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1. Introduction 

From physicochemical point of view, e.g, the architecture and the chemistry, mineralized 
hard tissues such as bone and dentin can be considered as unique “living nanocomposites”. 
They are nature-made materials, which common exhibit highly complex and strongly 
hierarchical structures on different length scales [1-3]. Microscopically, in the lowest level of 
such mineralized hard tissue the minerals are deposited in parallel fashion into a structured 
organic matrix, yielding a highly anisotropic three-dimensional structure [4]. The mineral 
components are calcium phosphates known as mainly hydroxyapatite (HAp) nanocrystals 
with formula Ca10(PO4)6(OH)2 [5,6], having a plate-like shape with highly variable length 
(20-40 nm), width (~20nm) and thickness (~1.5-5 nm) dimensions. While the inorganic 
components are predominantly responsible for the mechanical properties of hard tissues, 
the organic matrix not only gives them their toughness but also contains the osteoblasts, 
odontoblasts and mixtures of type I collagen and specialized non-collagenous proteins, 
including growth factors necessary for continual growth and repair [7].  
In spite of high demand in clinical medicine, nature's ability to self-organize inorganic 
component with preferred orientation in the bioorganic matrix is still not reproducible by 
synthetic procedures because of their complex nature. Therefore, in fields ranging from 
biology and chemistry to materials science and bioengineering a big challenge is being 
required to facilitate fabrication of bone and dentin-like biocomposite materials, which may 
allow the ingrowth of hard tissues with improving the mechanical properties with respect to 
the hard tissue regeneration. Several major requirements, which are critical in the 
development of biomaterials for hard tissue regeneration purpose, have to be taken into 
account: (1) the material must have a positive influence on the amount and quality of newly 
formed hard tissue, (2) the material must shorten the period of hard tissue formation and 
healing process of damaged tissues, (3) the material must not cause any adverse effects, 
namely inflammatory or toxic response, and (4) it must obtain mechanical properties that 
match with the natural hard tissues [8,9]. 
In recent years, particular attention has been paid to the biomimetic approaches, which 
allow us to mimic such nature-made bio-inorganic and bio-organic composite materials [10]. 
The main idea in biomimetic approaches is to control and fabricate the morphology and the 
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composition of developed biomaterials, in which the nanocrystallites of inorganic 
compounds are being dispersed with preferential orientation in the organic matrices. Owing 
to its large potential in biomedical applications, many studies have been reported the 
preparation of bone-like biocomposites of HAp and bioactive organic components such as 
collagen, chondroitin sulfate, chitosan and amphiphilic peptide by direct precipitation [11-
13], poly(lactic acid) through a solvent-cast technique [14,15], and polyamide by solution 
method [16,17]. Some studies showed a similar nanostructure to bone, in which the 
crystallographic c-axes of the HAp were regularly aligned along the collagen fibers [18]. 
Additional studies have also demonstrated the preparation of collagen/HAp composites by 
anchoring of HAp particles in the collagen matrix [19,20]. Although these nanocomposites 
exhibited high biocompatibility and improved mechanical properties with similar chemical 
composition to natural bone, they did not show any complex hierarchical nanostructures as 
bone.  
Recently, electrospinning technique has received a growing attention because polymer 
fibers prepared by this technique achieve fiber diameters in the range from micrometers 
down to a few nanometers straightforwardly and cost-effectively [21,22]. In a typical 
process, a polymer solution is forced through a capillary, forming a pendent drop at the tip 
of capillary. Then a high voltage is applied between the capillary and a grounded collection 
target. When the electric field strength overcomes the surface tension of the droplet, a 
polymer solution jet is initiated and accelerated toward the collection target. As the jet 
travels through the air, the solvent evaporates and a non-woven polymeric fabric is formed 
on the target. Because the resulting non-woven fabrics often resemble the superstructure 
features of natural extra cellular matrix, they have gained a great interest in tissue 
engineering as scaffold materials for tissue regeneration, immobilized enzymes and catalyst 
systems, and wound dressing articles. In addition, the high specific surface area and highly 
porous three-dimensional structure enables their use in high density cell and tissue cultures. 
To date, it has been well established that the ES process allows easy incorporation of 
particles with different habits, such as 1-dimensional carbon nanotubes [23,24], 2-
dimensional layered silicates [25-27] or 3-dimensional SiO2 nanoparticles [28] and many 
others [29], into the nanofibers.  
Although pure HAp rarely occurs in biological systems, the synthetic HAp has been proven 
to possess excellent biocompatibility, bioactivity and osteoconduction [30,31]. These 
characteristics are most probably attributed to its chemical composition and crystallographic 
structure similar to those of the mineral part of natural biominerals occurring in bone, 
dentine, cartilage, tendons and ligaments [32,33]. Therefore, to date, the synthetic HAp has 
been used with a great attention in widespread biomedical applications such as fillings 
and/or substitutes for bulk bone defects or voids in the form of powders, porous blocks or 
granules, and coatings for orthopedic (e.g. hip-joint prosthesis) and dental implants [34-36]. 
Based on the above mentioned considerations, in the present work we successfully 
mimicked bio-nanocomposite fibers to the lowest level of hierarchical organization similar 
to bone. Our approach comprised using the electrospinning technique on the basis of PVA 
as matrix and HAp nanoparticles as the inorganic phase for hard tissue regeneration 
purpose [37]. To our best knowledge, such kind of bone-like electrospun fibers based on the 
biocompatible polymer with HAp has not yet been documented. The idea to use PVA is 
supported by several factors: PVA is one of the well-known water-soluble synthetic 
polymers and the backbone chains are highly interconnected by hydrogen bonding because 
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of the presence of abundant hydroxyl groups. These characteristics contribute to an excellent 
chemical resistance and mechanical properties, including high tensile and impact strength 
or creep resistance. On the other hand, the hydroxyl groups can be used to securely 
incorporate molecules of biological species, such as collagens, hyaluronan [38] or 
deoxyribonucleic acid [39]. PVA is truly biodegradable with nontoxic byproducts being 
water and carbon dioxide and it is highly biocompatible [40] with living organs and cells, 
which leads to broad biomedical and pharmaceutical applications [41,42].,In addition, PVA/ 
HAp nanocomposites (NC) were chosen for two reasons: (1) PVA can strongly interact with 
the surface of HAp, because PVA is hydrophilic and HAp has hydroxyl groups on the 
surface, and thus (2) PVA/HAp NC can conveniently be electrospun from an aqueous 
medium.  
The capability and feasibility of the technique presented in this work provides a promising 
alternative approach for the fabrication of bio-nanocomposite fibers. These fibers provide 
widespread future applications related to hard tissue (bone and dentin) replacement and 
coating implants, because of their resemblance to the nanostructure of living bone from the 
physiochemical point of view.  

2. Results and discussion 

2.1 Morphology and crystal structure of HAp 
Figure 1a shows a TEM micrograph of HAp particles, in which the morphology of the 
individual HAp particles is clearly revealed to be rod-like shape. By semi-quantitative 
analysis, the particles had width of 10 to 30 nm (with an average of ~18 nm) and lengths of 
20 to 120 nm (average of ~50 nm) (see Figure 1b) [44]. To get more detail of surface and 
crystal structure of HAp we performed HR-TEM. Figure 2a shows an overview image of 
agglomerates of HAp nanoparticles. The image indicates that HAp nanoparticles consist of 
well defined crystalline rods. Hence, hereafter, we denote HAp nanoparticles to HAp 
nanorods.  
Most striking feature obtained from TEM investigation is that all HAp nanorods exhibit 
nanoporous morphology on the surface. Such electron-lucent nanopores were reported by 
several authors, suggesting that the voids were sublimation holes caused by electron beam 
damage [45]. However, at least, based on our results we exclude this argument, because the 
nanopores always appeared, even if the duration and dose of electron beam on the HAp 
during TEM were rigorously changed. Therefore, it could be concluded that such 
nanoporous morphology is an intrinsic nature of our HAp nanorods [46]. High porosity on 
the HAp surface may provide cell anchorage sites and structural guidance. In addition, and 
within an in vivo milieu, they provide the interfaces to respond to the physiological and 
biological clues and to remodel the extracellular matrix integrating with the surrounding 
native tissue.  
In Figure 2b a HR-TEM image of a single isolated HAp nanorod along the [010] zone axis 
together with its corresponding fast Fourier transform (FFT) pattern is shown. A calculated 
inter-planar spacing between vertical dark and white lines (d-spacing) of a prevailing HR-
TEM fringe is 0.342 nm, normal to the long axis of the HAp nanocrystal, i.e., the c-lattice 
planes corresponding to the (002) reflection. In addition, FFT pattern showed several sets of 
lattice fringes corresponding to spacing of 0.827 nm, 0.463 nm, 0.386 nm, 0.317 nm and 0.278 
nm, which are attributed to the (100), (110), (111), (102) and (112) planes, respectively 
(discussed as following in XRD). 
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Fig. 1. a) TEM micrograph of HAp nanoparticles and b) particle size distribution. 

To identify the crystal structure and lattice fringes of HAp nanorods compared with HR-
TEM data we carried out the XRD measurements. The X-ray powder diffraction pattern of 
pure HAp nanoparticles is shown in Figure 3. The observed positions (2θ) and their 
corresponding d2θ and indices (hkl) from the XRD pattern of HAp nanoparticles are listed in 
table 1. The XRD profile of the HAp is indexed with the cell dimensions a = 0.941 nm, c = 
0.69 nm, and the structural refinements are carried out in the P63/m space group [47]. No 
noticeable diffraction peak appears other than that of HAp. These results suggest that the d 

spacings of the corresponding planes of our HAp nanoparticles are in good agreement with 
those on the JCPDS card (No 9-432). 
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Fig. 2. a) HR-TEM overview image of agglomerates of Hap nanoparticles and b) micrograph 
of overview HAp nanoparticles, showing the nanoporous morphology and b) HR-TEM 
image of a single HAp nanorod with its corresponding FFT pattern (as inset). 

 
Fig. 3. XRD pattern of pure HAp nanorods. Inset indicates the enlarged (002) reflection 
(denoted with an arrow) used for calculation of the crystal size. 
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To estimate the crystal size of the HAp nanoparticles we applied the Scherrer’s equation (eq. 
(1)) for the broadening of the corresponding X-ray spectral peaks [48]: 

 
(2 )cos

K
L

B

λ
θ θ

=   (1) 

where L is the crystallite size, K is a constant taken as the default value of 0.89, λ is the 
wavelength of the x-ray, B(2θ) is the full width at the half maximum intensity (FWHM) and 
θ is the Bragg angle. The width of the diffraction peak with the intensity (002) was selected 
for the calculation (see inset in Figure 3). The estimated crystallite size L of Hap is 18.1 nm. 
This is well consistent with that from TEM measurements (average 17.7 nm). 
Based on the analysis of TEM, HR-TEM and XRD, it can be concluded that the HAp 
nanorods are high quality crystals containing nanopores. The rods exhibit a growing 
direction along [001] with a d-spacing of 0.68 nm along its long axis.  
 

 

Table I. 2θ-values observed from XRD pattern of pure HAp nanorods, d-values determined 
from 2θ - values (d2θ) and corresponding indices (hkl) 

2.2 Morphology and crystalline structure of ES-PVA fibers with and without HAp 
Figure 4a shows a representative SEM micrograph for the electrospun fibers of pure PVA. 
Using water as solvent and combination of optimal electrospinning conditions (6 cm of 
working distance, 10 kV of operating voltage), the average diameter of ES fibers is 
approximately 160 nm without any sign of bead formation. The structure of electrospun 
fibers from PVA/HAp nanocomposite is just identical to those from pure PVA, except for 
minor difference in their average size. The average diameter of ES-fibers shifts from 160 nm 
to 170 nm upon addition of HAp (see Figure 4b). Nevertheless, the majority of diameter in 
both cases lies in the range of 100 to 250 nm.  
In order to discern any variation in crystalline content as a result of HAp addition to the 
PVA the XRD measurements on the electrospun fibers PVA with and without HAp were 
carried out and the resulting XRD patterns were analyzed in more detail (see Figure 5). In 
the case of the electrospun pure PVA fibers, the diffraction peaks reveal at 2θ = 19.5° (d-
spacing = 0.454 nm) and 40.5° (d-spacing = 0.223 nm) [49]. The peak corresponds to a typical 
doublet reflection of (101) and (10-1) planes of the semicrystalline atactic PVA, which 
contain the extended planar zigzag chain conformation, while the latter belongs to the (220) 
reflection [50]. This diffraction profile indicates that the electrospun fibers are still preserved 
 

2θ d2θ (nm) hkl 

25.8 0.34 002 
31.8 0.28 211 
32.8 0.27 300 
34.0 0.26 202 
39.8 0.23 310 
46.5 0.20 222 
48.1 0.19 312 
49.4 0.18 213 
53.1 0.17 004 
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Fig. 4. a) SEM and TEM (as inset, scale bar indicates 100 nm) micrographs of as-electrospun 
PVA/HAp nanocomposite fibers and b) diameter distribution of ES-PVA and -PVA/HAp 
nanocomposite fibers. 

in its semicrystalline nature associated with the trans-planar chain conformation. This could 
be attributed to the fact that due to the intense intermolecular hydrogen bonding the PVA 
chains retain their trans-planar chain conformation even under the ultra-high shear stress 
during the electrospinning process. 
In contrast, after integrating HAp nanorods into PVA, as seen in Figure 5, the position of the 
doublet peak slightly is shifted to a lower value, implying an increase in the size of the PVA 
crystallites. In addition, the peak area is broadened to some extent, indicating that the 
crystallinity of PVA is suppressed by the introduction of HAp into the PVA matrix. From 
close inspection of the doublet peak (see inset in Figure 5) this result is clearly evidenced by 
an increase of d-spacing from 0.454 nm to 0.462 nm corresponding to the peak position at  
2θ = 19.5° and 19.2o for ES-PVA and ES-PVA/HAp, respectively. The increase in the 
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crystalline thickness might be attributed to the high packing efficiency of the tie molecules 
in the amorphous regions within the electrospun fibers. As a consequence, the overall 
diameter of electrospun fibers increased by the introduction of HAp into PVA fiber matrix. 
The suppression of the crystallinity, i.e., broadening of peak area, should be attributed to the 
structural change from the lamellar structure to the microfibrillar structure associated with 
the lamellar break-up by strong elongational stress during electrospinning. Applying the 
Debye-Scherer Equation (1) with regard to the broadening of the doublet peak we have 
estimated the average crystallite size, L, corresponding to the microfibril diameter of PVA 
crystallite; 3.2 nm and 2.7 nm for the ES-PVA fibers and ES-PVA/HAp fibers, respectively. 
 

 
Fig. 5. XRD patterns of electrospun PVA and PVA/HAp nanocomposite fibers. The scans 
are shifted along the y-axis for clarity. 

It should be noted that the suppression of crystallinity for the electrospun fibers compared 
with the bulk polymer is a general occurrence. The electrospinning process is associated 
with a high shear stress and a very rapid structure formation of the polymer material, thus 
this method gives rise to a less appropriate environment to form perfect crystallites as in the 
bulk. Further suppression of PVA crystallinity in the electrospun fibers upon introducing 
HAp is caused by destruction of the orientation order of the macromolecule chains and even 
by formation of amorphous bound layers around the HAp nanoparticles. The first reason 
means that the HAp nanorods act as steric hindrances within the electrospun fibers, and 
thus the crystallization is restricted by a decreasing amount of intact crystalline region. The 
latter could be envisaged as a fact that the strong interaction caused by hydrogen bonding 
leads to trap PVA molecules onto the HAp nanorods coupled with their large specific 
surface areas. As a consequence, the regular planar zigazag conformation collapses and 
converts into an amorphous structure on the interfacial region of Hap. Thus, the overall 
crystallinity of PVA is decreasing when the HAp nanorods are incorporated into the PVA 
matrix. This result is well consistent with the DSC measurements as described later.   
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The typical internal morphology of the electrospun fibers containing HAp is shown in 
Figure 6a. It is clearly seen that the HAp nanorods are well distributed within the 
electrospun fiber and, of most interest, a large number of HAp nanorods are preferentially 
oriented parallel to the longitudinal direction of the electrospun PVA fibers. A HR-TEM 
image of a single isolated HAp nanoparticle with the corresponding fast Fourier transform 
(FFT) pattern is shown in Figure 6b. It can be clearly confirmed that the d-spacing of (001) 
plane of HAp, i.e. the crystallographic c-axis, oriented normal to the long axes of the PVA 
fiber. As mentioned above, the ultra-high shear stress upon electrospinning not only induces 
an orientation of macromolecules but also properly initiates the alignment of nanorods of 
HAp to a large extent. 
 

 
Fig. 6. a) TEM image of fiber morphology taken from a single electrospun PVA/Hap 
nanocomposite fiber. b) HR-TEM image and its corresponding FFT pattern (c is the fiber 
axis). c) schematic illustration of mineralized collagen fibrils. 

3.3 Thermal analysis: DSC and TGA 
In order to investigate the thermal behavior, such as melting, crystallization and formation 
of crystalline structure, we performed DSC measurements. Since DSC is sensitive to the 
thermal history of the samples, the first heating run of DSC at a rate of 10K/ min was taken 
into account to characterize thermal properties of all samples in the present work. The 
results from DSC and the characteristics observed for all systems are presented in Figure 7 
and summarized in Table II.  
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 Tg Tm Tc ΔHm Crystallinity % 
PVA powder 41.7 218 179 65.3 47 

PVA fiber 48.3 219 190 61.4 44 
PVA/HAp fiber 50.3 216 187 57.8 39* 

* Since the HAp nanorods do not contribute to the enthalpy of fusion for the PVA matrix, 
the weight only fraction of PVA is taken into consideration.  

Table II. Glass transition, melting and crystallization temperatures, melting enthalpies and 
calculated crystallinities 

 
Fig. 7. DSC thermograms for the PVA powder, electrospun PVA fibers with and without 
HAp nanorods: a) endothermic and b) exothermic traces. 

The endothermic peaks during the heating stage, which are centered at 216 -218 oC, are 
shown in Figure 7a. This is attributed to the melting of the crystalline PVA phase.  
While the melting temperature in the electrospun fibers of pure PVA is almost unchanged 
compared with that in the pure PVA powder, after adding the HAp nanorods the melting 
temperature of the electrospun PVA/HAp NC shifts slightly to a lower value compared 
with others. In contrast, the melting enthalpy - the degree of crystallinity - decreases by the 
electrospinning, and this decrement is even more pronounced by the incorporation of HAp 
nanorods. A decrease in the enthalpy of fusion and the melting temperature suggests that 
the crystallinity and perfection of the crystal structure are reduced by HAp loading. 
The lower crystallinity after electrospinning can be readily explained by the fact that the jet 
being ejected from a capillary under the strong electrostatic potential is highly experienced 
by an extensive elongational flow to stretch the polymer chains in the electrostatic filed 
direction and simultaneously evaporation of the solvent is followed within a very short time 
scale that generally leads to a lowering of the temperature (like quenching). Due to such an 
extremely high elongational flow rate as well as the very limited time scale during the 
electrospinning, the polymer chains are forced to align parallel to the fiber direction. As a 
consequence, the molecules in the electrospun fibers exhibit a less favorable packing.  
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A further decrease in crystallinity after adding HAp nanorods onto the electrospun fibers 
indicates that there are interactions between PVA and HAp nanoparticles, i.e., the hydrogen 
bonding between them. The intense hydrogen bonding can also change the chain 
configuration around the interfacial region of HAp nanorods, induced most likely by the 
amorphous layer around them. In other words, the well dispersed HAp nanorods within the 
electrospun fibers readily generate defects in the crystalline phase of PVA. As a 
consequence, less heat is needed to destroy the hydrogen bonding or to set the PVA chains 
free to melt, thus resulting in a decreasing melting temperature.  
To determine the crystallization temperature (Tc), the samples were heated up to 250°C, kept 
at this temperature for 5 min and then cooled down at a rate of 10°C/min. Figure 7b shows 
the exotherms upon cooling from the melt. The crystallization temperature significantly 
increases upon electrospinning (ΔTc= +11oC, comparing the PVA powder with the 
electrospun fibers of PVA) and then decreases with incorporation of the HAp nanorods 
(ΔTc= -3 oC compared with the electrospun fibers of PVA/HAp NC to those of the 
electrospun PVA fibers). However, it should be noted that Tc for the electrospun fibers with 
and without HAp is still significantly higher than that of the PVA powder. All these changes 
can be attributed to the formation of nuclei at an earlier stage and at a higher temperature 
during the cooling process. The shifting to higher temperatures upon electrospinning 
corresponds to a promoted rapid crystallization. This is the intrinsic nature of very rapid 
structure formation in the electrospinning process, and thus insufficient time is provided to 
form perfect crystallites in the PVA matrix than in the bulk.  
The decrease in Tc in the electrospun fibers by addition of HAp nanorods may be attributed 
to the facts that due to higher thermal conductivity of HAp nanorods compared to that of 
PVA, the heat will be more diversely distributed in the samples containing the HAp 
nanorods. Thus, HAp nanorods provide a high degree of supercooling during the 
electrospinning, which leads to a rapid formation of heterogeneous crystallization nuclei. 
On the other hand, the hydroxyl groups presented on the surface of HAp nanorods 
preferentially serve as heterogeneous nucleation sites for PVA crystallization, however, due 
to the strong interaction between HAp nanorods and PVA molecules via hydrogen bonding 
the crystallization process is further confined in its dimensional reduction of the PVA 
molecules, thereby the crystallization process will be shortened [51]. Upon introduction of 
HAp into ES-fibers the Tc shifts towards a higher temperature. However, a decrement of the 
crystallization enthalpy is observed, which is most likely attributed to the decrease of 
conformation entropy due to the preferential orientation of the polymer chains.  
PVA exhibits an other endotherm at 41.7 °C corresponding to the glass transition 
temperature (Tg) of PVA [data not shown here] [52]. The overall glass transition 
temperatures of the PVA matrix of the electrospun fibers with and without HAp were found 
to have higher temperatures compared to the PVA powder, as shown in Table 2. These 
results indicate that the oriented PVA chains are highly confined in the electrospun fibers 
and upon adding HAp to the electrospun fibers more constraints are imposed on the 
polymer chains due to the strong interactions (such as hydrogen bonding) between them, 
thereby the segmental motions of the polymer chains are greatly constricted.  
Figure 8 shows typical TGA thermograms with the corresponding first order derivatives 
(DTGA) of weight loss as a function of temperature for ES-fibers with and without HAP 
along with pure PVA powder.  The samples were measured in the temperature range from 
30 oC up to 1000 oC with a constant rate of 10 oC/ min under nitrogen atmosphere. The TGA 

www.intechopen.com



 Nanofibers 

 

80 

and DTGA show that all samples exhibited three distinct weight loss stages at 30 - 210 oC (5 
wt.-% loss of weakly physisorbed water), 210 – 400 oC (decomposition of side chain of PVA) 
and 400 – 540 oC (decomposition of main chain of PVA) [53]. Nevertheless, major weight 
losses are observed about 75 wt.-% in the range of 210-540 °C for all samples, which are 
corresponding to the structural decomposition of PVA.  

 

 
Fig. 8. a) TGA curves for the PVA powder, electrospun PVA fibers with and without HAp 
nanorods and b) the first order derivatives of TGA (the dried PVA/HAp nanocomposite 
fibers are included for comparison, as green curve). 

Figure 8b shows the first order derivatives of TGA curves, revealing the temperatures at 
which the maximum decreases of mass occur. The temperature at the maximum mass loss 
rate is 308 °C for the PVA powder, 286 °C for the electrospun fibers of PVA, and 281 oC for 
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the electrospun fibers of PVA/HAp NC. DTGA data clearly show that the side chains of 
PVA are readily decomposed prior to the main chains. It can be also recognized that the 
thermal decomposition behavior of the electrospun PVA fibers is similar to that of the pure 
PVA powder. However, this process is accompanied with a decrease from 308 to 286 oC in 
its maximum mass loss rate upon electrospinning.  
The maximum mass loss rate of the electrospun fibers of PVA/HAp NC further shifts to a 
lower temperature compared with that of the electrospun pure PVA. It is interesting to note 
here that the first derivative of the electrospun fibers of PVA/HAp NC exhibits a distinctive 
peak at 317 oC, which is not appearing in the TGA curve. To identify this peak we dried the 
electrospun PVA/HAp NC fibers in air at 80 oC for 8h, then cooled in a desiccator and TGA 
was carried out again. This peak completely disappears in the DTGA curve of the dried 
electrospun PVA/HAp NC fibers. This result clearly indicates that the peak at 312 oC arises 
from the loss of lattice water which may be called “structural” water or water trapped 
within HAp nanorods, consisting with data of Rootare and Craig [54] for the chemisorbed 
water layer. Over about 600 °C, all TGA diagrams become flat and mainly the inorganic 
residue (i.e. HAp nanorods) remains. From the amounts of the residue at 800 °C, the 
inorganic contents of the electrospun PHA/HAp NC are estimated of about 7.5 wt.-%.  
Evidently, the thermal decomposition of both electrospun fibers of PVA and PVA/HAp NC 
shifts slightly toward the lower temperature range compared with bulk PVA powder. This 
implies that the electrospinning suppresses the thermal stability of PVA and the addition of 
HAp to the PVA fibers even enhances this effect.  

3.4 Fourier transform infrared spectroscopy 
FTIR spectroscopy was carried out to analyze any complex structural changes upon 
electrospinning as well as interactions between HAp and PVA. The results are summarized 
in Table III. The representative FTIR absorption spectrum of the HAp nanorods in the 4000 
cm-1 to 500 cm-1 range is shown in Figure 9 [55]. The phosphate ions, PO43-, are the principal  
 

 
Fig. 9. FTIR spectrum of pure HAp nanorods. 
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HAp PVA PVA fiber PVA/HAp fiber Assignment 
3567    stretching of OH 

~3315    Water 
 3278 3278 3296 stretching of OH 
 2935 shoulder 2939 asymmetric stretching of CH2 
 2906 2914 2911 symmetric stretching of CH2 
 1710 1711 1717 stretching of CO 
 1654 1657 1674 O=H, C=C 
     

1638    Water  
     

1485     
1453     
1421   1421 CO2-3 

 1417 1418 1418 O-H, C-H bending, γ(CH2), 
δ(OH) 

 1376 1374 1378 CH2 wagging 
 1325 1326 1326 δ(O-H) with CH wagging 
 1238 1241 1240 C-O-C 

 1143 shoulder shoulder Stretching of CC  
(crystalline sequence of PVA) 

 1088 1087  
stretching of CC and bending of 
OH 
(amorphous sequence of PVA) 

     
1088   1092 symmetric stretching of PO43- 
1019   1033 asymmetric stretching of PO43- 
962   962 symmetric stretching of PO43- 

     
 919 917 920 Bending of CH2 
 839 831 838 Rocking of CH2 
   756  
   632 bending of OH  
     
   599 PO43- deformation vibration 

Table III. Assignments of FTIR absorption bands of pure HAp nanorods, pure PVA powder, 
the electrospun fibers of PVA and PVA/HAp NC. 

molecular components of HAp giving to the IR absorbance in the 550-1200 cm-1 region. The 
characteristic peaks at 962, 1019 and 1088 cm−1 correspond to the stretching vibration of 
PO3−4 and at 599 cm−1 to the deformation vibrations of PO3−4. As other major components, 
OH- ions are identified by observation of the broad band from about 3700 to 2500 cm-1. The 
peak of this band is centered at about 3297 cm-1, which is a typical assignment of the 
stretching mode of OH- ions. In addition, the two distinct bands are observed at 3576 and 
1639 cm-1, which arise from the stretching mode and bending mode of H2O molecules, 
respectively. Furthermore, some other impurity ions are also identified by the peaks 
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appearing in the 1490 to 1410 cm-1 range. These are attributed to the stretching mode of a 
trace amount of CO32- groups presented in HAp. 
Typical FTIR spectra of the pure PVA powder and the electrospun fibers of PVA and 
PVA/HAp NC along with pure HAp nanorods are shown in Figure 10. As shown in Figure 
10 (curve a), the characteristic absorption bands of PVA occur at 3278 cm-1 (stretching of 
OH), 2935 cm-1 (asymmetric stretching of CH2), 2906 cm-1 (symmetric stretching of CH2), 
1417 cm - 1 (wagging of CH2 and bending of OH), 1143 cm-1 (stretching of CO from 
crystalline sequence of PVA), 1088 (stretching of CO and bending of OH from amorphous 
sequence of PVA), 919 cm-1 (bending of CH2) and 838 cm-1 (rocking of CH) [56].  

 
Fig. 10. FTIR spectra for the PVA powder, electrospun PVA fibers and PVA/HAp 
nanocomposite fibers. 

The electrospun fibers of PVA show spectral features similar to that for the PVA powder, 
but with some extent of changes in their relative intensity and peak position (curve b in 
Figure 10). While the OH stretching of electrospun PVA appearing at 3278 cm−1 is unaltered 
in its position when compared to the pure PVA powder, absorption bands position changes 
for other peaks are observed in the electrospun PVA fibers. Minor changes occur in the 
carbonyl stretching in the 2900 to 2950 cm-1 region and a major shift appears in the CC 
stretching band at 1143 cm-1. The asymmetric stretching band of CH2 at 2935 cm-1 becomes a 
shoulder and its symmetric stretching band shifts to a higher value at 2914 cm-1 from 2906 
cm-1. This suggests that the electrospinning has a strong influence on the wavelength and 
consequently the absorption maxima of stretching vibration shifts toward higher 
frequencies in comparison with the pure PVA. It is important to emphasize here that the 
intensity of the 1143cm-1 band, which is associated with the CC stretching mode of PVA, is 
crystalline sensitive and thus is generally used for qualitative and/or quantitative analysis 
of PVA crystallinity [57]. Accordingly, it can be clearly recognized that the intensity of the 
1143cm-1 band in the electrospun PVA fibers compared with pure PVA powder appears 
significantly changed in form of a shoulder. This result indicates that the degree of 
crystallinity of PVA decreases upon electrospinning, consisting with the trends observed 
from DSC measurements.  
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The FTIR spectrum of the electrospun PVA/HAp NC fibers (curve c in Figure 10) exhibits 
the characteristic absorption bands of PAV along with additional bands corresponding to 
the phosphate groups of HAp. After incorporating HAp nanorods into the PVA fibers the 
predominant broad absorption band associated with the OH stretching of PVA centered at 
3278 cm-1 shifts to a higher wave number region (νOH = 3296 cm-1). This result suggests that 
the hydrogen bonding becomes stronger in the electrospun PVA/HAp NC than in pure 
PVA as well as in the electrospun PVA fibers due to the increase in the number of OH 
groups by adding of HAp.  
In addition, the major absorption band of PO43- stretching appearing at 1019 cm–1 in the 
HAp spectrum, moves to 1033 cm–1. This red shift might be attributed to the interactions 
between PVA molecules and HAp particles. Also the spectra of PVA adsorbed on HAp 
influence clearly the recovering of the carbonyl stretching region (see in the red circled area). 
Furthermore, the overall PVA crystallinity decreases by loading of HAp within the 
electrospun fibers, which is clearly evidenced by weakening of the crystalline band at 1143 
cm-1.  
It is of interest to note here that the absorption bands associated with H2O molecules 
distinctly appear at 3576 cm-1 and 1639 cm-1 in the spectrum of HAp. The higher peak at 
3576 cm-1 is completely missing in the electrospun fibers of PVA/HAp NC, while the peak 
at 1639 cm-1 still exists in the spectrum despite of a large extent of reduction in its intensity. 
In conjunction with the TGA results we confirmed that the former band at 3576 cm-1 is 
identified with the loosely physisorbed water at the surface of HAp nanorods, whereas the 
latter arises from the chemisorbed molecular water within the HAp lattice.  

4. Conclusions 

In the present work we demonstrate a powerful technique for fabricating biocompatible and 
biodegradable PVA/HAp nanocomposite fibers in order to mimic mineralized hard tissues 
for bone regeneration purpose by applying the electro spinning process. Various techniques, 
including TEM, HR-TEM, SEM, XRD, DSC, TGA, FTIR spectroscopy were performed to 
characterize the resulting electrospun PVA/HAp composite nanofibers in comparison with 
pure PVA and PVA/HAp nanocomposites before electrospinning. Morphological 
investigation showed that the HAp nanoparticles exhibit nanoporous morphology, which 
provides enlarged interfaces being a prerequisite for physiological and biological responses 
and remodeling to integrate with the surrounding native tissue. The most striking 
physiochemical feature of the electrospun PVA/HAp composite nanofibers is that the HAp 
nanorods are preferentially oriented parallel to the longitudinal direction of the electrospun 
PVA fibers as confirmed by electron microscopy and XRD. This feature bears strong 
resemblance to the nanostructure of mineralized hard tissues serving as building block of 
bone. Furthermore, the PVA as matrix and HAp nanorods as inorganic phases strongly 
interact through hydrogen bonds within the electrospun PVA/HAp nanocomposite fibers. 
The strong bonding due to the presence of a great extent of OH groups in the PVA polymer 
and the HAp nanorods leads improved thermal properties. The hybrid electrospinning 
shown in the present work provides great potential as a convenient and straightforward 
technique for the fabrication of biomimicked mineralized hard tissues suitable for bone and 
dentin replacement and regeneration. However, a great challenge still exists mainly in how 
to stabilize the electrospun PVA/Hap nanofibers when in contact with an aqueous medium. 
Such deficiency could be resolved by proper chemical and/or physical treatments of the 
material that are currently under investigation.  
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5. Experimental procedure 

5.1 Materials and electrospinning process 
All experiments utilized commercial grade PVA (Aldrich) with an average molecular 
weight, Mw, of about 115.000, and a degree of hydrolysis of 98-99%. The HAp nanoparticles 
were of commercial grade Ostim® from aap Implantate AG, Germany. At first, an aqueous 
solution of 7 wt.-% pure PVA was prepared by dissolving the PVA polymer in distilled 
water at 80 °C with vigorous stirring for about 8h. To obtain electrospinnable solution, the 
prepared 7 wt.-% aqueous solution of PVA was slowly cooled to room temperature, 
sonicated for 30 min and kept at this temperature for one night, to eliminate air bubbles. In 
addition, to prepare the solution of PVA/HAp nanocomposite the 7.5 wt.-% HAp was 
added into the 7 wt.-% aqueous solution of PVA. This solution was also vigorously stirred 
with a magnetic stir for at least 8h at room temperature, followed by sonication for 2h to 
ensure homogeneity. Electrospinning was carried out at room temperature in a vertical 
spinning configuration, using a 1 mm inner diameter flat-end needle with a 5 cm working 
distance. The applied voltages were in the range from 3 kV to 20 kV, driven by a high 
voltage power supply (Knürr-Heizinger PNC, Germany). The electrospun fibers were 
collected either directly on Cu-grids or glide glasses. 

5.2 Characterization  
5.2.1 Electron microscopy 
The morphology and particle size of the as-received HAp were investigated by conventional 
transmission electron microscopy (TEM) (JEOL 200CX operated at 200 kV) as well as by 
high-resolution TEM (Philips CM200 FEG\ST Lorentz electron microscope with a field 
emission gun and at an acceleration voltage of 200 kV). Micrographs were recorded with a 
1k*k, 14 bit CCD-camera (model multiscan, Gatan company, USA) and fed to a computer for 
on-line image processing (Digital Micrograph 3.3.1, Gatan company, USA). Samples for 
electron microscopy were prepared by dropping aqueous solution of HAp and direct 
electrospinning of PVA/HAp NC on Cu-grids covered with an ultra thin carbon layer for 
characterization of HAp particles and their spatial dispersion within the electrospun fibers, 
respectively. The size and morphology of the electrospun fibers were investigated by field 
emission gun environmental scanning electron microscopy (FEG-ESEM, Philips ESEM XL 30 
FEG). The diameter of the fibers and their size distribution were analyzed by measuring 
over 200 fibers in the randomly recorded FEG-ESEM micrographs, using image analysis 
software (Analysis, Soft Imaging System Co., Germany). Samples for FEG-ESEM were 
directly electrospun on the slide glasses and followed by Au sputtering.  

5.2.2 Wide-Angle X-Ray Diffraction (WAXD) 
To analyze the crystalline structure of the PVA powder, the electrospun (ES) PVA fiber and 
the ES-PVA/HAp NC fibers wide-angle X-ray scattering (WAXS) was performed with a 
Seifert XRD 3000 using CuKα radiation (λ = 1.54056 Å). The tube source was operated at 40 
kV and 30 mA. Scans were run over a 2θ range of 10-60o with a step of 0.05o and a dwell 
time of 1 s.  

5.2.3 Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) 
DSC measurements were conducted to measure the glass-transition temperatures (Tg), the 
melting and crystallization behavior with a Mettler-Toledo DSC 820 under a nitrogen 
atmosphere. The samples were sealed in aluminum pans and were heated and cooled in the 
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temperature range 25 to 250 oC in the DSC instrument with a rate of 10 oC/min. The weight 
of each sample was approximately 0.5 mg. The DSC temperature and heat flow values were 
calibrated with indium as standard. The degree of relative crystallinity Xc, was estimated 
from the endothermic area by the following equation (1): 

 / o
c f fX H H= Δ Δ   (1)   

where ΔHf is the measured enthalpy of fusion from DSC thermograms and o
fHΔ is the 

enthalpy of fusion for 100% crystalline PVA (ΔHm = 138.6 J/g from literature) [43].  
Thermo gravimetric analysis (TGA) was performed using a Perkin-Elmer TGA7 by heating 
from room temperature to 750°C at a heating rate of 20°C/min under a nitrogen flow.  

5.2.4 Fourier Transform Infrared spectroscopy (FTIR) 
An FTIR spectrometer (FTIR-Spectrometer S2000, Perkin-Elmer) equipped with a fixed 100 µm 
diameter aperture and a mercury-cadmium-telluride (MCT) detector was used to analyze the 
absorbance in the wave number range of 500-4000 cm-1 with a resolution of 2 cm-1. 
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