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ABSTRACT
Objective(s): Three-dimensional structures such as nanofibrous scaffolds are being used in biomedical engineering as
well as provide a site for cells to attach and proliferate leading to tissue formation. In the present study, poly(vinyl
pyrrolidone) (PVP)/ poly(vinyl alcohol)(PVA) hybrid nanofibrous scaffold was synthesized by electrospinning. 
Materials and Methods: The effect of adding nano hydroxyapatite (n-HA) and also Epoxypropoxy-propyl-
trimethoxysilane (EPPTMS) as a crosslinking agent on morphology and cell behaviour of the nanofibers was investigated.
Results: Scanning electron microscope (SEM) observations showed that all kinds of nanofibers represented uniform
and well-ordered morphologies without formation of any beads by controlling the synthesis parameters. The average
ûber diameter of PVP-PVA was 260 nm. n-HA was synthesized by wet chemical process. The synthesized n-HA was
characterized by XRD for structural analysis. Transmission electron microscope (TEM) revealed that HA particles had
nanosized dimensions (in the range of 40-100 nm). The presence of n-HA within electrospun PVP-PVA nanofibers was
confirmed by XRD and Fourier transmission infrared spectroscopy (FTIR) analyses. The average ûber diameter was
decreased to 136 nm when n-HA was added in the composition of PVP-PVA. FTIR analysis depicted that PVP-PVA
nanofibers were linked to EPPTMS as a biocompatible material by the covalent bond. Although adding n-HA caused to
decrease the diameter of PVP-PVA nanofibers, addition of EPPTMS within PVP/PVA/n-HA nanofibers induced
increasing distribution of fiber diameter as it enhanced to 195nm. In addition, the proper proliferation of G292
osteoblastic cells without any cytotoxicity was observed for the nanofiber.
Conclusion: Since these materials have been known as biomaterials, PVP/PVA/n-HA-EPPTMS nanofibers can be
propounded as a good candidate for bone tissue engineering application.
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INTRODUCTION
Tissue engineering represents an interdis-

ciplinary field with the aim of tissue regeneration
[1]. Tissue engineering technique is the ability to
restore or improve tissue function [2]. Scaffolds such
as gels, nano/micro fibers, films, and membranes
have been evaluated as dermal and bone substitutes

[3, 4]. Among the available scaffolds, nanofibers are
promising candidates since they mimic the native
extracellular matrix (ECM), own have high porosity,
large surface area-to-volume ratio, which allows cell
proliferation and could be surface modified.
Polymeric nanofibers are gaining popularity in tissue
engineering and have been used in attempts to
regenerate a variety of tissues [5].

Electrospinning is a method of generating fibers
with diameters on the order of nanometers to
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micrometers. The geometric properties of electrospun
fibers are easily tuned as well [6].

Poly(vinyl alcohol) (PVA) is a well-known
biological friendly polymer due to its important
features such as high hydrophilicity, non-toxicity,
recognized biodegradability and biocompatibility [7,
8]. PVA blends can be utilized as functional materials
including biomedical materials such as dialysis
membranes, wound dressing, artificial skin,
cardiovascular devices and as vehicles to release
active substances in a controlled manner [7].

Polyvinyl pyrrolidone (PVP) has a good eminence
because of its interesting absorption and complexes
abilities [9]. The use of PVP in medicine and topical
applications onto the skin for the transdermal
delivery of drugs has been described as well [10, 11].
Moreover, PVP is a vinyl and an amorphous polymer
possessing planar and highly polar side groups due
to the peptide bond in the lactam ring [12]. Therefore,
it is known to form various complexes with other
polymers.

Polymer blending is a useful technique and one
of the most important ways for the development and
designing new polymeric materials with a wide
variety of properties [13]. The notable advantages of
polymer blends are that the properties of the final
product can be handled to the requirements of the
applications, which cannot be acquired alone by one
polymer [13].

PVA and PVP as synthetic polymers are water
soluble. A hydrogen-bonding interaction between
these two polymers [12] and intramolecular hydrogen
bonds within PVA are responsible for the solubility
of PVA and PVP in water [12]. Nevertheless, this
characteristic could be a disadvantage because the
material would dissolve in contact with fluids into
the human body [8]. For that reason, the appropriate
chemical cross-linking improves their stability in the
aqueous media to consider as long term implants.
Dialdehydes, dicarboxylic acids, dianhydrides are
some examples that have been recently utilized for
PVA and PVP modification [14-16].

Hydroxyapatite (HA) [Ca 10(PO4) 6(OH)2] is known
to be biocompatible, bioactive (i.e. having an ability
to form a direct chemical bond with surrounding
tissues), osteoconductive, non-toxic, non-
infiammatory and non-immunogenic [17]. It is also
the major inorganic material that constitutes the
hierarchical structure of bone and teeth [18].

 According to the abovementioned explanations,
this study is to evaluate the effect of adding
epoxypropoxy-propyl-trimethoxysilane (EPPTMS) as
a biocompatible crosslinker and also nano
hydroxyapatite (n-HA) on morphology, chemical
groups and phase analysis of the electrospun PVA-
PVP nanofibers. These nanofibers, as candidates for
bone tissue engineering, were characterized using
proper analytical techniques such as scanning
electron microscope (SEM) and Fourier transform
infrared spectroscopy (FTIR) and X-ray diffraction
(XRD).

MATERIALS AND METHODS
Materials

Polyvinylpyrrolidone [PVP; (C6H9NO)n, Rahavard
Tamin Co. (Iran), CAS No. 9003-39-8; MW=1.3×105],
poly(vinyl alcohol)[PVA; [CH2CH(OH)]n, JP-20Y (Japan),
MSDS No.07-03E; Avg. Mw=30000-70000] and EPPTMS
[Merck, 8418070100] used as main raw materials
for the synthesis of nanofibrous mats.

Preparation of PVA-PVP solution with/without n-HA
The equal amounts of PVA and PVP were dissolved

in distilled water to obtain a polymeric solution with
concentration of 10% (w/v). n-HA powder was
synthesized according to our previous work [13].
Afterwards, HA powder was added to the solution as
the weight ratio of HA to PVA-PVP was 0.1. The solution
was ultrasonically stirred for 3 h at 25æ%C to obtain
a homogeneous solution.

Preparation of  EPPTMS crosslinked PVA-PVP/n-HA
solution

The polymeric solution containing n-HA was
prepared similar to section 2.2. 20 wt% (with respect
to the weight of PVA-PVP) of EPPTMS was then added
to the solution. After that, the solution was
ultrasonically stirred for 5 h at 25æ%C to obtain a
homogeneous solution. The ratio of HA to PVA was
selected similar to section 2.2.

Electrospinning of the solution
The resultant three types of solutions were poured

into standard 5mL syringes containing 18-gauge blunt-
tip needles. The size of aluminum foil was also
considered 10×10 cm. The most appropriate
conditions for electrospinning of the solutions were
selected when the nozzle-collector distance was
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160mm, voltages and flow rates were varied from 18
to 22 kV and    1mmh-1, respectively. After electros-
pinning process (by electrospinning device of
Fanavaran Nanomeghyas Co. (Model ES1000), Iran)
was completed, the obtained mats were dried at room
temperature for 24h.

Characterization of the electrospun nanofibers
Morphological characterization of the nanofibers

and n-HA was performed using SEM [Vega II Tescan,
Czech] and FE-SEM [Mira3-Tescan, Czech], respectively,
operated at an acceleration voltage of 10 kV. Before
testing, the samples were coated with a thin layer of
gold (Au) by a sputtering apparatus. The chemical
groups of the samples were examined by a Perkin
Elmer 400 spectrometer. For FTIR analysis, initially,
1 mg of the scraped sample was carefully mixed with
300 mg of KBr (infrared grade) and palletized under
vacuum. Then the pellets were analyzed in the range
of 4000-400 cm-1 with a scan rate of 23scan/min and
a resolution of 4 cm-1. The diameter and diameter
distribution of the nanofibers were determined by
using Image J software (1.44p/Java 1.6.0_20 (32-bit))
with sampling sizes of at least 40 fibers from the SEM
micrograph. To see the major phase of the nanofibers
and n-HA, phase analysis was performed by a Philips
PW3710 diffractometer with voltage and current
settings of 40 kV and 30 mA, respectively. Cu-Ká
radiation was also used for the microsphere (1.54
Å). X-ray diffraction (XRD) diagrams were also
recorded in the interval 10o d” 2é d” 80o at the scan
speed of 2o/s.

Cellular responses to the electrospun nanofibers
To evaluate the biological properties of PVA-PVP/

n-HA nanofibers, two hundred microliters of G292
osteoblastic cells suspension (3×104 cells/mL) was
slowly dispersed over the top surface of nanofiber-
coated cover slips placed in a 24-well culture plate
and cultivated in a minimum modified eagle medium
(MEM) (Biochrom, Berlin, Germany) containing 10%
fetal calf serum (Biochrom),  100U/ml penicillin
(Merck), streptomycin (70 mg/mL), gentamycin (120
mg/mL), and amphotericin B (3 mg/mL) in a 5%CO2
atmosphere at 37ÚC. Cells cultured in a blank well
were used as a control. Seeded cells were cultured
for 48h and the medium was changed every day. MTT
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide) assay was performed to

determine the number of viable cell in the nanofibers.
MTT was taken up by active cells and reduced in the
mitochondria to insoluble purple formazan granules.
Subsequently, the medium was discarded and the
precipitated formazan was dissolved in dimethyl
sulfoxide, DMSO, (150 ml/well), and optical density
of the solution was read using a microplate reader
(ELx808, Biotek ®) at a wavelength of 570 nm [19].

Moreover, in order to assess in vitro cytotoxicity
of the nanofiber, the cells were observed after 48h
under optical microscopy (Olympus CKX41). Cellular
responses were scored as 0, 1, 2 and 3 according to
non-cytotoxic, mildly cytotoxic and severely cytotoxic
as per ISO 10993-5.

RESULTS AND DISCUSSION
Fig. 1 depicts the microstructure of electrospun

PVA/PVA, PVA/PVP/n-HA and PVA/PVP/n-HA-EPPTMS
with two different magnifications (Figs 1(a) to 1(f),
respectively). As it can be seen, all samples represent
uniform fibers without the formation of any beads.
In fact, adding n-HA and EPPTMS in the structure of
electrospun PVA/PVA does not influence a bad effect
in term of uniformity of the fibers. Increasing the

Fig. 1. The microstructure of electrospun: PVA/PVA (a), PVA/PVA
(high magnification 10 kX) (b), PVA/PVP/n-HA (c), PVA/PVP/n-HA
(high magnification 10 kX) (d), PVA/PVP/n-HA-EPPTMS (e) and
PVA/PVP/n-HA-EPPTMS (high magnification 10 kX) (f)
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concentration of the polymeric solution (up to a
critical value) will lead to an increase in the viscosity,
which then increases the chain entanglement among
the polymer chains. These chain entanglements
overcome the surface tension and ultimately result
in uniform beadless electrospun nanofibers [20]. In
other words, complex of PVA-PVP and n-HA in
spinning along with EPPTMS formed a similar
structure with a branched polymer, which increased
the resistance against the drawing tension when PVA-
PVP chains were oriented by the tension loaded during
the spinning process. This tension-stiffening
phenomenon had the advantage of diminishing a
local stress concentration effect arising from an
unstable drawing fow. Thus, it is possible to prepare
uniform fbers without breakage of the fibers during
the spinning process [21]. There are many factors
such as solution viscosity and surface tension impact
on bead formation. Bead formation can be due to the
solution viscosity that can be governed by controlling
solution concentration. High surface tension can lead
to form small droplets along the fibers as well. It can
cause bead formation instead of fibers reducing
uniformity of electrospun fibers [21]. In overall, two
main reasons can reduce bead formation in fibers:
First, reducing attractive and repulsive forces on
Taylor’s cone that increases uniformity of fibers and
second, increasing flight time that leads to increasing
evaporation of solvent [22].
The fiber size distribution of the nanofibers has

been shown in Fig .2. As it can be seen the electrospun

PVA/PVA nanofibers possess diameters in the range
of 110–370 nm and the average fiber diameter is on
the order of 260 nm (Fig 2(a)). On the other hand, the
diameter of nanofibers (with the range of 60 to 330
nm) and also average fiber diameter (136 nm) was
decreased when n-HA was added in the composition
of PVA-PVP (Fig 2 (b)). In fact, adding ionic materials
such as n-HA within the polymeric solution of PVA-
PVP tunes and increases the electrical conductivity
of the solution. This is in accordance with the other
work as well [23]. Therefore, according to the other
researches, with the aid of ionic salts and/or
hydroxyapatite in polymeric solutions, nanofibers
with small diameter can be obtained [24, 25].

It is worth to note that by adding EPPTMS as a
crosslink agent, the fiber diameter is increased with
respect to fiber diameter of PVA/PVP/n-HA (Fig 2(c)).
The average fiber diameter is on the order of 195 nm.
This can be due to strong effect of EPPTMS on the PVA-
PVP chain entanglement and inter- or intra-molecular
interactions.

The reason is in good agreement with other
research concerning electrospun poly(acrylic acid)
nanofibers crosslinked with cellulose nanocrystal
[26].

Fig. 3 displays the FE-SEM micrograph (Fig 3(a))
along with X-ray pattern (Fig 3(b)) of hydroxyxapatite
nanoparticles (n-HA). The micrograph represents the
formation of spherical to flake-like particles with
some degrees of agglomeration. It can be also seen
that the grain size range for n-HA is 40-100 nm. The

Fig. 2. The fiber size distribution of: PVA/PVA (a), PVA/PVP/n-HA (b) and PVA/PVP/n-HA-EPPTMS (c) nanofibers
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XRD pattern of the n-HA reveals that the characteristic
peaks of n-HA have been located at 25.85°, 28.7°, 32°,
39.4°, 46.8°, 49.4°, 51° and 61° relates to the (200),
(002), (210), (211), (300), (202), (222), (213), (004),
(320) and (304) reflection planes of HA phase,
respectively. It can be concluded that these peaks of
HA diffraction patterns agree with those of standard
HA in the powder diffraction file (JCPDS No. 09-432)
which shows the typical hydroxyapatite patterns and
second phase was not detected.

The results of FTIR of PVA/PVP/n-HA and PVA/PVP/
n-HA-EPPTMS have been shown in Fig. 4. In both
samples (Figs. 4(a) and (b)), the spectrum
corresponding to HA appearing at 1655 cm –1

represent the hydroxyl vibrations, whereas peaks
located at 1050 cm-1, 640 cm–1 and 570 cm–1 belong
to the bending and stretching of phosphate group
[27]. However, as it can be seen from the Figs, the OH
vibration peak at 1377 cm-1 which is related to pure
HA has been disappeared.

This may be due to intermolecular interaction
between HA and PVA/PVP matrix, especially in the
form of hydrogen bond interaction, just as Gonzalez
indicated in literature [28].

The absorption band at 970 cm-1 is assigned to
the out-of-plane rings C-H bending [29, 30]. A
characteristic alcohol band at 1095 cm–1 is assigned
to the stretching of C-O of PVA which is influenced by
hydrogen bonding along with C-H and O-H bending.
Characteristic C-N stretching vibrations of PVP were
observed at 1280 and 1305 cm–1 [31, 32]. The band at
about 1285 cm-1 corresponds to C-O stretching of
acetyl groups present on the PVA backbone. The
absorption peaks at 1430 cm-1 (CH2 bending) and 840
cm-1 (CH2 rocking) characteristic to PVA manifest in
all spectra. A small absorption band at about 1539
cm-1 is related to the characteristic vibration of C=N
(pyridine ring) [32].

The vibration band at about 1655 cm -1

corresponds to C-O symmetric bending [34] of PVA
and PVP. Another band at 1730 cm–1 is attributed to
the stretching vibration of C = O of PVP. The band
corresponding to CH2 asymmetric stretching vibration
of PVA+PVP blend appeared around 2930 cm-1. FTIR
image (Fig. 4(b)) of PVA/PVP/n-HA-EPPTMS reveals that
similar to the sample PVA/PVP/n-HA, the peaks of PVA,
PVP and HA groups are also observed. Furthermore,
there is also bands at about 1030 (cm-1) and 1150
(cm-1) that represented Si-O-Si crosslinking bands.
There is a stretching band of Si-OH at about 920 (cm-1)
as well [35].

A successful crosslinking PVA/PVP/n-HA with
EPPTMS is affirmed due to the presence of Si-O-Si
and Si-OH bands. In fact, the end of silane group in
EPPTMS participated in formation of silica network
[36]. Moreover, the presence of resonance at about
1265 (cm-1) related to Si-C stretching band [37] along
with the weak resonances at the ranges of 2840 (cm-1)

Fig. 4. FTIR of: PVA/PVP/n-HA (a) and PVA/PVP/n-HA-EPPTMS
(b) electrospun nanofibers

Fig. 3. The FE-SEM micrograph (a) along with X-ray pattern (b)
of hydroxyxapatite nanoparticles (n-HA)
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and 2920 (cm-1) related to CH2 stretching vibration
band (emanates from methyl groups of EPPTMS) are
another reason for proper crosslinking PVA/PVP/n-HA
with EPPTMS.

Fig. 5 shows the XRD pattern of the PVA blend with
PVP containing n-HA and EPPTMS. The characteristic
peaks of both PVA and PVP agreed with the reported
results [37]. It is certain that PVA is a semi-crystalline
polymer with regions of structural order and disorder
showing a diffraction peak 2 around 19.8°. However,
PVP is an amorphous polymer forming a miscible blend
with PVA. The peak of PVP reveals a couple of broad
bands located at 2 = 11° and 22° [31, 38].  Blending of
these two polymers is important to maintain the
desired mechanical and hydrophilic character of the
nanofibers. Moreover, the diffraction characteristic
peaks that appear at around 26°, 32° and 40°
correspond to the peaks of the n-HA powder [39]. It
seems that n-HA filled in the gap of PVA-PVP network
which emanates from motion of polymer blend chains
in the amorphous region [40]. The XRD result also
represents that the presence of silane-coupling agent
EPPTMS does not indicate any measurable diffraction
peaks and therefore, by adding EPPTMS in the structure,
no detectable change is observed.

The cytotoxicity study of control sample and PVA/
PVP/n-HA-EPPTMS nanofiber was assessed. The assay
results showed that the nanofiber had no cytotoxic
leachables when compared to control (Figs. 6 a and 6
b). The test also depicted that the cells appeared
spindle in shape and formed a monolayer. The cytotoxic
scale was measured as zero, which corresponds to
non-cytotoxicity of sample. MTT assay showed nearly
80% viability of G292 cells and reasonable
proliferation of cells (Fig. 7) after 48 h of culture on a
PVA/PVP-nHA nanofibers film (n=3) wrapped cover
slips when compared to the control.

In overall, according to the results, the
electrospun PVA/PVP/n-HA-EPPTMS nanofiber can
be propounded as a potential bone filler similar to
the other calcium phosphate-based materials (i.e.:
beta tricalcium phosphate [-TCP] bone graft,
calcium phosphate cements [CPCs] and etc.) because
they provide a good environment to penetrate the
cells into the bone defects. However, it is worth to
note that the abovementioned materials have a weak
mechanical properties and can be only used in non-

Fig. 5. The XRD pattern of the PVA/PVP/n-HA-EPPTMS
electrospun nanofibers

Fig. 6. Optical micrograph of: control (a) and PVA/PVP/n-HA-
EPPTMS nanofibers (b) after 2 days of G292 cell culture

Fig. 7. The proliferation of G292 cell cultured on PVA/PVP/
n-HA-EPPTMS nanofibrous scaffold for two days
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load bearing sites. Therefore, the mechanical support
can be provided by surrounding bone hard tissue or
other fixation devices such as plates and screws.

CONCLUSIONS
In this study, the morphological evaluation of

50PVA-50PVP electrospun nanofibers was assessed
and compared to that of samples with n-HA and
EPPTMS as a crosslinking agent as well.

Morphological observations described that all
nanofibers had appropriate smoothness and
uniformity whereas no beads were formed. It was
also revealed that the fiber diameter of 50PVA-50PVP
blends decreased by adding n-HA. On the other hand,
by adding EPPTMS, the diameter and diameter
distribution of the nanofibers were increased with
respect to polymer solution of PVA-PVP containing n-
HA. Addition of EPPTMS and n-HA did not influence
the adverse effect on morphology of the nanofibers.
The presence of CH2 asymmetric stretching vibration
related to PVA+PVP blending, the intermolecular
interaction between HA and PVA/PVP matrix and also
a proper crosslinking PVA/PVP/n-HA with EPPTMS
were confirmed by FTIR.

X-ray pattern demonstrated the diffraction
characteristic peaks of n-HA and both PVA and PVP
whereas no detectable change was observed after
adding EPPTMS in the structure. Based on and MTT
assay, the result suggested that the nanofiber was
non-toxic and the G292 cells could proliferate
appropriately in the presence of the nanofiber as
well. In conclusion, the PVA/PVP/n-HA-EPPTMS
nanofiber might be considered as potential
candidate for use in tissue engineering as a bone
filler.
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