra-muscular injection of ketamine (20 mg/kg) and
xylazine (2 mg/kg), cranial skin and the periosteum
were raised to expose calvaria and then using a dental
bur, a defect 8 mm diameter was generated in the left
sides of the rat calvaria.

Radiographic and tomographic analysis. After 8 weeks
implantation, after euthanizing the animals, crania of
control and implanted rats were removed and placed in

Table 1. Primers used in real-time RT-PCR

Gene Primer sequence (F, R, 5’ —3') Product
length (bp)

HPRT1 CCTGGCGTCGTGATTAGTG 125
TCAGTCCTGTCCATAATTAGTCC

Collagen-1 TGGAGCAAGAGGCGAGAG 121
CACCAGCATCACCCTTAGC

Runx2 GCCTTCAAGGTGGTAGCCC 67
CGTTACCCGCCATGACAGTA

Osteonectin AGGTATCTGTGGGAGCTAATC 224
ATTGCTGCACACCTTCTC

Osteocalcin GCAAAGGTGCAGCCTTTGTG 80

GGCTCCCAGCCATTGATACAG

© 2015 John Wiley & Sons Ltd
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10% buffered formalin. Radiographic analysis was per-
formed using a digital mammography system (Konica
Minolta, Tokyo, Japan). Spiral high-resolution medical
computed tomography (CT) scanners (Siemens, Erlan-
gen, Germany) were used for assessment of morphology
of reconstructed bone at sites of the calvarial defects.

Histological analysis. Histological evaluation was car-
ried out on fixed samples after decalcification in natural
EDTA (10%) over a week at room temperature, and
dehydration in graded alcohols. Then, samples were
embedded in paraffin wax, 5 pm thickness sections were
cut and stained with haematoxylin and eosin (H&E),
and Masson’s trichrome. Samples were photographed
using light microscopy (Digital Camera DXM200F;
Nikon, Japan), and Image-Pro Plus software (Media
Cybernetics, Bethesda, MD, USA) was used to calculate
percentages of reconstructed bone.

Statistical analysis. Real-time RT-PCR data were analy-
sed using REST 2009 software (Technical University
Munich, Germany). All results are expressed as
mean + standard deviation (SD) of the mean of at least
three or more independent experiments. Statistically sig-
nificant differences (P < 0.05) between the various
groups were measured using one-way analysis of vari-
ance (ANOVA). All analyses were performed using
SPSS 17.0 software (SPSS, Chicago, IL, USA).

Results

Nanofibre characterization

As seen in Fig. la, fabricated PES scaffolds had porous
structure with smooth morphology. Nanofibre diameters
were between 311 and 569 nm. The contact angle of
plasma-treated nanofibres was reduced to zero from
132 °C. Homogenous distribution of spherical-shaped
nanoscale BG was detected along surfaces of the nanofi-
bres in thte BG-coated PES group (Fig. 1b). PES nano-
fibres had tensile strength of 0.97 & 0.1 MPa and
elongation at break of 36.01 &+ 2.7%, which did not sig-
nificantly change after surface modification. After sur-
face modification, it was clear that plasma treatment and
BG coating had not affected scaffold properties includ-
ing morphology and average diameter of nanofibres.
XRD patterns of fabricated BG particles are shown in
Fig. 3. Diffraction maxima observed in XRD patterns of
fabricated glass after heating to 1300 °C for 10 h, indi-
cated internal disorder and glassy nature of this material
(Fig. lc).

In addition, BG coating on surfaces of nanofibres
was investigated using ATR-FTIR spectroscopy
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Figure 1. Morphology of polyethersul-
phone (PES) (a) and bioactive glass
(BG)-coated PES (b) magnifications
(x1000; a, b) and with higher magnifica-
tion (x12 000; a, b) (insets), XRD pattern
of prepared BG nanoparticles: intensity of dif-
fraction versus angle of radiation (20) (c),
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(Fig. 1d) before and after BG coating. After BG treat-
ment, new peaks were developed around 400500 cm '
(Si-O-Si bend), 507 and 526 cm ™' (P-O Bend-Crystal-
line), 570 cm™' (P-O Bend-Amorphous), 720-840 cm ™'
(Si-O-Si Tetrahedral) and 1643 cm ! (C-O stretch).

For biocompatibility conformation of PES nanofi-
bres, MTT assay was used, which revealed significant
viability of MG-63 cells on both types of nanofibre but
with higher values for BG-coated PES compared to PES
(Fig. 2).

Evaluation of osteogenic differentiation

ALP activity and mineralization. As shown in Fig. 3a,
patterns of ALP activity detected in MG-63 cells cul-
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Figure 2. Viability of MG-63 cells on tissue culture polystyrene
(TCPS), polyethersulphone (PES) and bioactive glass (BG)-coated
PES (PES-BG) during a 1-, 2-, 3-, 4- and 5-day culture period (*indi-
cates significant difference between the groups at P < 0.05).
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PES electrospun nanofibres (d).

tured on PES, BG-coated PES and TCPS over the per-
iod of study were similar but their values were
significantly different. From days 5-14, increasingly
ALP activity was detected in cells cultured on
BG-coated PES. As mineralization is a critical marker
of osteogenic differentiation, calcium content assay was
used for measurement of mineralization by cells cul-
tured on TCPS, PES and BG-coated PES (Fig. 3b).
Significantly highest amounts of induced mineral pre-
cipitation were observed in cells cultured on BG-coated
PES in comparison to cells cultured on PES and
TCPS.

Gene expression analysis. Results of real time RT-PCR
are presented in Fig. 4. Expression of Runx2 increased
continuously in cells cultured on TCPS, PES and BG-
coated PES over the 14 days. In addition, highest
expression of this gene was detected at all days in the
BG-coated PES group compared to the other groups. No
significant change in expression of collagen-1 was
detected in any samples at day 4, but significant up-reg-
ulation was observed by day 7 in BG-coated PES com-
pared to the other groups, and in addition at day 14, this
difference was not significant between nanofibres.
Osteonectin expression of cells cultured on BG-coated
PES nanofibres at days 4 and 7 was significantly up-
regulated in comparison to those cultured on TCPS and
PES. At days 7 and 14, osteonectin expression in cells
cultured on BG-coated PES was significantly up-
regulated in comparison to the other groups, but on day
4, no significant difference was detected between nanofi-
bres.

Cell Proliferation, 48, 455-464



Bone reconstruction in calvarial defects

Post-surgerical macroscopic assessment. Representative
macroscopic images are shown in Fig. 5. There were no
sign of inflammation, local complication, wound infec-
tion, or scalp oedema at the site of implantation, after
8 weeks. All implanted nanofibres melded into the sur-
rounding calvarial defects with no signs of encapsulation
or prominent foreign body reaction. Furthermore, the
nanofibres firmly held host bone tissue without any fixa-
tion (Fig. 5b). No spontaneous mineralization nor bone
regenerating was observed at defect sites of control
group animals at the end of study (Fig. 5c).

Evaluation of bone regeneration. Reconstructed bone at
sites of calvarial defects was measured using digital
mammography and multislice computed tomography
(MSCT) on fixed cranial specimens at the end of the
period of study. Radiological images (Fig. 6) showed
that there were significant differences between animals
receiving nanofibre scaffolds compared to controls

= TCPS

Figure 3. Alkaline phosphatase (ALP)
activity of MG-63 cells on tissue culture
polystyrene  (TCPS), polyethersulphone
(PES) and bioactive glass (BG)-coated PES
(PES-BG) (a). Calcium content of stem cells
on TCPS, PES and BG-coated PES (PES-
BG) (b) at 4, 10 and 14 days of period of
study  (*indicates  significant  difference
between the groups at P < 0.05).

ALP activity (IU/pg DNA)

Osteonectin

Relative Expression

Figure 4. Relative expression of Runx-2,
collagen-1, osteonectin and osteocalcin on
days 4, 10 and 14 in MG-63 cells on tissue
culture polystyrene (TCPS), polyethersul-
phone (PES) and bioactive glass (BG)-coated
PES (PES-BG) of period of study (*indicates

Bone tissue engineering 459

(P < 0.05). A significant difference was also observed
between animals implanted with bioceramic-coated
nanofibres and uncoated nanofibres (P < 0.05).

Amounts of reformed bone tissue at defect sites were
investigated using MSCT images of rat cranial
specimens from the experimental groups (Fig. 7). In the
control group, no sign of regenerated bone was observed
in the animal defects (Fig. 7a). In animals that had
received PES nanofibres, small amounts of bone tissue
observed in defect sites (Fig. 7b). However, much more
reconstruction of bone defects was detected in animals
that had received BG-PES (Fig. 7c). According to
results of both MSCT and digital mammography, regen-
eration of bone initiated from the peripheries towards
centres of defect sites.

Histological findings. In addition to digital mammogra-
phy and MSCT, both quality and quantity of bone
reconstruction were studied using histological evaluation
of defect sites of rat crania. According to H&E staining
results (Fig. 8), highest amounts of bone regeneration

10 14
Time (Day)

Time (Day)

16
Collagen-1

4 7 14

significant difference between the groups at
P < 0.05).
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Figure 5. Critical-size defect created in rat calvaria before (a) and after 8 weeks of study with (b) or without (¢) an implanted PES-BG
nanofibre.

Figure 6. Digital mammography images of rat calvaria after 8 weeks study: untreated control group (a), PES (b) and BG-PES (c).

Figure 7. MSCT images of rat calvaria after 8 weeks study: untreated control group (a), PES (b) and BG-PES (c).

© 2015 John Wiley & Sons Ltd Cell Proliferation, 48, 455-464
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Figure 8. Optical micrographs of defects stained with H&E: untreated control group (a and b), PES (c and d) and BG-PES (e and f); two

magnifications.

were observed in animals implanted with BG-PES for
8 weeks.

For analysis of collagen production by regenerated
bone, Masson’s trichrome staining was performed
(Fig. 9). Higher levels of collagen content were detected
in animals that had received BG-PES compared to PES.
Areas of regenerated bone were quantified and reported
as mean + SD (Fig. 10).

Discussion

Bone graft substitutes provide important characteristics
such as osteoconductivity, bioactivity and suitable
mechanical properties, and so can efficiently play critical
roles as accelerators in the process of bone regeneration.
Of the range of different BGs introduced, bioceramics
such as BG and hydroxyapatite (HA) are commonly
used by orthopaedic surgeons to treat bone defects
(8,19-21). However, a major drawback is their poor
mechanical properties as well as brittleness which hinder
their easy application and handling during implantation
procedure. To overcome these problems, we proposed
coating bioceramics on to surfaces of a supporting

© 2015 John Wiley & Sons Ltd

matrix which would simultaneously take advantage of
bioactivity and suitable mechanical properties of the
final scaffold. Recently, we tested this idea by coating
HA nanoparticles on the surface of poly-L-lactide
(PLLA) electrospun nanofibres and this composite
showed enhancement of the osteogenic differentiation of
stem cells and also induced ectopic bone formation (22).
In a further study, we have also demonstrated that PES
nanofibres significantly increase osteogenic differentia-
tion of stem cells (16). In addition, we addressed bone
reconstruction in animal models significantly increased
when animals were implanted with PES nanofibres (17).
In the present study, we have revealed that coating BG
nanoparticles on surfaces of PES nanofibres lead to BGs
that efficiently contributed to in vitro osteoconductivity
and also reconstruction of calvarial bone defects in rats.
Lei et al. have demonstrated that sol-gel-derived nano-
scale BG particles enhance hydrophilicity, water absorp-
tion and degradation behaviour of PCL (23) and
Moimas et al. fabricated bioactive glass fibrous scaf-
folds and studied their osteoinductivity in tibias of rab-
bits in comparison to 45S5 bioglass particles (24).
Histological and tomographical results demonstrated that

Cell Proliferation, 48, 455-464



462 A. Ardeshirylajimi et al.

(a) (b)
*

g s0, 2 g0-

o
8,y mscr 2w
[ [T
o § »
% ¥ so- & 7
S E a0 g £ %
o9 S a0
S s > 5
134 ]
g 20 4 -E 20 -
S 10 T
3 s
= 0 - < 0-

A B c A

Group

three-dimensional scaffold implants had greater impact
on bone reconstruction and reformation compared to
bioglass particles, over the period of study. In further
work, Miguel er al. showed that SBF pre-treated scaf-
folds (BG fibre constructs) were more effective in rabbit
calvarial bone healing compared to non-treated porous
BG scaffolds, bioactive glass granules, and empty bone
defects (25). Several studies have demonstrated that
osteoblast proliferation, differentiation and gene expres-
sion were regulated and increased (partially) by bioac-
tive resorbable glasses and their ionic dissolution
products (26,27). Using different methods conducted in

© 2015 John Wiley & Sons Ltd

Figure 9. Optical micrographs of defects
stained with Masson’s trichrome: PES (a
and b) and BG-PES (c and d); two magni-
fications.

Figure 10. Area of reconstructed bone tis-
sue resulting from quantification of MSCT
(a) and H&E (b) data. Significant difference
(P <0.05) has been shown between the
groups indicated by *. Groups specified are
an untreated control group (a), PES (b) and

Group BG-PES (c).

recent studies, BG particles were placed inside nanofibre
constructs by electrospinning polymer/BG solutions, and
biocompatibility and osteoconductivity of these fabri-
cated composite scaffolds were evaluated (28,29). Ele-
vated biocompatibility and osteoconductivity were
observed in comparison to those of pristine nanofibres
(30-32). In the same study, Noh et al. investigated bio-
logical behaviour of BG-coated PLLA electrospun nano-
fibres with a culture of osteoblasts on the surfaces of
nanofibres. Improved adhesion of osteoblasts was also
detected and reported (33). Neither local purulence nor
inflammation was observed at sites of implantation in

Cell Proliferation, 48, 455-464



any of the groups of our study. Results of histological
analysis confirmed these observations and also displayed
the in vivo biocompatibility of our nanofibrous scaffolds
in the rat critical-size calvaria. In the present study, we
used two quantitative methods to measure amounts of min-
eralization and new bone formation after implantation.
Surprisingly, similar results were detected from both dig-
ital mammography and MSCT, which identified that BG-
coated PES induced highest levels of bone regeneration
in all groups. On the basis of the results, we showed that
PES electrospun nanofibrous scaffolds coated with BG
also served as osteoconductive implants. There are previ-
ous studies that have attempted to enhance bioactivity
and bone-bonding strength of implants coated simulta-
neously with bioceramics. For instance, Yamada et al.
displayed both biocompatibility and osteoconductivity of
HA- and BG-coated titanium (34).

Finally, our results from digital mammography and
MSCT were confirmed by pathology analysis reports. In
addition, penetration of newly formed bone at sites of
defects into the implanted scaffolds empirically demon-
strated the capability of BG-coated PES nanofibrous
scaffolds to induce efficient amounts of osteointegration
and osteoconduction, critical for appropriate healing of
orthopaedic fractures and defects.
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