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This study mainly focuses on fabricating nanocomposite fibrous mats for bone tissue engineering. For this
purpose, strontium or copper doped bioactive glass particles were successfully incorporated into gelatin/
poly(e-caprolactone) (Gt/PCL) nanofibers through electrospinning process. As the content of bioactive
glass increased, the average diameter of the as-spun nanocomposite fiber mats rised. It was further
observed that the in vitro bioactivity of the fiber mats enhanced with the inclusion of BG particles into
the polymeric matrix. In addition, the release of therapeutic ions were determined as a function of
immersion time in SBF, which was in the range of 5.4–10.1 mg/g scaffold and 0.34–1.87 mg/g scaffold
for strontium and copper ions, respectively. Although the results were promising, the amount of SrO
and CuO in the composition of bioactive glasses can be increased to improve the osteogenic, angiogenic,
and antibacterial potential of the nanocomposite fiber mats. Hence, this study provides an insight for
future researchers who aim to create nanocomposite materials as multifunctional scaffolds for bone
tissue engineering applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The treatment of bone defects resulting from trauma, malig-
nancy, infections, tumors or congenital diseases is a major chal-
lenge. Therefore, bone tissue engineering has emerged with the
intension to repair, replace or regenerate these bone defects with
the aid of biodegradable scaffolds, which serve as a temporary
framework for providing a suitable environment that allows cells
to synthesize their own extracellular matrix (ECM) and to degrade
upon neogenesis of ECM [1–7]. Among existing methods for the
fabrication of scaffolds, electrospinning has received much atten-
tion as a simple, cost-effective, and versatile technique to prepare
non-woven mats consisting of fibers with diameters ranging from
microns down to a few nanometers [6–9]. Using electrospinning, it
is possible to create scaffolds that mimic the native architecture of
the bone ECM owing to its high porosity, high aspect ratio, and
large surface area. The large specific surface area of the electrospun
scaffolds makes more surfaces suitable for cellular attachment,
while the high porosity and the high interconnectivity of pores
provide enough space for vascularization required to nourish
new bone and to enable the exchange of nutrient and metabolic
waste between the scaffold and environment [9].

To date, a variety of natural and synthetic polymers have been
investigated for the fabrication of nanofibrous scaffolds. However,
natural and synthetic polymers alone cannot meet all the require-
ments of an ideal scaffold. To overcome the shortcomings of syn-
thetic and natural polymers, blends of two or more types of
polymers have been devised by researchers that combines the
advantages of both synthetic and natural materials, potentially
improving cell affinity while offering ideal mechanical properties
for tissue engineering applications. Within this respect, electro-
spun Gt/PCL nanofibers had been widely studied for engineering
diversified tissues, including nerve [10–12], muscle [13], dental
[14], cardiac [15], cardiovascular [16], bone [17,18], and cartilage
[19,20]. It was reported that blending PCL with gelatin resulted
in a new biomaterial with improved mechanical, physical, chemi-
cal, and biological properties [8,10,21,22].

Recent research efforts have been focused upon the develop-
ment of composite materials comprising the biodegradable
polymer matrix combined with inorganic components, such as
hydroxyapatite [14,23], tricalcium phosphate [24], and bioactive
glasses [6,7,25–31]. The reason lying behind that was to mimic
both the physical architecture and chemical composition of natural
bone ECM since it has a highly complex and well-harmonized
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composite structure that consists of type I collagen fibrils (50–
500 nm in diameter) mineralized with a thin, highly crystalline
carbonated hydroxyapatite layer [7,31,32].

Among inorganic components, bioactive glasses are a group of
inorganic bioactive materials that have been extensively used in
the treatment of bone defects, due to their ability to stimulate bone
regeneration via dissolution, followed by the formation of a surface
layer of hydroxycarbonate apatite upon exposure to physiological
fluids [33,34]. This surface layer resembles the chemical composi-
tion and structure of bone mineral and thus, plays a key role in
forming a bond with the surrounding bone tissues. Since their
development, a large variety of bioactive glasses based upon
derivations of the 45S5 composition have been developed and
applied in bone tissue engineering owing to their good bioactivity,
osteoconductivity, osseointegration, and biodegradability [9,35–
41]. However, the main drawback of bioactive glasses is their inter-
nal stiffness, brittleness and low mechanical properties that make
them difficult to use in load-bearing applications [42,43]. Within
this respect, in an effort to make use of the intrinsic properties of
polymers and bioactive glasses, other researchers attempted to
incorporate bioactive glass particles into biodegradable polymers
as fillers to form composite nanofibers. It was determined that
the addition of the bioactive glass into the polymeric matrix
greatly enhanced the mechanical and biological properties
[6,7,27–31]. Hence, this study concentrated on loading bioactive
glass particles into the Gt/PCL nanofibers by using the electrospin-
ning method to develop a composite scaffold with improved bioac-
tivity, biodegradability, osteoconductivity, and mechanical
stability for bone tissue engineering.

In addition, the structural integrity of a scaffold is an important
aspect for the determination of the proliferation, differentiation,
and long term-survival of the anchorage depended cells in the scaf-
folds [17]. Since gelatin is water soluble, the electrospun fibers can
partially dissolve and lose its fibrous form upon exposure to a high
humidity ambient (i.e., 80–90%) for a certain period of time [44,45].
In the literature, several physical (i.e., dehydrothermal treatment,
UV irradiation, and plasma treatment) and chemical methods
(e.g. chemically modifying gelatin with the use of cross-linking
agents, including glutaraldehyde, 1-ethyl-3-(3-dimethylamino
propyl) carbodiimide hydrochloride, and genipin) have been
reported for cross-linking of the gelatin [44–51]. Among them,
the use of glutaraldehyde is by far the most widely used cross-
linking treatment, due to its high efficiency, ease of availability,
and inexpensiveness [44]. Therefore, a cross-linking treatment
with glutaraldehyde was also performed to preserve the fibrous
morphology of the as-prepared mats.

On the other hand, a variety of studies have recently focused on
enhancing the biological performance of bioactive glasses by dop-
ing themwith therapeutic metal ions, including strontium [2–4,33]
and copper [1,32]. Upon the dissolution of these bioactive glasses,
the controlled release of therapeutic metal ions brings about addi-
tional functionalities, such as osteogenesis, angiogenesis, and
antibacterial effects. Taken together, we hypothesized that com-
bining polymers with bioactive glasses doped with strontium or
copper will enable to develop nanocomposite fiber mats that have
a potential to be used as multifunctional scaffolds in bone tissue
engineering applications. In this context, emphasis has been placed
on investigating the in vitro degradation behavior and bioactivity
of the as-prepared nanocomposite fiber mats. To the best of our
knowledge, this study is the first report that employs strontium
or copper substituted bioactive glass particles to develop a
nanocomposite material as a multifunctional scaffold by using
electrospinning technique. In this context, strontium and copper
containing bioactive glasses and gelatin/PCL blends were used to
fabricate nanocomposite scaffolds. The structural, bioactive and
thermal behavior of the scaffolds were investigated.
2. Materials and methods

2.1. Materials

Gelatin (Gt, type A, from porcine skin), poly(e-caprolactone)
(PCL, Mn = 70,000–90,000), silicon dioxide (SiO2, Sigma Aldrich),
and copper(II) nitrate trihydrate (Cu(NO3)2 � 3H2O) were obtained
from Sigma–Aldrich Chemicals. Glacial acetic acid (AcOH), formic
acid, glutaraldehyde (GTA), di-sodium hydrogen phosphate anhy-
drous (Na2HPO4), calcium carbonate (CaCO3), and sodium carbon-
ate (Na2CO3) were purchased from Merck. Strontium nitrate (Sr
(NO3)2) was supplied from Riedel-de-Haen. All chemicals were
used as provided without further purification.

2.2. Preparation of bioactive glass particles

Two modified versions of 45S5 were prepared using a classical
melting method in the present study. For this purpose, ca. 8.2 wt%
of CaO in Bioglass� composition was replaced with SrO or CuO in
order to produce strontium or copper substituted bioactive glass
particles (Sr-BG or Cu-BG) with the composition of SiO2:CaO:
P2O5:Na2O:XO (45:22.5:6:24.5:2 wt%, X = Sr or Cu). To prepare
bioactive glass (BG) particles, appropriate amounts of precursor
chemicals were first placed in a platinum crucible. After that, they
weremelted at 1350 �C for 2 h and rapidly quenched into deionized
water to form frits. As-prepared frits were then ground and placed
in the platinum crucible for repeating the melting and the quench-
ing steps in order to obtain a homogeneous structure. Finally, the
obtained BG frits were ground (645 lm) to yield the BG particles.

2.3. Preparation of electrospinning solutions

BG particles were first dispersed in a co-solvent of acetic acid
and formic acid (1:1 in volume) at room temperature for 1 h. Then,
polymers were separately added into the BG containing solvents
and stirred at room temperature for 3 h in order to obtain homoge-
nous solutions with BG contents varying from 0% to 7.5% (w/v).
Afterwards, 20% (w/v) Gt solution and 15% (w/v) PCL solution were
mixed in a Gt/PCL ratio of 7/3 (w/w) at room temperature for 2 h.

2.4. Electrospinning

The as-prepared solutions were transferred to a plastic syringe
equipped with a flat stainless steel needle, which was connected to
a high-voltage supply. Voltage applied to the needle tip was
22.5 kV. The flow rate was set as 3 ml/h by a syringe pump. Non-
woven electrospun fibers were deposited onto an aluminum foil
wrapped around a grounded collector placed at a distance of
10 cm perpendicular to the needle tip. Electrospinning procedure
was performed under ambient conditions. The resultant nanocom-
posite fiber mats were dried at 37 �C for a couple of days to remove
residual solvent and then transferred to a desiccator prior to fur-
ther investigations.

2.5. Cross-linking treatment

Cross-linking process was carried out by placing samples of the
as-prepared nanocomposite fiber mats in a sealed desiccator con-
taining 25% (v/v) glutaraldehyde solution in a Petri dish. After
4 days, samples were removed from the desiccator and kept in
the fume hood for 2 h, followed by a post treatment at 110 �C for
1 h to remove residual glutaraldehyde and to partially enhance
the cross-linking. The success of cross-linking was determined by
testing the dissolubility of the cross-linked mats immersed in sim-
ulated body fluid (SBF, pH 7.4) at 37 �C for different time points (up
to 28 days).
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2.6. Assessment of in vitro bioactivity

The acellular bioactivity of the nanocomposite fiber mats was
performed in vitro to assess the potential osteoconductive prop-
erties of the materials. Briefly, small pieces of the cross-linked
mats were soaked into the freshly prepared SBF in sterile poly-
ethylene containers and was stored at controlled temperature of
37 �C for various time points up to 28 days. The degradation
behavior of the samples was studied as a function of immersion
time in SBF. At the end of each time point, the samples were
removed from SBF, gently rinsed with deionized water for three
times to remove saline, and dried at 37 �C until constant mass
was reached. After that, the samples were kept in desiccators
for further characterization. Meanwhile, SBF was cooled to room
temperature, and the concentration of therapeutic ions released
into SBF was measured, as well. All experiments were conducted
in duplicate.
2.7. Characterization of bioactive glass particles and nanocomposite
fiber mats

The thermal behavior of BG particles and nanocomposite
fiber mats were investigated by using a TA instruments Q600
SDT model thermogravimetric analyzer and differential scanning
calorimeter. 4 mg of samples were heated at a rate of
20 �C/min from room temperature to 1000 �C under a nitrogen
atmosphere.

The amorphous structure of BG particles and the characteristic
phases of the nanocomposite fiber mats before and after immer-
sion in SBF were identified using an X-ray diffraction analyzer
(XRD, BrukerTM D8 Advance) with Cu-Ka radiation. XRD patterns
were acquired over a 2h range from 10� to 90� with a step size of
0.01�.

The surface morphology and microstructure of the nanocom-
posite fiber mats before and after immersion in SBF were
observed by using a scanning electron microscope (SEM) oper-
ated at 20 kV. Prior to the SEM measurements, all of the samples
cut from the fibrous mats were coated with platinum under vac-
uum for 120 s by using a SC7620 sputter coater (Quorum Tech-
nologies Ltd) in order to reduce electron charging effects. The
diameter of the electrospun fibers was measured by using Image
J software (National Institute of Health, USA). For each experi-
ment, average fiber diameter and its standard deviation were
determined from 25 measurements of the randomly chosen
fibers.

The functional groups of the nanocomposite fiber mats before
and after immersion in SBF were investigated by Fourier-
transform infrared (FT-IR) spectroscopy. FT-IR spectra were col-
lected using a Perkin Elmer Spectrum 100 model spectrometer in
transmittance mode in the mid-IR region (4000–650 cm�1).

The release of therapeutic ions were measured as a function of
immersion time in SBF with the aid of inductively coupled plasma
– mass spectrometer (ICP-MS, Perkin Elmer Elan DRC-e).

The percentage of weight loss was calculated from the weight of
the nanocomposite fiber mats before and after immersion in SBF by
using Eq. (1):

%WL ¼ W0;dry �Wt;dry

W0;dry
� 100 ð1Þ

where W0,dry is the weight of the nanocomposite fiber mats before
being soaked in SBF, whileWt,dry is the weight of the nanocomposite
fiber mats after being soaked in SBF and subsequently dried at 37 �C
overnight.
3. Results and discussion

3.1. Characterization of BG particles

XRD analysis of the BG particles was performed to validate the
amorphous nature of BG particles. As seen from Fig. 1a, both of the
BG particles exhibited a broad band characteristic, proving the
amorphous state of these BG particles.

In addition, thermal behavior of the BG particles were also
assessed to determine their characteristic temperatures, including
glass transition and crystallization temperatures. Fig. 1b shows the
DTA thermograms of the glass samples scanned at the heating rate
of 20 �C/min. As seen from Fig. 1b, it was determined that the glass
transition temperatures of Sr-BG and Cu-BG were 562 �C and
528 �C, respectively, whereas crystallization temperatures were
889 �C and 723 �C. In the light of these data, it was clear that both
temperatures were higher for Sr-BG compared to Cu-BG. It can be
also said that glass samples are suitable for the glass–ceramic
production.

3.2. Surface morphology of nanocomposite fiber mats

SEM micrographs, given in Fig. 2(a), revealed that the electro-
spun Gt/PCL nanofiber mats were composed of randomly oriented,
uniform, and bead free nanofibers, with an average fiber diameter
of 346 ± 67 nm. The fabrication of many different sized Gt/PCL
nanofibers have been reported by other researchers in the open lit-
erature. Some of them were in the size of 189 ± 56 nm [22],
471 ± 218 nm [10], 283 ± 87 nm [52], 161 nm [14], 663 ± 107 nm
[53], 239 ± 37 nm [15], 540 ± 140 nm [54], and 440 ± 63 nm [55]
when electrospinning was conducted with different solution and
processing parameters.

On the other hand, nanocomposite fiber mats were also suc-
cessfully generated without any beads through the electrospinning
process (Fig. 2(b) and (c)). As the BG content increased from 2.5 wt
% to 7.5 wt%, the diameter of Gt/PCL/Sr-BG nanocomposite fiber
mats ranged from 448 ± 111 nm to 532 ± 190 nm, whereas the
diameter of Gt/PCL/Cu-BG nanocomposite fiber mats varied from
400 ± 71 nm to 463 ± 107 nm (Table 1). These results indicated
that the introduction of BG particles into the Gt/PCL nanofibers
increased the fiber diameter. Similar results were also obtained
by other researchers when hydroxyapatite nanoparticles were
introduced into the Gt/PCL nanofibers. For instance, Yang et al.
[14] indicated an increase in the average diameter from 161 nm
to 281 nm after the inclusion of hydroxyapatite nanoparticles into
the system, while Linh et al. [23] reported that fiber diameter var-
ied from 0.12 lm to 3.0 lm depending on the increase in the con-
tent of hydroxyapatite nanoparticles. It was claimed that this was
likely due to the increase in viscosity with the content of hydrox-
yapatite nanoparticles [23]. Similarly, Kouhi et al. [25] showed that
average diameter of nanofibers increased from 411 nm to 483 nm
by increasing BG content from 0 to 20 wt% of the PCL content.

Additionally, the formation of ultra large-sized fibers were
observed when the BG content was 10 wt% (data not shown),
defining the upper boundaries of the system. This was consistent
with the findings of Noh et al. [28]. They determined that a well-
developed nanocomposite fiber of poly(lactic acid) filled with BG
nanoparticles was obtained when BG nanofiller was incorporated
up to 10%, while beads and ultra large-sized fibers were obtained
above that value.

3.3. Structural analysis of nanocomposite fiber mats

FT-IR spectroscopy was employed to investigate the functional
groups of the fibrous mats. Fig. 3 shows the transmittance spectra



Fig. 1. Characterization results of the BG particles: (a) XRD patterns, and (b) DTA diagram.

Fig. 2. SEM images of (a–c) as-spun and (d–f) cross-linked fiber mats: (a, d) Gt/PCL, (b, e) Gt/PCL/7.5Sr-BG, and (c, f) Gt/PCL/7.5Cu-BG fiber mats.
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Table 1
Average diameter of the fiber mats.

BG content
(% w/v)

BG type Coded name Average fiber
diameter (nm)

0 – Gt/PCL 346 ± 67
2.5 Sr-BG Gt/PCL/2.5Sr-BG 448 ± 111
5.0 Sr-BG Gt/PCL/5Sr-BG 499 ± 86
7.5 Sr-BG Gt/PCL/7.5Sr-BG 532 ± 190
2.5 Cu-BG Gt/PCL/2.5Cu-BG 400 ± 71
5.0 Cu-BG Gt/PCL/5Cu-BG 463 ± 68
7.5 Cu-BG Gt/PCL/7.5Cu-BG 463 ± 107
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of nanofiber mats. Common bands of PCL are asymmetric CH2

stretching at 2945 cm�1, symmetric CH2 stretching at 2865 cm�1,
carbonyl stretching at 1727 cm�1, C–O and C–C stretching at
1293 cm�1, asymmetric COC stretching at 1240 cm�1, and sym-
metric COC stretching at 1170 cm�1 [22,51,53]. Whereas, FT-IR
spectra of gelatin consist of typical bands such as N–H stretching
at 3280 cm�1 (amide A), amide B at 3065 cm�1, C = O stretching
at 1650 cm�1 (amide I) and N–H bending coupled with C–N
stretching at 1540 cm�1 (amide II), CH2 scissoring and asymmetric
CH3 bending at 1450 cm�1, CH2 wagging at 1406 cm�1, C–N
stretching vibration coupled with N–H stretching in phase bending
at 1240 cm�1 (amide III), and C–C stretching at 1158 cm�1 [22,48–
51,53,56]. As depicted in Fig. 3, the appearance of these character-
istic peaks confirmed the presence of both polymers in the
structure of Gt/PCL nanofiber mats. Meanwhile, Gt/PCL/Sr-BG and
Gt/PCL/Cu-BG nanocomposite fiber mats showed nearly identical
spectra, with additional bands corresponding to Si–O–Si symmet-
ric and asymmetric stretching vibration located near 800 and
1070 cm�1, respectively [36]. Therefore, FT-IR results confirmed
that the BG particles were successfully incorporated into the
Gt/PCL fibrous mats.

In addition to the FT-IR spectra, XRD patterns of the fibrous
mats were also determined, as given in Fig. 4. In general, gelatin
shows no peak in XRD pattern, which indicates its amorphous nat-
ure. On the other hand, PCL shows sharp peak at 2h of 22� and a rel-
atively low intensity peak at 24�, suggesting the crystalline nature
of PCL. Therefore, the presence of the characteristic peaks of PCL
confirmed the crystalline nature of all fiber mats. However, the
Fig. 3. FT-IR spectra of (I) as-spun and (II) cross-linked fiber mats: (a)
intensity of PCL peaks were lower for nanocomposite fiber mats.
Similarly, Lin et al. [6] reported that the degree of crystallinity of
the PCL decreased with the addition of mesoporous BG nanoparti-
cles. It was inferred that during crystallization, the mesoporous BG
nanoparticles were probably aggregated and subsequently
occluded in intercrystalline domains, thereby hindering the crys-
tallization of the polymer [6]. Meanwhile, other than the peaks of
PCL, no additional peak was observed for nanocomposite fiber
mats suggesting that the amorphous nature of BG particles contin-
ued after the electrospinning process.
3.4. Confirmation of cross-linking treatment

Since gelatin is water soluble, even a drop of water can imme-
diately destroy the nanofibrous structure. Moreover, electrospun
fibers are even able to gradually form point bonds at the fiber junc-
tions if placed in a high humidity ambient (i.e., 80–90%) for a cer-
tain period of time. To overcome this issue, a cross-linking
treatment with glutaraldehyde vapor was applied. After the
cross-linking treatment, the color of fibrous mats changed from
white to yellow, which was explained by other researchers to be
due to the formation of aldimine linkages (–CH = N–) between
the free amino groups of lysine or hydroxylysine amino acid resi-
dues of gelatin and the aldehyde groups of glutaraldehyde
[44,45,47,50,57]. In addition, the fibrous form of the as-prepared
mats has been preserved during cross-linking treatment (Fig. 2
(d–f)). However, the fibers at touching points were fused together
because of the existence of the water in moisture-rich glutaralde-
hyde vapor. In the light of these data, it is obvious that the fiber
morphology was affected to some extent from the cross-linking
treatment. Similar observations have also been indicated in other
studies [44,45,49,57].

On the other hand, a change in the chemical signatures of gela-
tin during the cross-linking of the nanofibrous scaffolds was eval-
uated by FT-IR spectroscopy. As depicted in Fig. 3, the effectiveness
of the cross-linking process can be confirmed based on the pres-
ence of pronounced peaks in the C–H stretching region. The three
methylene groups of the glutaraldehyde molecule contribute to
the intensity of bands at 2945 and 2865 cm�1. In addition, the ratio
of intensities of bands at 3065 cm�1 (which can be attributed to
Gt/PCL, (b) Gt/PCL/7.5Sr-BG, and (c) Gt/PCL/7.5Cu-BG fiber mats.



Fig. 4. XRD patterns of (I) as-spun and (II) cross-linked fiber mats: (a) Gt/PCL, (b) Gt/PCL/7.5Sr-BG, and (c) Gt/PCL/7.5Cu-BG fiber mats.
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amide B) and 3280 cm�1 (related to N–H stretching mode of amide
A) gradually decreased. This is consistent with the results of Skotak
et al. [58].

Meanwhile, XRD analysis was also conducted to assess the
changes in the crystallinity of the fibrous mats during the cross-
linking treatment. As observed in Fig. 4, XRD pattern showed that
the characteristic diffraction peaks of PCL were significantly
weakened after cross-linking treatment, proving a decreased
crystallinity of PCL. The lower crystallinity of fiber mats suggested
the presence of molecular interactions, as well.

To confirm the success of the cross-linking treatment, the
nanofibrous mats were investigated through SEM and FT-IR analy-
sis after being soaked in SBF. After immersing for 28 days, all of the
fiber mats still kept an intact appearance in macroscopic view.
From Fig. 5, it was obvious that the nanocomposite fiber mats
preserved their fibrous morphology, while the fibrous network of
Gt/PCL mat experienced significant swelling after 24 h immersing
in SBF. In the light of these data, it can be concluded that the
Fig. 5. SEM images of fiber mats after being soaked in SBF for (a–c) 1 day and (d–f) 28
addition of BG particles into the Gt/PCL nanofibers improved the
water-resistancy of the fiber mats. In addition, the presence of
the characteristic bands of gelatin in the FT-IR spectra (Fig. 6) after
the cross-linking treatment also validated the success of the
cross-linking treatment.

3.5. Thermogravimetric analysis of nanocomposite fiber mats

Thermogravimetric analysis was performed to determine the
thermal degradation pattern of the fiber mats. Fig. 7 shows the
DTA and TGA curves of the fiber mats and the results taken from
these curves are given in Table 2. As seen from Table 2, gelatin
exhibited a degradation peak at 324 �C, while PCL showed a degra-
dation peak at 404 �C. However, nanocomposite fiber mats
revealed only one peak at 350 �C and 358 �C for Gt/PCL/Sr-BG
and Gt/PCL/Cu-BG fiber mats, respectively. These results confirmed
that composite structures were successfully prepared in the cur-
rent study.
days: (a, d) Gt/PCL, (b, e) Gt/PCL/7.5Sr-BG, and (c, f) Gt/PCL/7.5Cu-BG fiber mats.



Fig. 6. FT-IR spectra of (I) Gt/PCL/Sr-BG and (II) Gt/PCL/Cu-BG fiber mats, with different BG contents, after immersed in SBF for 28 days: (a) 0 wt%, (b) 2.5 wt%, (c) 5 wt%, and
(d) 7.5 wt%.
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Meanwhile, the thermogram for Gt/PCL fiber mat showed a
steep weight loss between 220 and 500 �C and no residual matter
remained after 500 �C indicating complete degradation of the poly-
mer. In the case of nanocomposite fiber mats, 73% weight loss was
observed over the temperature range used. This weight loss may be
due to the removal of organic moieties, namely gelatin and PCL. At
1000 �C, a residual weight of 27% in the nanocomposite fiber mats
indicated the presence of BG, which is consistent with the amount
of BG content with respect to the polymeric content. Thus, the
thermogravimetric analysis confirmed the removal of organic moi-
eties and the presence of BG in the nanocomposite fiber mats.

3.6. Assessment of in vitro bioactivity

The bone-bonding potentiality of a biomaterial is often esti-
mated by examining its ability to form a layer of hydroxycarbonate
apatite on its surface when exposed to SBF. In order to confirm the
formation of this layer, the nanocomposite fiber mats were ana-
lyzed with SEM, XRD, and FT-IR before and after being soaked in
SBF.

Visual inspection of the Gt/PCL fiber mat showed no sign of
mineral formation after 4-week study (Fig. 5d), suggesting that
the formation of hydroxyapatite did not occur within 28 days
when being immersed in SBF. This result was confirmed by the
FT-IR analysis, which revealed no noticeable change in FT-IR spec-
tra with the immersion in SBF (Fig. 6). To further support these
results, XRD analysis was also performed. As illustrated in Fig. 8,
there was no change in the XRD pattern of the Gt/PCL fiber mat
after immersion in SBF for 28 days.

However, a number of precipitates was present on the surface
of Gt/PCL/Sr-BG nanocomposite fiber mats (Fig. 5e). By means of
FT-IR spectroscopy, these precipitates were associated with
hydroxyapatite since the appearance of the strong band at
1030 cm�1 proved the growth of a hydroxyapatite layer. Mean-
while, on the XRD pattern of Gt/PCL/Sr-BG nanocomposite fiber
mats, there were two weak diffraction peaks of an apatite-like
phase at 34.1� and 25.9�, which corresponded to the (202) and
(002) crystal planes of apatite. With the increase of BG content,
the characteristic peaks of apatite became stronger, which implied
that the crystal degree and the amount of apatite increased. In
addition, new peaks at 32.9� (300), 39.8� (310), 46.7� (222), and
49.5� (213) corresponding to apatite were also observed for
Gt/PCL/7.5Sr-BG nanocomposite fiber mat.

On the other hand, no apatite deposition was observed on the
Gt/PCL/2.5Cu-BG fiber mat. However, Gt/PCL/5Cu-BG fiber mat
exhibited two weak diffraction peaks of an apatite-like phase at
34.1� and 40�, which corresponded to the (202) and (310) crystal
planes of apatite. With the increase of BG content, the characteris-
tic peaks of apatite became stronger and new peaks at 32.9� (300),
37� (130), 39.8� (310), 46.7� (222), 49.5� (213), 53.2� (004), 61.5�
(214), and 64.1� (304), corresponding to apatite were emerged for
Gt/PCL/7.5Sr-BG nanocomposite fiber mat. These results coincided
with the results of FT-IR analysis, revealing the formation of apatite
by the presence of the strong band at 1030 cm�1. In addition, the
surface morphology of Gt/PCL/7.5Cu-BG nanocomposite fiber mat
changed after soaking in SBF for 24 h, and some new tiny materials
appeared on the nanofiber surface (Fig. 5(c)). After prolonged
immersion of 4 weeks, these new materials grew and the surface
of the nanofibers was almost totally covered with the needle-like
layer, as observed in Fig. 5(f).

Taken together, the incorporated BG particles were proved to
stimulate the formation of hydroxyapatite. This is consistent with
the previous researches, which demonstrated that the inclusion of
the BG particles into the polymeric matrix greatly enhanced the
in vitro hydroxyapatite formation on the surface of the nanocom-
posites under a simulated physiological medium. For instance,
Lin et al. [6] found that the incorporation of mesoporous BG into
a PCL nanofibrous matrix significantly enhanced its apatite-
formation ability in SBF compared with a PCL nanofibrous matrix.
Similarly, Allo et al. [29] reported that contrary to control PCL
fibrous scaffolds that were devoid of bone-like apatite particles,
incubating PCL/BG fibrous scaffolds in SBF revealed bone-like apa-
tite deposition. In addition, Han et al. [59] indicated the higher
bioactivity of composite nanofibers compared to pure PAN-based
carbon nanofibers. Meanwhile, Yang et al. [60] also reported that
the presence of BG nanoparticles in the carbon nanofiber compos-
ites had increased the rates of the heterogeneous apatite nucle-
ation. On the other hand, the in vitro bioactivity of the
nanocomposite fiber mats increased with the content of BG parti-
cles, as previously shown by other researchers [6,27].



Fig. 7. Thermal behavior of (a) Gt/PCL, (b) Gt/PCL/7.5Sr-BG, and (c) Gt/PCL/7.5Cu-BG fiber mats: (I) DTA diagram, and (II) TGA diagram.

Table 2
Thermal behavior of the fiber mats.

Coded name Main region of decomposition (�C) Decomposition weight (%) Tmax,1 (�C) Tmax,2 (�C) Maximum degradation rate (%/min)

Gt/PCL 219–499 84.86 324 404 15.57
Gt/PCL/7.5Sr-BG 148–552 56.55 350 – 10.63
Gt/PCL/7.5Cu-BG 147–552 62.01 358 – 13.03
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Assuming the formation of crystalline hydroxyapatite layer on
the fiber mat as the marker of bioactivity, our results indicated that
Gt/PCL/7.5Cu-BG fiber mat had the best bioactivity among all of
the produced fiber mats. The bioactive materials are capable of
bonding with bone through the formation of an apatite interface
layer. The mechanism of apatite formation upon contact of bioac-
tive glass with SBF consists of five stages: (1) fast ion exchange
of alkali ions with hydrogen ions from the liquid medium; (2) glass
network dissolution; (3) silica-gel polymerization; (4 and 5)
chemisorption and crystallization of the carbonated hydroxyap-
atite layer. The detailed analysis of the reactions involved has been
presented by Hench [61]. All of the Gt/PCL/Sr-BG fiber mats pos-
sessed in vitro bioactivity but at different extents depending on
the BG content, while this was not the case for Gt/PCL/Cu-BG fiber
mats. No biomineralization behavior was observed for Gt/PCL/
Cu-BG fiber mat with a BG content of 2.5 wt%. This result can be



Fig. 8. XRD patterns of (I) Gt/PCL/Sr-BG and (II) Gt/PCL/Cu-BG fiber mats, with different BG contents, after immersed in SBF for 28 days: (a) 0 wt%, (b) 2.5 wt%, (c) 5 wt%, and
(d) 7.5 wt%.
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explained with the faster degradation rate of Sr-BG as explained
above. The faster dissolution of glass network resulted in an early
calcium phosphate layer formation.

3.7. Investigation of degradation rate

The degradation rate of a scaffold is a key parameter for bone
tissue engineering since it should match with the rate of neogene-
sis of ECM. Therefore, the in vitro biodegradation was studied by
measuring the weight loss of the fiber mats in SBF at 37 �C during
4 weeks. After 28 days in SBF, the weight loss was below 5% in the
case of Gt/PCL fiber mat, while it was higher (9–16%) in the case of
the nanocomposite fiber mats over the same period (Fig. 9). This
indicated that the inclusion of BG particles accelerated the degra-
dation rate of the fibrous mats. Similarly, Kouhi et al. [25] reported
that the weight loss was only 4% in the case of PCL nanofibers,
whereas it was higher in the case of PCL/BG nanocomposite fibers.
In addition, they determined that increasing BG concentration
from 5% to 20% led to an increase in the weight loss from 21% to
40% after 28 days. It was explained that the incorporation of a glass
phase into the PCL matrix increased its capacity to absorb water
during the incubation period and, thus, rised its hydrolytic degra-
dation [25].

On the other hand, the weight loss was slightly lower when the
Cu-BG particles were introduced into the nanofibrous mats instead
of Sr-BG particles, which was likely due to the faster degradation
rate of Sr-BG compared to that of Cu-BG. The slower degradation
of Cu-BG was explained by Wang et al. [62]. They claimed that
when CuO was substituted with CaO, the Cu–O bond showed more
Fig. 9. Weight loss of fiber mats as a function of immersion tim
covalent character compared to the Ca–O bond, resulting in the re-
polymerization of Si–NBOs and higher network connectivity.
Besides, the substitution of calcium by strontium in the 45S5 com-
position most likely resulted in a larger expansion of the glass net-
work in order to accommodate the larger strontium cation
compared to copper cation. This may lead to a more weakened net-
work in the case of doping with SrO, accelerating the degradation
rate of Sr-BG particles.

3.8. Determination of release of therapeutic ions

Recently, a variety of studies have been performed to enhance
the biological performance of bioactive glasses by doping them
with therapeutic ions. It was reported that upon the dissolution
of the inorganic matrix, the controlled release of these ions brought
about additional functionalities, including osteogenesis, angiogen-
esis, and antibacterial effects. Therefore, it is of great importance to
determine the amount of therapeutic ions released from scaffolds.
However, high concentrations of these ions can cause free radical
formation and cytotoxicity. Thus, it is necessary to control the
release of therapeutic ions at a clinically acceptable rate. Hence,
the release of these ions from the nanocomposite fiber mats when
being soaked in SBF was investigated as given in Fig. 10. Results
showed that the release of strontium ions was between 5.4 and
10.1 mg/g scaffold, whereas 0.34–1.87 mg/g scaffold of copper ions
was released. The fact that the release of copper ions being lower
than those of strontium ions was likely due to the slower degrada-
tion of Cu-BG compared to Sr-BG as mentioned before. Although
Cu-BG particles degraded more slowly, Gt/PCL/7.5Cu-BG fiber
e in SBF: (a) Gt/PCL/Sr-BG and (b) Gt/PCL/Cu-BG fiber mats.



Fig. 10. Release of therapeutic ions as a function of immersion time in SBF: (a) Gt/PCL/Sr-BG and (b) Gt/PCL/Cu-BG fiber mats.
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mat displaying the best bioactivity may seem a conflict. However,
this was likely the result of the inhibitory effect of strontium ions
on hydroxyapatite crystallization. Hoppe et al. [63] speculated that
the transformation of the amorphous calcium phosphate layer to
hydroxyapatite was delayed as a result of the inhibitory effects
of strontium on hydroxyapatite crystallization.

On the other hand, recent studies reported that the effective
copper ion concentration for stimulating vascularization was 14–
57 ppm [64], whereas stimulatory effects were induced on osteo-
blasts by the release of strontium ion in a range from 8.7 to
87.6 ppm [65,66]. The amounts of ion release obtained in the pre-
sent study were lower compared to these studies. Therefore, the
inclusion of more than 2 wt% SrO and CuO into BG composition
may be more suitable in order to exploit the full osteogenic, angio-
genic, and antibacterial potential of therapeutic ions without
inducing any cytotoxic effects. Though this work provides a basis
for future studies.

4. Conclusion

In the present study, bioactive glasses doped with therapeutic
metal ions (i.e., strontium or copper) were successfully incorpo-
rated into the Gt/PCL fibrous mats by means of electrospinning
process. The hydroxyapatite forming ability of fiber mats gives
insight into their bioactivity, which is relevant for bone regenera-
tion. Thus, the impact of composition and content of bioactive glass
on the mineralization behavior of the fiber mats were evaluated
and discussed in detail. These findings indicated that the currently
described electrospun nanocomposite fiber mats are very promis-
ing scaffolds as they combine the high bioactivity of bioactive
glasses, the beneficial effects of therapeutic metallic ions on bone
growth and an interconnected porous structure of electrospun
nanofibers that may allow cell adhesion, cell invasion and vascu-
larization. However, the addition of more than 2 wt% SrO and
CuO into bioactive glass composition may be better to improve
the osteogenic, angiogenic, and antibacterial potential of the
nanocomposite fiber mats as scaffolds for bone tissue engineering.
Within this respect, our observations provide the basis for further
studies with regard to fabrication of multifunctional scaffolds for
bone tissue engineering applications.
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