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a b s t r a c t

Generally, polymer solution or sol–gel is used to produce electrospun nanofibers via the electrospin-
ning technique. In the utilized sol–gel, the metallic precursor should be soluble in a proper solvent
since it has to hydrolyze and polycondensate in the final solution; this strategy straitens the applica-
tions of the electrospinning process and limits the category of the electrospinnable materials. In this
study, we are discussing electrospinning of a colloidal solution process as an alternative strategy. We
have utilized many solid nanopowders and different polymers as well. All the examined colloids have
been successfully electrospun. According to the SEM and FE SEM analyses for the obtained nanofiber
mats, the polymeric nanofibers could imprison the small nanoparticles; however, the big size ones were
observed attaching the nanofiber mats. Successfully, the proposed strategy could be exploited to prepare
polymeric nanofibers incorporating metal nanoparticles which might have interesting properties com-
pared with the pristine. For instance, PCL/Ti nanofiber mats exhibited good bioactivity compared with

pristine PCL. The proposed strategy can be considered as an innovated methodology to prepare a new
class of the electrospun nanofiber mats which cannot be obtained by the conventional electrospinning
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technique.

. Introduction

The past decades have witnessed tremendous progress in the
evelopment of the electrospinning technique to widen the appli-
ations of the obtained products. Simplicity of the electrospinning
rocess, the diversity of the electrospinnable materials, and the
nique features of the obtained electrospun nanofibers provide
special interest for both of the technique and resultant prod-
cts. However, many technical issues still need to be resolved

efore electrospinning process becomes more popular and the elec-
rospun nanofibers get strength for industrial level applications.
ome researchers have reported modifications of this technique to
nhance the alignment of the produced nanofibers [1–7]. Others
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have focused on the morphology of the obtained nanofibers; they
have improved the technique to produce nanofibers with especial
features [8–11]. In all the previous studies, the researchers have
either modified the electrospinning instrumental design or espe-
cially treated the resultant product.

Generally, the electrospun solution is either polymer(s) dis-
solved in proper solvent or metallic precursor/polymer solution.
The distinct feature of these solutions is that they have to be
completely miscible. In other words, in case of adding metallic
precursor, it should be soluble in a suitable solvent since it has
to hydrolyze and polycondensate in the final precursor/polymer
mixture to form the gel network. Actually, this strategy fettered
the applications of the electrospinning process. In this study, we
are introducing electrospinning of a colloidal solution as a new
strategy to broaden the category of electrospinnable materials. The

utilized solutions in this study were composed of solid nanoparti-
cles/polymer colloid; the invoked solid materials have been chosen
to be insoluble in the solution. Different solid metallic precursor
and polymers have been used to properly genarlize the proposed
strategy. The obtained results were satisfactory.
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. Experimental details

.1. Materials

Different polymers have been used in this study: poly(vinyl
lcohol) (PVA, molecular weight (MW = 65,000 g/mol, Dong Yang
hem. Co., South Korea), poly(�-caprolactone) (PCL, MW = 80,000,
ldrich), polyurethane (PU, MW = 110,000, medical grade, Car-
io Tech. Intern., Japan), poly(l-lactide) (PLLA, MW = 650,000,
oeringer Ingelheim, Germany) and poly(vinyl acetate) (PVAc,
W = 500,000 g/mol, Aldrich Co., USA). Also, different solid

anopowders have been added to the polymer solutions; silver
cetate (Ag(OAc), 99.9%, assay, Showa Co., Japan), boron nitride (BN,
9% assay, average particle size >40 nm, Showa Co., Japan), calcined
ovine bone and pure metal nanoparticles (titanium, cobalt and
inc) which were obtained from NaBond Tech. Co. Ltd., Shenzhen,
.R. China.

.2. Experimental work

A colloidal solution was prepared by mixing the solid powder
ith the polymer solution and stirring over night. The obtained

olution was placed in a plastic capillary. A copper or carbon pin
onnected to a high-voltage generator was inserted in the solution,
nd the solution was kept in the capillary by adjusting the inclina-
ion angle. A ground iron drum covered by polyethylene sheet was
erving as a counter-electrode. For all the utilized polymer/solid
anoparticles, colloids have been electrospun at almost the same
orking parameters, i.e. 20 kV voltage, 15 cm distance between the
eedle and the cylindrical collector, normal syringe (no feeding
ump) has been invoked. Scheme 1 shows a conceptual illustra-
ion for the utilized electrospinning instrument. Moreover, all the

ormed nanofiber mats were dried for 24 h under vacuum. During
he drying process, suction pump was running to suck any vapor
n the drying champer. Therefore, the dried nanofiber mats did not
ave any solvent residual.

cheme 1. Schematic diagram for a simple electrospinning spinning apparatus: (1)
C power supply, (2) motor, (3) rotating collector, (4) syringe and (5) copper tip.
ring Journal 156 (2010) 487–495

2.3. Characterization

Surface morphology was studied by a scanning electron
microscope (SEM, JSM-5900, JEOL, Japan) and a field emission
scanning electron microscope (FESEM, Hitachi S-7400, Hitachi,
Japan) equipped with energy dispersive X-ray (EDX). Hydrody-
namic particles size and size distribution of the colloidal solution
were determined by a dynamic light scattering (DLS) (Malvern
System 4700 instrument, Otsuka Electronics Co., USA) equipped
with a vertically polarized light supplied by an argon-ion laser
(Cyonics) operated at 20 mW. All experiments were performed
at room temperature with measuring angle of 90◦ to the inci-
dent beam. Surface charge � potential of the NPs was determined
with an electrophoretic light scattering (ELS) measurement by (ELS
8000/6000 Otsuka Electronics Co., Japan) at room temperature with
a measuring angle of 20◦ when compared to the incident beam.
Spectroscopic characterization has been investigated by a Fourier-
transform infrared (FT-IR), the spectra were recorded as KBr pellets
using Varian FTS 1000 FT-IR, Mid-IR spectral range, cooled DTGS
detector, Scimitar series, Varian Inc., Australia. Information about
the phases and crystallinity was obtained by using Rigaku X-ray
diffractometer (XRD, Rigaku Co., Japan) with Cu K� (� = 1.540 Å)
radiation over suitable range of Bragg angle.

3. Results and discussion

The electrospinning technique involves the use of a high volt-
age to charge the surface of a polymer solution droplet and thus to
induce the ejection of a liquid jet through a spinneret. Due to bend-
ing instability, the jet is subsequently stretched by many times to
form continuous, ultrathin fibers. Therefore, the process is carried
out for electric conductive solutions. Consequently, the electro-
spinning is widely used for the production of many polymeric
nanofibers. Moreover, the elctrospinning have been exploited to
produce metal oxides [12] or pure metal nanofibers [13–16] by cal-
cination of electrospun mats obtained from completely miscible
sol–gel solutions. However, we are introducing electrospinning of
colloidal solutions, different solid nanopowders and polymers as
well have been utilized. Electrospinning of colloidal solution can
be conceptually illustrated in Scheme 2. As shown in this scheme,
the colloidal solution might have solid nanoparticles with differ-
ent sizes. During the electrospinning process, the particles having
diameter less than the diameter of the polymeric nanofibers will
be imprisoned inside the nanofibers. Actually, we think that the
incorporation process might depend on the surface tension of the

polymer solution and the wettability between the solid particle
and the polymer solution. In other words, high surface tension and
good wettability reveal well imprisoning of the small nanoparticles.
However, the big particles will stick on the polymeric nanofibers.

Scheme 2. Conceptual illustration showing electrospinning of the colloidal solution.
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Fig. 1. Silver acetate particles size distribution in PVA solution.

.1. Silver acetate/PVA colloid

Silver acetate (AgAc) is not soluble in water and many other
ommon solvents. Accordingly, mixing of AgAc powder with PVA
queous revealed to produce colloidal solution. Typically, a col-
oidal solution was prepared by mixing 0.5 g AgAc with 7 g PVA
queous solution (10 wt%) and stirring over night. The obtained
olution was yellowish in color, but, it was stable (i.e. there was
o precipitation in the syringe during the electrospinning). To
recisely investigate the characteristics of the prepared colloidal
olution, measurement of the average hydrodynamic diameter and
he particle size distribution have been performed using DLS anal-
sis. Fig. 1 demonstrates the particle size distribution obtained. As
hown in this figure, many particles (∼21%) have very small size
less than 50 nm). According to these results, the average diameter
f the AgAc in the utilized colloidal solution was 279 ± 2 nm. Zeta
�) potential is the most common measured parameter character-
zing the colloidal solutions [17]. For AgAc/PVA colloidal solution
he measured � potential was −2.1 mV. It is noteworthy men-
ioning that the DLS analysis has been conducted in AgAc/H2O
olution to investigate the particles size of the pristine AgAc. As
hown in Fig. 2, the obtained results indicate that the sizes of
he pristine AgAc particles are higher than in case of incorpo-
ation in PVA solution. Accordingly, to explain this phenomenon

e can say that with long stirring time and high viscosity of the
olymer solution, the AgAc particles were grinded and attached

n the polymeric chains. Considering the acetate group is slightly
olar, a weak hydrogen bond between the particles and the poly-
er series might be also suggested. Moreover, the small particles

Fig. 3. Scanning electron microscope (SEM) and field emission electron mic
Fig. 2. DLS results for silver acetate particles size distribution in water.

could be imprisoned inside the polymeric chain. As a long stir-
ring time in preparation of the polymer solution (several days)
was utilized, the large portion which has small size (1–50 nm)
might be considered as AgAc particles. Fig. 3 shows the SEM
and FESEM images of the AgAc/PVA dried nanofiber. As shown in
Fig. 3A which demonstrates the SEM images of the dried AgAc/PVA
nanofiber mats, the electrospinning process produced relatively
smooth nanofibers. Beads or agglomerated nanofibers cannot be
observed in the obtained mats. Fig. 3B represents FESEM image,
as can be seen in this figure, the colloidal solution has produced
smooth and well morphology nanofibers with wide diameter range.
An astute scrutiny in Fig. 3B results in observing some silver
acetate nanoparticles. These nanoparticles are very few and so
small in size, so, we can say the majority of the silver acetate
nanoparticles are imprisoned inside the PVA nanofibers. As shown
in Fig. 1, large portion of AgAc particles has small particle size.
Detailed DLS indicated that in this portion the small particles are
abundant. Therefore, the apparent particles in Fig. 3B can be con-
fidently explained as AgAc have not been involved inside the PVA
nanofibers.

To ensure that the AgAc particles were not reacted or hydrolyzed
during/after the electrospinning process, FT-IR analysis was carried
out. It is note worthy mentioning that according to the composition
of the used colloidal solution and the molecular weights of AgAc and

PVA, the molar ratio of hydroxyl to acetate groups in the mixture
is almost 52:1. Therefore, if any reaction takes place between these
two groups; acetate anions will completely disappear from the mix-
ture. Moreover, if acetate anions hydrolyze in the solution this will

roscope (FE SEM) images for silver acetate/PVA dried nanofiber mats.
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ig. 4. FT-IR spectra for pure silver acetate, pristine PVA and silver acetate/PVA
lectrospun nanofiber mats; the dashed lines demonstrate the location of the peaks
epresenting the acetate ion.

ead to from acetic acid which will evaporate during the drying
tep. Fig. 4 shows the FT-IR results for the utilized silver acetate,
he pristine PVA, and the electrospun nanofiber mats. As shown in
his figure, the characteristics absorption bands of the acetate anion
hich appear from 1590 to 600 cm−1 [18,19] can be observed in the
gAc and the nanofiber mats spectra. Within this range, two main
eaks at 1570 and 1408 cm−1 are clearly seen in the nanofiber mats
nd the pure AgAc spectra, no similar peaks at the same wavenum-
ers can be observed in the pristine PVA spectra. Moreover, all the

ther small peaks denoting the acetate group can be noticed in the
lectrospun mat spectra. Furthermore, the main molecular struc-
ure of PVA was not affected since all the peaks of PVA exist in
he electrospun mat spectra. These results indicate that AgAc par-

Fig. 5. Scanning electron microscope (SEM) images for 2 wt% (A) and (B
ring Journal 156 (2010) 487–495

ticles in the electrospun colloidal solution were not affected and the
obtained electrospun PVA nanofibers imprison the AgAc particles.
However, a limited reduction in AgAc took place since PVA does
have reduction power [20,21], so the observed yellowish color of
the AgAc/PVA colloid might explained as a partial decomposition
of AgAc into Ag nanoparticles.

3.2. Boron nitride/PVA colloid

Boron nitride (BN) is a binary compound of boron and nitrogen,
especially a white, fluffy powder with high chemical and thermal
stability, and high electrical resistance, moreover it has wide appli-
cations [22]. Boron and nitrogen are neighbours of carbon in the
periodic table, in combination boron and nitrogen have the same
number of outer shell electrons. The atomic radii of boron and nitro-
gen are similar to that of carbon. It is not surprising therefore that
boron nitride and carbon exhibit similarity in their crystal structure
and most of the physical and chemical properties. Therefore, BN is
not soluble in many common solvents; especially water. A mixture
of BN and the aqueous PVA formed a stable colloid, zeta potential
values were −8.53, −5.18, −3.73 and −3 eV for BN/PVA colloids with
compositions of 2, 7, 10 and 15 wt% (with respect to PVA solution),
respectively. The negative sign and the higher absolute value of zeta
potential reflect the stability of the prepared colloids. It is notewor-
thy mentioning that DLS analysis has been conducted on BN/water
solution to measure the size of the utilized BN powder, the average
size of the particles was 347 nm. Moreover, considerable portion
has small size. Fig. 5 shows SEM images for the dried nanofiber
mats of 2 and 7% colloidal solutions. As shown in the figure, the 2%
electrospun mats almost free from the BN nanoparticles (Fig. 5A
and B) which means that majority of the particles are imprisoned
inside the nanofibers. However, for the 7% mat, some particles can
be observed attached with the nanofibers surfaces (Fig. 5C and D).
3.3. Metal nanopowders/polymer colloids

Incorporation of metal nanoparticles in the polymeric nanofiber
mats is desirably demand since the metal nanoparticles provide

) and 7 wt% (C) and (D) boron nitride/PVA dried nanofiber mats.
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Fig. 6. Scanning electron microscope (SEM) images; (up) and EDX results; (down) for Co nanopowder/PVA nanofiber mats.
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Fig. 7. Scanning electron microscope (SEM) images (A)

he polymer nanofibers new characteristics. As the metals pow-
ers are insoluble in any solvent, all the reported metal/polymer
lectrospun nanofiber mats contain metal compounds rather than
ero-oxidation state metal nanoparticles. In other words, a metal
recursor had to be used as a source of metal. Converting the metal

ons present in the metal precursor into metal molecules always
eeds strong reducing agents (especially in case of active metals)
hich definitely affect the chemical composition of the polymers.

herefore, according to our best knowledge, only noble metals (Ag

nd Pt) nanoparticles could be successfully incorporated in poly-
eric nanofibers [23,24]. Electrospinning of colloid might be an

nteresting solution for this dilemma as metal nanopowder can
e used. In this study, we have successfully electrospun metal
anopowder/polymer solution mixtures. Fig. 6 (up) shows the SEM

Fig. 8. Field emission scanning electron microscope (FE SEM) images for Ti/P
X results (B) for Zn nanopowder/PVAc nanofiber mats.

images of a nanofiber mat composed of cobalt nanopowder/PVA,
solid content in the original colloid was 5 wt%. As shown in this
figure, well morphology nanofibers could be obtained. To assure
that the cobalt nanoparticles have been incorporated in the PVA
nanofibers, EDX analysis has been performed, the obtained results
were satisfactory as shown in Fig. 6 (down) as the cobalt peaks
are apparent. It is worthy mentioning that the utilized cobalt pow-
der has an average particle size of ∼50 nm that is why no particles
could be observed in SEM or FE SEM images (Fig. 6) since all parti-

cles are imprisoned inside the nanofibers as the average nanofibers
diameter is much greater than the nanoparticles size.

For generalization, different polymer and metal nanopowder
have been utilized. Fig. 7 shows the SEM image and EDX analysis
results for an electrospun nanofiber mat obtained from a colloid

CL electrospun nanofiber mats in low (A) and high (B) magnifications.
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Fig. 9. XRD results for PCL/Ti nanopowder electrospun nanofiber mats. The inset
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able shows comparison of the 2� values at the main three peaks of the standard
itanium and the observed values. (Abbreviations in the table—Plane: the crystal
lane, JCPDS: the standard value according to JCPDS data base, Obs.: the observed
alue from the spectra and Err.: the percentage error).

omposed of zinc nanopowder (particle size <50 nm) and poly
vinyl acetate) (solid content 5 wt%). According to the EDX results,
ne can claim that the proposed strategy successes to produce PVAc
anofibers embedding zinc nanoparticles.

.4. Metal nanopowder/polymer for biological applications

Poly(�-caprolactone) (PCL) was successfully utilized as hard tis-
ue scaffold because of its proved biocompatibility [25–27] and
rocessability properties [28]. Because titanium is a light and cor-
osion resistant metal, it caught the attention of many scientists,
ho sought to use it pure or to obtain alloys and was employed suc-

essfully in the aerospace, military and chemical industries. These
haracteristics raised the hypothesis that the material could be used
s implant materials since it is biologically safe [29,30]. It is note-
orthy mentioning that the large surface area of the nanofibers

nd the high porosity of the electrospun nanofiber mats make the
ater good candidates for hard tissue engineering purposes if the
iological constraints are satisfied. Therefore, combination of these

wo interesting biomaterials in single nanofiber mats might have
ood application in the biomedical fields. In this study titanium
owder (particle size <100 nm) and PCL solution (10 wt%, in two sol-
ents mixture; methyl chloride and N,N-dimethylformamide with
eight ratio of 3:17) have been well mixed and electrospun. The

ig. 10. Field emission scanning electron microscope (FE SEM) images for PCL (A) and PC
oint to the precipitated apatite-like materials.
Fig. 11. FE SEM images for Ti-free PLLA (A) and Ti-doped PLLA and (B) nanofibers.

final colloid was having titanium weight percentage of 2%. Fig. 8
shows the FE SEM of the obtained nanofiber mats, as shown in
this figure well morphology nanofiber could be obtained. To ensure
that the produced electrospun mats embed the added titanium
nanoparticles, we have utilized XRD analysis. Fig. 9 shows the
XRD results for the obtained electrospun PCL/Ti nanofiber mats. As
shown in this figure and the present inset table, the main peaks
of titanium can be clearly observed with very small percentage
errors compared with the standard titanium (JCPDS 44-1294). XRD
data affirmed incorporation of the titanium nanopowders in the
PCL nanofiber mats.

To check the advantage of incorporating titanium nanoparticles
in PCL nanofibers, we have examined the in vitro bioactivity of both
of pristine PCL and PCL/Ti nanofiber mats. The in vitro bioactivity
study was done by using simulated body fluid solution (SBF) pre-
pared by using previously described method elsewhere [31]. The

salt components viz. NaCl, NaHCO3, KCl, K2HPO4, MgCl2, 6H2O, HCl,
CaCl2, Na2SO4, and (CH2OH)3CNH2 were added in the same propo-
sitions as described in the reference to give the ionic concentration
of human plasma. The pH of the ionic buffer was adjusted to 7.4 by
adding 0.1 M HCl or 0.1 M NaOH. Briefly, PCL and PCL/Ti nanofiber

L/Ti (B) electrospun nanofibers after soaking in the SBF for 10 days. The red shapes
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ig. 12. SEM image for pristine PVA (A) and PVA/HAp electrospun nanofiber mats c
rrows point to HAp nanoparticles.

ats were soaked in the SBF for time period of 10 days in plastic
ials to investigate the formation of the bone-like apatite on the
ats surfaces. After the soaking time, both mats have been sub-

ected to FE SEM analysis; the results are demonstrated in Fig. 10. It
an be concluded from Fig. 10A that the pristine PCL nanofibers
annot be utilized as hard tissue since no apatite-like materials
ere precipitated within 10 days. However as can be deduced from

ig. 10B, incorporation of Ti nanoparticles has strongly activated
recipitation of the hydroxyapatite on the nanofibers mats which
ecommends utilizing the prepared PCL/Ti mats the medical fields
s both of PCL and Ti are biologically safe as aforementioned.

With the same strategy, poly (l-lactide) (PLLA) and titanium
anopowder colloid have been electrospun. Fig. 11 shows the FE
EM images for pristine PLLA and Ti-doped, panels A and B, respec-
ively. As shown in these images some Ti nanoparticles could be
bserved in panel B, however, the surface of the pristine polymer is
mooth. As PLLA can also be considered as biomaterial, the prepared
LLA/Ti nanofiber mats might have good biological applications.

.5. Hydroxyapatite/polymer colloid

Hydroxyapatite (HAp) is widely utilized in medical fields, due
o its good biocompatibility, bioactivity, high osteoconductive
nd/or osteoinductive nontoxicity, noninflammatory behavior and
onimmunogenicity properties [32,33]. To produce biologically
referable HAp and avoiding the sophisticated procedures used

n the synthesizing of HAp, some researchers have turned into
xtraction of natural HAp from bio-wastes (usually via calcination).
xtraction of HAp from the bio-wastes is biologically safe (no for-
ign chemicals are utilized) and economically desirable process
specially with increasing the world demand of HAp bioceram-
cs. In this study a HAp which can be extracted from the bovine
one [34] was used a solid constituent to prepare HAp/PVA col-

oid. In this case, proper amounts of 9 wt% PVA (in water) and HAp
btained from calcination of the bovine bones were mixed to pre-

are colloids contain 0, 3, 5 and 7 wt% HAp with respect to the
olymer solutions. SEM images for the obtained nanofiber mats
re presented in Fig. 12. As shown, in this figure, some HAp parti-
les can be observed. Actually, obtaining external nanoparticles is
ue to the large particle size of the prepared HAp compared with

Fig. 13. FE SEM of the calcined bovine bone (A) and particle size distribution of the
HAp/PVA colloids (B).
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the colloids. These apparent peaks cannot be observed in the pris-
tine PU spectra; moreover, they match the corresponding peaks of
the calcined bovine bone as well as the standard peaks of the HAp
(JCPDS card no. 09-0432).
Fig. 14. SEM image for pristine PU (A) and PU/HAp electrospun nanofiber mats

VA nanofibers. The utilized bovine bone has been grinded before
alcination, however the particle size of the calcined bone could
ot be brought into nanoscale. Fig. 13A reveals the FE SEM of the
alcined bovine bone, as shown in this figure; the particle size is
elatively big. The average particle size in the HAp/PVA colloids has
een precisely estimated by using the DLS analysis. The hydrody-
amic size distributions of all the prepared colloidal solutions are

ndicated in Fig. 13B. According to this figure, the average particle
iameter of the colloids containing 3, 5 and 7 wt% HAp is 1482, 1306
nd 1167 nm, respectively, which provides an explanation of pres-
nce of the large HAp nanoparticles in the SEM images (Fig. 12).
oreover, we have measured � potential for the HAp/PVA colloidal

olutions to assure that the large particles size did not affect the
tability of the colloid, the obtained results were satisfactory since
potential for the colloids containing 3, 5 and 7 wt% HAp were
14 ± 2, −8 ± 1 and −4 ± 1 mV, respectively.

Poly(urethane) (PU) is thermoplastic, excellent mechanical
roperties and water insoluble polymer, moreover, it can be used
s biomaterial. As nanofibrous morphology strongly modifies the
haracteristics of any material, these polymer nanofibers have
remendous applications in various fields: biosensors, protective
loths, and epithelial enhancing material [35–37]. Moreover, there
re some articles concluded that PU nanofibers can be used as
ntimicrobial agent [38,39]. Accordingly, improvement of the phys-
ochemical properties of the PU nanofibers by incorporating solid
anoparticles might have good applications. In this study, we have
repared PU/HAp nanofiber mats with different solid contents,
owever, other solid nanoparticles can also be utilized, HAp has
een selected because it is the largest particle size among the solid
owders used in this study. Fig. 13A reveals the FE SEM image
f the utilized HAp obtained from calcination of the bovine bone.
ristine PU solution (10 wt%) was prepared by stepwise dissolving
n tetrahydrofuran (THF) and N,N-dimethylformamide (DMF). Ini-
ially, PU pellets were overnight dissolved in THF after that DMF was
dded to produce final solution containing 10 wt% of PU in THF/DMF

1:1, w/w). Later on, HAp powders have been mixed with PU solu-
ions to prepare colloids containing solid contents of 3, 5 and 7 wt%
ith respect to polymer. To precisely estimate the average parti-

le size inside the prepared colloids the hydraulic diameters have
een estimated, the results are demonstrated in Fig. 13B. As shown
ining: 3 wt% (B), 5 wt% (C) and 7 wt% (D) HAp with respect to polymer solution.

in this figure, the average particle sizes are high for all formula-
tions. The pristine solution and the colloids have been successfully
electrospun. Fig. 14 reveals the FE SEM results. PU nanofibers are
quit large compared with the PVA nanofibers, so PU nanofibers
almost encompassed all the HAp particles in all combinations as
shown in Fig. 14. XRD analysis has been carried out to affirm that
the nanofibers obtained from the colloids involve HAp particles,
the results are presents in Fig. 15. Moreover, to precisely identify
the apparent peaks, XRD spectra of the utilized calcined bone and
the pristine PU have been included. As shown in this figure, the
HAp peaks are clearly apparent in all nanofiber mats obtained from
Fig. 15. XRD results for the PU/HAp nanofiber mats containing 0, 3, 5 and 7 wt% HAp
powder with respect to the polymer solution. Also, the results for the calcined bovine
bone are demonstrated. The bars at the base of the figure represent the location and
the relative intensities of the standard HAp (JCPDS card no. 09-0432).
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In summary, we can say that electrospinning of colloidal
olution is valid and the process does not affect the chemical
omposition of either solid nanoparticles or the utilized polymer.
oreover, some solid nanoparticles might be embedded inside the

olymeric nanofibers and others attached on the nanofibers sur-
ace according to the particle size. Electrospinning of the colloidal
olution could be considered as a simple and effective solution to
roduce metal/polymer electrospun nanofiber mats which might
ave interesting biological and other properties according to the
tilized metal nanopowder and polymer. Finally, we can claim that
lectrospinning of colloidal solution is opening a new avenue in the
eld of electrospinning technology.
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