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Iranian Gum Tragacanth (IGT) is among the most natural polymers which has interesting properties such
as nontoxic nature, biodegradability and high resistance to bacterial attacks making it applicable for
tissue scaffolds, protective clothing, and wound healing. In the current work, polyvinyl alcohol (PVA)/IGT
nanocomposite fibre is prepared by using the electrospinning (ELS) technique in an aqueous solution
with different volume ratios of 60/40, 70/30, 80/20, and 90/10. To enhance the chemical and mechanical
stability of the produced samples, different amounts of nanoclay powder (1% and 3%) are added also to
the solution. The blended nanofibres are characterized by scanning electron microscopy (SEM), Fourier-
transform infrared (FTIR), and bioactivity evaluation in phosphate buffered saline (PBS) and simulated
body fluid (SBF) solutions. The FTIR analysis indicated that PVA and IGT may have H* bonding interactions.
The results revealed that with a higher amount of IGT, a superior degradation as well as a higher chemical
and biological stability could be obtained in the nanobiocomposite blend fibres. Furthermore, the blend
nanofibre samples of 80/20 and 3% nanoclay powder exhibit a significant improvement during evaluation

of its properties.

© 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by

Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades there has been a growing interest in
biocompatible and biodegradable natural polymers that are being
used as scaffolds and in wound healing for tissue engineering [1].
To design soft and hard scaffolds, the main requirements are high
porosity, higher wettability, large surface area, and a microenvi-
ronment that allows the cells to adhere, proliferate, differentiate,
and retain its phenotype [2]. It is well established that pores fibres,
which are interconnected, play an important role in cellular growth
[3]; however, with increasing porosity, an inevitable loss occurs in
the biological properties [4]. A large number of different polymers
including hydrogels polyvinyl alcohol (PVA) [5], polyacrylamide
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(PAC) [6], and polyacrylic acid (PAA) [7] have been explored for
different biomaterials applications [8].

Among these, PVA has been used for various pharmaceutical
applications [9]. Some of the advantages of PVA are its nontoxicity,
excellent physical properties, high hydrophilicity, biocompatibil-
ity, good chemical resistance, and bioadhesive nature making it
a suitable candidate for regenerative medicine especially wound
healing applications [10]. It also showed a high degree of swelling
in water, and an elastic nature which can closely simulate natural
tissue so that it can be readily accepted by the body [11].

Another known polymer, local Iranian Gum Tragacanth (IGT), is
a dried exudation obtained from the stems and branches of Asiatic
species of Astragalus [12]. It has been used as an emulsifier and
pharmaceutical for wound healing applications. The IGT is one of
the most acid-resistance gums and most efficient natural emulsifier
for acidic oil-in-water emulsions [13]. The IGT and PVA represent
renewable sources and they have no adverse impact on skin and
eye irritation [14].

Due to their unique characteristics and potential commercial
applications, polymers have been composited with new generation
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of bioceramics and have brought improved mechanical properties.
The nanoclay (NC), as a famous bioceramic, has recently been taken
into consideration due to its good mechanical properties [15,26].
Adding NC to biopolymer-based nanocomposites improves their
mechanical, biological, chemical, thermal [16,17], and corrosion
protection properties [18].

Nanofibres can be obtained by a number of techniques com-
prised of air-blast atomization of mesophase pitch [19-22],
assembling from individual CNT molecules [20], pulling of non-
polymer [21] and depositing materials on linear templates [22].
Electrospinning (ELS) technique as a popular technique to prepare
soft tissues is not only applicable due to its versatility in spinning
a wide variety of polymeric fibres but also due to its consis-
tency in producing fibres in the submicron range wound healing
[23]. Despite the poor mechanical properties of natural polymer
nanocomposites, its unique biological properties lead us to focus on
improving its properties rather than completely replacing it with
other biopolymers. Accordingly, in this work we have prepared
a new IGT-PVA nanocomposite as a highly bioactive material for
wound healing applications and have evaluated its in vitro, chemi-
cal as well as mechanical properties.

2. Material and methods
2.1. Materials

PVA and nanoclay powder were purchased from Merck (Co.,
Germany) and milled by mechanical milling (MM) technique. First
of all, in order to homogenize the nanoclay (NC) powder, it was
ball milled for 2 h with a planetary mill comprised of zirconia vial
and balls in which a ball to powder weight ratio (BPR) of 15 and
rotational speed of 600 rpm were used.

X-ray fluorescence (XRF) analysis of the nanoclay is shown in
Table 1. This table shows that silicon (Si) has the highest amount of
the element ratio in the composition.

In this study, the IGT with high quality ribbon type was col-
lected from plants growing in the mountainous areas (Isfahan
Province, Iran). Pure powdered IGT with a mesh size between
80 and 400 was used in this study. All other chemical reagents
for preparation of bioactivity solution were obtained from Merck
(Germany)-grade including NaCl (99.5%), NaHCO3 (99.5%), KCl
(99.0%), NapHPO4-3H,0 (99.5%), MgCl,-6H,0 (98.0%), NaySOy,
(CH,0H)3CNH; (99.2%), CaCl,-2H,0 (99.0%) and HCI (37 vol%).

2.2. Purification of IGT

The primary IGT was washed by deionized water and dried in
sunlight; after that it was milled and sieved. The density value of IGT
was 1/42 g/cm3. The 4 g of IGT was dissolved in deionized water and
homogenized on the magnetic stirring overnight and then allowed
to stay for 12 h at room temperature. The mucilage was filtrated and
separated through a glass funnel. The obtained clear solution was
dried through freeze-drying, and weighted and stored. A schematic
of the whole process to prepare IGT is shown in Fig. 1.

2.3. Composite preparation
The polymer solution was prepared by dissolving different

ratios 90:10, 80:20, 70:30, 60:40 of PVA/IGT in 100 ml of deion-
ized water. We selected an 80:20 ratio of PVA/IGT, as it obtained

Fig. 1. The schematic of IGT preparation from Iranian plant to natural polymer
(plants, dried IGT, IGT powder, IGT dissolved).

a maximum solubility in comparison with other solvents used for
electrospinning. The NC in different concentrations, 0.0%, 1%, and
3% (w/w), was used. The effect of NC on the nanobiopolymers was
investigated by FTIR analysis. The homogenized NC was then slowly
added to the PVA/IGT solution with stirring process at room tem-
perature. The solution was allowed to stir for 30 min in a sealed
container and the obtained mixture was further sonicated for 5 min.

2.4. Electrospinning (ELS) method

ELS technique is one of the most important approaches for
developing continuous nanoscale fibres with diameters ranging
from 10 to 50 nm. After that, the solution was stirred for 8 h, the
NC was added to it and again the stirring process went on up to
10 h. The obtained solution was then stored at 4°C for 6 h to reach
the required homogeneity. The biocomposite solution was fed into
a 20 ml plastic syringe fitted with a needle. The ELS of PVA/IGT with
different percentages of NC-enriched was carried out by a syringe
pump using a feeding rate of 0.5-1.5 ml/h (flow rate) and a voltage
of 10-20kV. The collector plate was made of aluminium (Al) foil;
the dimension of frame was 10 mm x 50 mm which was positioned
at a constant distance of 10 cm from the needle. The fabricated soft
scaffolds were dried overnight in vacuum to remove their resid-
ual solvent. The ELS procedure (compositing, syringe pump, and
electrospun on aluminium) is shown in Fig. 2.

2.5. Bioactivity test

The bioactivity test can be referred to a method that is used
for monitoring the bioactivity of nanobiocomposite, during which
the samples are soaked in the simulated body fluids (SBF). The
reliability of the SBF test depends on the type of bioceramic and

Table 1

XRF of chemical composition nanoclay powder synthesized by MA process.
Composition (wt.%) Ca0 Si0, Al,03 Fe, 03 MgO SO3 Na,0 K,0 TiO, P,0s5 Total Ignition loss
Kaolin 0.17 61.25 20.95 6.40 0.38 0.17 1.61 0.72 0.72 0.12 92.38 13.65
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Fig. 2. The electrospinning method used to produce nanobiocomposite (IGT/PVA-NC).

biopolymer used. Natural polymer and silicate-based ceramics
reveal excellent ability to form apatite layers on the surface of
the hard and soft tissues. Table 2 represents the ion concentra-
tion in the SBF solution which has been developed in accordance
with Kokubo’s method and also its comparison with human blood
plasma. According to the Kokubo’s method, the essential require-
ment for a material to bond to the living bone is the formation of
bone-like apatite on its surface when it is implanted in the living
body. Nanobiocomposite samples were soaked in the SBF solu-
tion for the given times of 1, 7, 14, 21 and 28 days at 37 °C with
pH=7.4, without refreshing the soaking medium [24-26]. After
these periods, the samples were taken out and dried at 60°C for
1h and then re-weighed.

2.6. Degree of swelling and weight loss

The degree of the weight loss of the nanofibre samples was cal-
culated by the use of Eq. (1). The test is carried out in the release
medium (phosphate buffered saline, PBS, pH 7.4) at 37°C for 1, 4,
and 28 days. The PBS solution was prepared by dissolving the NaCl

Table 2
Comparison of nominal ion concentrations of SBF, physiological saline, and human
blood plasma.

lon SBF [mmol] Human plasma [mmol]
Na* 142.0 142.0

K* 5.0 5.0

Mg?* 1.5 1.5

Cca* 25 2.5

Cl- 147.8 103.0

HCO;3~ 4.2 27.0

HPO4%~ 1.0 1.0

S04%~ 0.5 0.5

pH 7.4 7.2-74

(8g), KC1(0.2g), NaHPO,4 (1.44 g), and KH,PO4 (0.24 g) in 800 ml
deionized water. The pH of PBS prepared at room temperature has
to be adjusted at 7.4 with HCl, 1M and final volume of 11 with
additional distilled water. Finally, IGT/PVA solution is sterilized by
autoclaving and stored in regenerator at 5°C. In vitro degradation
of porous scaffolds was carried out in PBS solution according to
ASTM F 163 T 044 standard method (60). The porous scaffolds were
located in a 20 ml falcon bottle containing 20 ml PBS solution. The
produced samples were then placed in an electrical water bath at
37 +1°C for 5 weeks. Every four days, the pH of the PBS solution
was measured by pH metre and then replaced with fresh PBS. These
experiments were carried out in one month. Biweekly, three sam-
ples of each scaffold type were taken out from the falcon bottles for
characterization. Lost weight was calculated by this formula

Wo — W;

Weight loss percentage =
Wo

(1)
Wy =initial dry weight sample and W;=dry weight sample after
specific time.

2.7. Mechanical properties

The mechanical properties of fibres including tensile strength
and elongation at fracture point are measured by tensile machine
(zwick 1446-60, Germany).

2.8. Characterization of the composite

2.8.1. X-ray diffraction

X-ray diffraction (XRD) patterns were revealed with a Pan Ana-
lytical Model X'Pert Pro which had CuKe, (A =0.1542 nm) Bruker
AXS Germany. The diffractograms were recorded in the 26 range of
20-50° with step size of 0.02 A and a step time of 0.605.
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Table 3

BET and surface area parameter.
Sample Weight (g) S(BET) (m?/g) S(total) (m?)
GPy 0.027 5.150 0.060
GP3 0.116 6.079 0.164

2.8.2. Fourier transform infrared spectroscopy

In order to investigate the possible changes in chemical compo-
sition nanofibre, the FTIR (Perkin-Elmer, UK wave number range of
650-3500 with 4cm~! resolution) was used.

2.8.3. BET analysis

The surface area measurements were interpreted by the model
presented by Brunauer, Emmett and Teller (BET). These mea-
surements are based on the physical adsorption of gas on the
sample surface. The amount of gas can be defined by the Langmuir
isotherm. The BET is calculated by Eq. (2).

The evaluation of the particle size distribution was performed
by PSA analysis (model Malvern instruments, Isfahan Medical uni-
versity) to discover the nanocrystalline shape and size. The PSA
technique that was used to recognize geometric shape of NC
nanoparticles is shown in Table 3. The conditions during PSA analy-
sis were a temperature of 19.9 °C, duration time of 70 s and ethanol
as a dispersant [viscosity (cp=1.2000)]. The average particle size of
the prepared powder assuming the synthesized nanoparticle was
spheroid and is given by Eq. (2),

6000
~ S(BET) x p 2)

The composites porosity was measured by Archimedes method.
The porosity was calculated according to the following equation:
(Wy —Wh)
(W2 — Ws)
in which W is the weight of composite in air, W, is the weight of

sample with water, and W3 is the weight of samples suspended in
water.

Porosity = x 100% 3)

2.8.4. SEMJEDS analysis

The morphology of the fibrous membrane was observed with
a scanning electron microscope SEM (Philips XL30, Eindhoven,
and Netherlands). All of the samples were coated with gold (Au)
using spraying, high vacuum and 40KkV accelerating voltage. lon
contents were measured from five spots, and the average was
measured. The energy-dispersive X-ray spectroscopy (EDS) micro-
analysis (FEI Quanta 200 ESEM equipped with an EDX EDS device)
was also used to verify the accuracy of the experimental results;
the nanofibre diameter (SDpanofibre diameter = 3 NIM) Measurements
were performed two times and the typical standard deviation was
3-5nm.

2.8.5. Inductive coupled plasma atomic emission spectroscopy

The concentrations of Ca, Si, ... ions in SBF after soaking were
determined using inductive coupled plasma atomic emission spec-
troscopy (ICP-AES; Zaies 110394c).

2.8.6. X-ray fluorescence spectrometry

The elemental analysis of NC powder (raw material) is per-
formed by X-ray fluorescence spectrometry (XRF, Bruker-S4
Pioneer, and Germany).

2.9. Statistical analysis

The statistic SPSS data were analysed with SPSS 20.0 software
(SPSSInc.,IL, USA). All values were expressed as mean plus or minus
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Fig. 3. XRD pattern of NC powder milled for 2 h in a high-energy planetary ball mill.

standard deviation. Analysis of variance (ANOVA) was also used to
analyse the experimental data. Statistical significance was set to
p<0.05. The fibre diameter measurement values were obtained by
digitizer software and analysed by using SPSS software.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Fig. 3 indicates the XRD patterns of the NC powder milled for
2 h. The peak broadening can be seen with increasing milling time
which is due to the crystallite size refinement. It is also notable
that the NC powder is completely formed at 2 h of milling with a
crystallite size less than 30 nm.

3.2. FTIR analysis

FTIR spectra were also recorded for IGT/PVA composite at dif-
ferent percentages of NC. The characteristic band at 3442 cm~! was
detected for the stretching frequency of —OH groups as shown in
Fig. 4. Asymmetric and symmetric stretching vibrations for methy-
lene groups appeared at around 2930 and 2856 cm~. A significant
band at 1747 cm~! is attributed to —C=0 group stretching vibra-
tions. The strong peak at 1495cm™! is ascribed to characteristic
asymmetrical stretch of —COO~ group. The characteristic asym-
metrical stretch of —COO~group is caused to appear as bands at
1441 and 1367 cm~!. The spectra showed bands at 11,420 and
1280cm~1; 1243 and 1100cm~! for the stretching vibrations of
C—O0 of the polyols, ether and alcohol groups. The strong peak at
1243cm! is attributed to stretching vibrations of C—0 groups
(Fig. 4c). The bands around 2925 and 2854cm~! 1 are assigned to
asymmetric and the symmetric stretching to —CH, group, respec-
tively. Two peaks at 1737 and 1434cm~! can be observed for to
—CO stretching vibrations: —OH and —CH bending respectively. The
absorption peaks at 525 and 450 cm~! are assigned to Si—O—Al and
Si—O—Si bonds for tetrahedral bending modes. The intense peak at
around 1028 cm~! indicates the Si—O stretching frequencies. Three
bending vibrations were considered at 915cm~! (Al --Al---OH),
747 cm ~! (Al-- .Fe..-OH)and 736 cm~! (Al- - -Mg. - -OH) due to asso-
ciated hydroxyl group of bentonite with Al*3 cation. In the spectra
of PVA/IGT/nanopowder blend nanofibre, the absorption peak at
1617cm! is assigned to asymmetrical stretch of —COO~ group
which appeared at 1594 cm~! for IGT and shifted to 1618 cm™!
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Fig. 4. FTIR spectra of the PVA/IGT with different amount of NC powder (a) 0%, (b)
1%, and (c) 3% in the nanobiocomposite.

for IGT/PVA nanofibre, suggesting that most of the carboxylic acid
groups were associated with intramolecular hydrogen bonding.

3.3. BET analysis

Fig. 5 shows the correlation between the uses of two different
ratios of NC in surface porosity. The BET data presented in Table 3
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Fig. 5. BET results of the PVA/IGT with different amount of NC powder (a) 1%, and
(b) 3% in the nanobiocomposite.

show that the diameter size of nanocomposite decreased from 200
to 50 nm. As is clear from this table, the specific surface area of
scaffold increased when the amount of NC reaches 3%. Besides,
by increasing the amount of NC powder, the biopolymer diameter
decreased from 300 to 120 nm which led to the increase in specific
surface area from 5.059 to 6.079 m?/g. BET results of the PVA/IGT

Fig. 6. SEM micrograph of PVA/IGT (20/80) nanofibres (0%, 1%, 3%) before SBF.
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Fig. 7. SEM micrograph of PVA/IGT (20/80) nanofibres; the diameter histogram of corresponding nanofibres analysed (a) 0%, (b) 1%, and (c) 3% after SBF.

with different amount (1% and 3%) of NC powder is shown in Fig. 5a
and b in the nanobiocomposite.

3.4. SEM analysis

SEM photomicrographs of the PVA/IGT nanocomposite powders
(10/90, 20/80, 30/70, 40/60 samples) at different percentages (0, 1,
and 3) of NC are shown in Fig. 6. In the sample fibre of 20/80 with
3% NC, the uniform, randomly oriented nanofibres were obtained.
Such fibrous structure would result in a high amount of the surface
area to volume ratio and interconnected porosity. A comparison
between the SEM images of the sample in the presence and without
NCisshowninFig. 6a-c.Itis seen that almost the same surface mor-
phologies were obtained by adding the NC powders, and resulted
by the decrease of the inter layer spaces. Images presented in Fig. 7
show that the density of sediments on the surface scaffolds was
increased after 28 days of immersion in SBF. The composite con-
taining 3% of NC had the highest bone-like apatite formation which
is due to stable state of the NC powder in the SBF solution. SEM
images show a relative reduction in particle size and particle size
distribution with increasing NC percentage to 3. As can be seen
in this figure, there are more hard agglomerates in the composite
powders at higher percentage of NC (see Fig. 7). As the percentages

of NC powder increases up to 3, the chemical stability of nanofibre
also increases.

However, the agglomerates are broken down by increasing the
amount of NC (Fig. 7a and c). The event stems from the formation
of brittle ceramic phases as a result of increasing NC percentage.
According to the SEM analysis, it is obvious that by adding 3% NC
nanoparticles, the distribution of nanoparticles in polymer matrix
is synchronized. Adding more than 3% NC leads to more gather-
ing of nanoparticles in polymer lattice resulting in the decrease
of mechanical properties. SEM micrographs show that the blend
nanofibres have a smaller diameter distribution in the presence of
more amount of NC.

The nanofibre samples with 3% NC soaked in SBF were charac-
terized by EDX analysis to recognize the presence of the possible
elements on their surface (Fig. 8). Recently, silver nanoparticles
were directly electrospun into PLLA fibrous membrane by Liu
et al. [29]. The result showed that they have a medical potential
for reduction of the infection as well as adhesion after tendon
injury [29]. EDX analysis of the spot presented on the large white
particle shows that it contains mainly carbon, oxygen, sodium,
magnesium, phosphorus, chlorine, calcium and silicon. The carbon
peak on the EDS spectra stems from the PVA as well as the IGT.
The chlorine peaks also come from the HCI solution that was used.
Oxygen, sodium, magnesium and calcium are derived from the NC
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Fig. 8. SEM micrograph and EDS analysis of PVA/IGT (20/80) nanofibres (cauliflower particles); the diameter histogram of corresponding nanofibres analysed 3% of clay after

SBF.

particles. Bright spots which appear on the EDX maps illustrate
the places with higher concentrations of the studied elements, and
also confirm the presence of apatite structure.

The in vitro bioactivity is assessed by examination of growth
of bone-like apatite on the surface of samples after soaking in
Kokubo’s SBF solution. Dissolution curves can be very helpful in this
area that indicate the changes in calcium ions concentration and pH
values versus immersion time in SBF (Fig. 9). It is understood from
this figure that the pH value as well as Ca ion concentration has
decreased during the first two weeks of experiments (Fig. 9). Here,
one can say that Ca ions concentration in NC has a higher amount

8,0

7.5 4

7.0 4

6,5

6,0 -
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5,5

5,0 4

4,5

Wo+—¥¥7 57—
o 5 10 15 20 25 30 35
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Fig. 9. pH changes of samples immersed in SBF solution in 28 days.

(see XRF analysis for NC in Table 1), leading to instability of the
IGT/PVA nanocomposite and hence the entry of calcium ions into
the SBF solution. The event leads to the pH decrease in the first two
weeks of experiments [25].

As can be observed in Fig. 10, the Ca ions concentration in
IGT/PVA is lower than that in IGT/PVA-3% NC nanocomposite

40

15+

Weight lost (%)

1%

3%

Days

Fig. 10. Weight loss of PVA/IGT (20/80) nanofibres analysed (0%, 1%, 3%) in PBS
solution.
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samples. This event may be originated from the more density as
well as chemical stability of IGT/PVA-3% NC nanocomposite and
hence higher reaction with the SBF solution in the first two weeks.
In other words, the release of Ca ions from pure IGT/PVA is lower
than that from IGT/PVA-3% NC nanocomposite because of its higher
chemical stability (see Fig. 10) [25].

3.5. ICP-AES analysis

The concentration of calcium and phosphorous ions existing
in the SBF solution after removing the samples from the soaking
solution is exhibited in Fig. 10. Due to the increase in amount of
nanoclay for GP3 composition, the concentration values of Ca and
P ions decrease from 100 ppm to 92.60 and 40.62 after the 28 days
of immersion, respectively. The event originated from the increase
of porosity of composite and subsequently strong chemical bond
with the bone tissue resulting in the consumption of the phospho-
rus to form a layer of calcium phosphate on the surface of the fibre
composite.

The release of calcium ions from the surface into the SBF solution
leads to the formation of many silanol groups on the surface. Silanol
groups are heterogeneous nucleation sites for the apatite layers. As
can be seen from Fig. 9, the Ca ion concentration begins to decrease
for IGT/PVA and tends to be fixed in PVA/IGT-NC nanocomposites
after 2 weeks. To explain the event one can say that the SBF solu-
tion eventually becomes saturated from the Caions (after 2 weeks),
so that the calcium ions tend to leave the solution [25]. In other
words a balance between the Ca ions release and Ca ions absorp-
tion is achieved. It should be noted that there are two places for the
absorption of calcium ions [25].

It is clear from Fig. 9 that the optimum amount of pH has been
achieved after 28 days for PVA/IGT-NC nanocomposite samples
[25].

As the amount of NC increases, the weight loss begins to
decrease. Generally, bioceramics improve the chemical stability
and mechanical properties of the polymers. As the NC amount
increases, the pH value slowly begins to decrease. Fig. 10 shows
the curve of PVA/IGT nanofibres containing different amount of NC
after degradation for a period of 28 days. This figure shows that
by increasing the NC content in the nanocomposite samples, the
rate of degradation also increases. The morphology of pure PVA/IGT
nanofibre immersed in PBS solution for 28 days showed no changes
whereas a considerable degradation was observed for the nanofi-
bres containing 3% NC after 14 days. The increase of degradation
rate in the nanocomposite samples is due to this fact that the nan-
oclay acts as a filler between the polymer chains and so it improves
the capability of microorganism growth, and subsequently easier
and faster destruction of polymer structure.

3.6. Mechanical properties

Mechanical deformation of polymer crystals mostly produces
fibres which are observed in electron micrographs of fracture sur-
faces, for example. Such fibres typically have a diameter less than
few tens of nanometres and a length around a few microme-
tres. The data indicate that when the NC is composited with the
IGT/PVA matrix, the produced composite samples achieve a similar
level of mechanical stability when applied in the wound heal-
ing procedure. As shown in Fig. 11a and b, after entering NC into
IGT/PVA solution and electrospinning process, the stronger fibres
belong to the samples with higher amount of NC powder. As it
can be seen from the graph, the scaffold with 3% NC has a tensile
strength that is higher than that without NC, about 40%, which is
due to the strengthening nanocomposite samples by ceramic par-
ticles. During the study of mechanical properties of PVA/IGT/NC
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Fig. 11. Stress-strain diagram of PVA/IGT (20/80) nanofibres: (a) the sample with-
out NC and (b) sample with 3% NC.

blends, we have found that their nanocomposite samples form clear
homogeneous blends in comparison with those in PVA/IGT. This is
probably because of the more Young’s modulus as well as tensile
stress in the later samples [27]. The mechanical property results
of PVA/IGT (Fig. 11a) and PVA/IGT/NC (Fig. 11b) blend nanofi-
bres are compared in Fig. 11. As can be seen, the tensile strength
and elongation at fracture have increased with increasing NC
amount. This approach indicates that there are specific intermolec-
ular interactions between NC and PVA/IGT. Recently, researchers
developed different types of soft tissue flexible biodegradable
papaverine-loaded electrospun fibrous membranes to be wrapped
around vascular suturing for preventing vasospas [28]. Antibacte-
rial agents in the prevention of cell adhesion on repaired tendons
of these polymers after injury have also been investigated [29,30]
(Table 4).
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Table 4

Mechanical analysis of scaffold with and without NC powder, stress, strain, and elastic module.

Result Max (force) Length change (mm) Tensile strength (MPa) Strain (mm) Elastic module (MPa)
cN

Average GPg 465.804 1.19 2.03 59 87.96

Average GPs3 526.804 1.05 3.83 3.8 9.52

—s—GP
—— GPI%

| | —A—GP,,,

Fig. 12. The diameter histogram of corresponding of PVA/IGT (20/80) nanofibres
analysed (0%, 1%, and 3%) after PBS.

3.7. SPSS (statistical)

The results of the statistical analysis ANOVA showed that the
average diameter of the fibres which had 0% and 3% of nanoclay
were 300 and 120 nm, respectively. The diameter histogram of cor-
responding nanofibres analysed (10/20/30/40-90/80/70/60 - 1%,
3%) after soaking in the SBF is shown in Fig. 12. As can be seen,
as the NC percentage increases, the nanofibres diameter starts to
decrease resulting in the increase in the mechanical and chemical
stability of the samples.

4. Conclusions

IGT and PVA were blended with the NC powder to improve the
spin ability. The IGT/PVA ratio varied during the experiments and
the nanofibres with the best morphology were obtained at 20/80
IGT/PVA ratio in the presence of certain amount of NC. According
to the results obtained, the average size of nanofibres increased
with adding NC powder to the solution. The samples with 3%
of NC powder showed excellent bioactivity, biodegradation, and

mechanical property compared to the samples with lower amount
of NC powder. The obtained results in this research showed that
a pure IGT system could not directly be electrospun to yield
continuous and uniform nanofibres. To overcome the poor elec-
trospinnability of IGT solution, synthetic polymers such as PVA
solution were blended with IGT solution. Furthermore, the blend
nanofibres showed advancement in mechanical properties com-
pared to the pure electrospun PVA. The results of FTIR and XRD
indicated that there were strong interactions between NC and
PVA. Biocompatibility and bioactivity properties of IGT/PVA-3% NC
revealed that these nanofibres are suitable for wound healing and
can protect the wound surface from the infection as well as dehy-
dration.
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