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Abstract

For the replacement and regeneration of hard tissues, hydroxyapatite (HA) has been considered to be one of the most promising biomaterials.
To develop new potential HA-based nanofibers, microfibrous composite membranes were first prepared by electrospinning from gelatin–calcium
phosphate (CaP) sol blend solutions of various concentrations of CaP sol. The resulting fibers exhibited a fully interconnected porous structure
and their average diameter varied from 1.0970.24 μm to 1.4470.17 μm according to the CaP sol content. For the fabrication of HA nanofibers,
the thermal treatment of microfibrous composite membrane was carried out. After the thermal treatment at 800 1C, the average fiber diameter of
GECP20 composite membrane significantly reduced from 1.2170.21 μm to 400752 nm, which may be caused by the elimination of gelatin
due to the thermal treatment. ATR-FTIR, EDX, XRD and XRF analyses confirmed that the HA nanofibers could be produced by combining the
electrospinning and thermal treatment methods in the sol–gel process. These HA nanofibers showed the same crystalline phase with that of the
stoichiometric HA. In addition, the results from simulated body fluid immersion (SBF) test and cell viability assay showed the improved in vivo
bone bioactivity of HA nanofibers.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) belongs to a class of calcium pho-
sphate based materials. Due to its biocompatibility, osteoco-
nductivity and bioactivity, HA has long been widely used in
medical and dental applications as a material for damaged
bones or teeth, important implant and scaffold materials and as
a drug delivery agent [1–3]. Synthetic HA exhibits strong
affinity to host hard tissue because of the chemical similarity
between HA and mineralized bone of human tissue. Formation
of chemical bonds with the host tissue offers HA a greater
advantage in clinical applications than most other bone
substitutes such as allografts or metallic implants.

Among the different techniques available for the production
of HA, the sol–gel process is the simplest and most versatile,
which is generally based on hydrolysis reactions followed by
the condensation of the precursors to achieve the formation of
colloidal particles (sol) and the subsequent formation of a
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three-dimensional network (gel) [4]. Through this technique
it is possible to produce powders and fibers of HA with
sub-micron dimensions.
HA-based nanofibrous scaffolds are particularly promising to

use as a variety of implantable materials such as bone blocks and
defect fillers in order to support cell functions and to stimulate
regeneration of new tissues [5]. Various methods have been
developed to fabricate porous HA scaffolds including the incor-
poration of volatile organic particles, gel casting and salt leaching
[6–8]. Recently, several researchers have used electrospinning for
the production of microfibrous ceramic structures containing a
network of sub-micron fibers [5,9]. In this case, the sol is generally
electrospun with a polymer solution and the resultant structure is
calcined at high temperatures to remove the polymer. However,
these electrospun HA fibers showed mixture forms containing
calcium oxide and tricalcium phosphate and were not fully
characterized.
The electrospinning technique is an effective means to

produce a nonwoven membrane of nanofibers from a variety
of polymer and composite materials. In addition, the sol–gel
technique has provided new opportunities for the preparation
ghts reserved.

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.09.096
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.09.096&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.09.096
http://dx.doi.org/10.1016/j.ceramint.2013.09.096
http://dx.doi.org/10.1016/j.ceramint.2013.09.096
mailto:yjkim@cu.ac.kr


J.-H. Lee, Y.-J. Kim / Ceramics International 40 (2014) 3361–33693362
of organic–inorganic composite materials, which allows the
formation of inorganic network under mild condition [10]. In
this study, a new method for the production of HA nanofibers
was developed by combining the electrospinning and thermal
treatment methods for use in the sol–gel process. The objective
of this work was to prepare the HA nanofibers. With their high
area to volume ratio, HA nanofibers are expected to be
excellent materials for biomedical applications. The prepared
HA nanofibers were systematically examined by considering
their morphologies, chemical structures, crystalline phases and
thermal properties. Moreover, the ability of bone-like apatite
formation on the surface of HA nanofibers by immersion in
simulated body fluid (SBF) was evaluated. In addition, the
cytocompatibility of HA nanofibers was evaluated by assaying
cell proliferation.

2. Experimental

2.1. Materials

Calcium nitrate tetrahydrate (Ca(NO3)2 � 4H2O), triethyl
phosphite ((C2H5O)3P), hydroxyapatite nanopowder, gelatin
from cold water fish skin, 2,2,2-trifluoroethanol (TFE), cal-
cium chloride anhydrous (CaCl2) and ethanol were purchased
from Sigma–Aldrich Co. (USA) and used without further
purification. Minimum essential medium alpha (MEM-α), fetal
bovine serum (FBS), phosphate buffered saline (PBS, pH 7.4)
and penicillin–streptomycin were obtained from Gibco BRL
(USA). Other reagents and solvents were commercially avail-
able and were used as received.

2.2. Synthesis of calcium phosphate sol

A synthesis of calcium phosphate (CaP) sol is as follows: Ca
(NO3)2 � 4H2O and (C2H5O)3P were used as raw materials for
preparing the sol [5]. 14.0 g of Ca(NO3)2 � 4H2O was dissolved
in 10 mL of ethanol and 5.9 g of (C2H5O)3P was hydrolyzed
with 10 mL of ethanol. The Ca(NO3)2 � 4H2O solution was
added dropwise into the (C2H5O)3P solution for 1 h to obtain a
Ca/P ratio of 1.67. The mixture solution was stirred vigorously
for 24 h at 40 1C and aged at 60 1C for 6 h. The resulting sol
was evaporated for 1 h to increase the viscosity and to obtain
the sol solution with a solid content of 80 w/v%.

2.3. Preparation of hydroxyapatite nanofibers

The electrospinning setup utilized in this study consisted of
a syringe and needle (ID¼0.41 mm), a ground electrode, and
a high voltage supply (Chungpa EMT Co., Republic of Korea).
The needle was connected to the high voltage supply, which
could generate positive DC voltages up to 40 kV. For the
electrospinning of gelatin/CaP composite membranes, gelatin
was first dissolved in a mixed solvent of TFE/distilled water
at a volume ratio of 1:1 and then the CaP sol solution was
mixed with different concentrations for 12 h. In the prepared
electrospinning solutions, the concentration of gelatin was
adjusted to 50 w/v% and the contents of CaP sol were 10, 20,
30 and 40 wt.% based on the weight of gelatin. Gelatin–CaP
sol blend solution held in a 10 mL syringe was delivered into a
needle spinneret by a syringe pump (KDS 100, KD Scientific
Inc., USA) with a mass flow rate of 1.5 mL/h. The steel needle
was connected to an electrode of a high voltage supply and
a grounded stainless steel plate was placed at 12 cm distance
from the needle tip to collect the fibers. The positive voltage
applied to the polymer solutions was 15 kV. All experiments
were carried out at room temperature and below 60% relative
humidity (RH). After the electrospinning, the composite
membrane was carefully peeled off from the stainless steel
plate. The thermal treatment of the prepared electrospun
composite membranes was next performed to prepare the
hydroxyapatite (HA) nanofibers. All samples were pretreated
at 200 1C for 1 h to stabilize the composite membranes. The
elimination of gelatin from the electrospun composite mem-
branes and the crystallization of HA were achieved by post-
heating (sintering) under 400, 600 or 800 1C for 1 h

2.4. Characterization of hydroxyapatite nanofibers

The morphologies of HA nanofibers were observed by a
field emission-scanning electronic microscope (FE-SEM, JSM-
6335F, JEOL, Japan). Prior to SEM observation, all of the
samples were coated with gold by low-vacuum sputter coating.
The average diameter of nanofibers was determined by
analyzing the SEM images with image analyzing software
(Image-Pro Plus, Media Cybernetics Inc., USA). For the same
samples of FE-SEM, the spectrum of energy dispersive X-ray
spectroscopy (EDX) was applied to detect the CaP sol
distribution profile on the electrospun membrane surface and
to analyze the change of elemental composition of electrospun
membranes due to the thermal treatment. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectro-
scopy spectra of the samples were obtained with an ALPHA
spectrometer (Brucker Optics, USA) in the wavenumber range
400–4000 cm�1. X-ray diffraction (XRD) measurements were
carried out to characterize the crystalline phase of HA
nanofibers with a Panalytical X-ray diffractometer X'Pert Pro
with Cu Kα radiation at 40 kV/30 mA. The diffractograms
were scanned in a 2θ range of 20–601 at a rate of 21/min. Ca/P
molar ratio of HAs was analyzed with X-ray fluorescence
spectroscopy (XRF, ZSX Primus II, Rigaku). The thermal
stability of particles was evaluated by thermogravimetric
analysis (TGA, Q500, TA Instruments, USA). The TGA
measurements were carried out under nitrogen atmosphere at
a heating rate of 5 1C/min from 30 to 800 1C, in which all of
the samples were dried in vacuo at 50 1C for 48 h prior to the
measurement.

2.5. Simulated body fluid immersion test

The formation of bone-like apatite on the surface of prepared
HA nanofibers was examined in simulated body fluid (SBF) with
ion concentrations nearly equal to those of human blood plasma
[11]. The solution was prepared by dissolving reagent grade NaCl,
NaHCO3, KCl, NaHPO4 � 2H2O, MgCl2 � 6H2O, CaCl2 � 2H2O,
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Na2SO4 and (CH2OH)3CNH2 into deionized water and titrated
with 1 M HCl to the pH of 7.4 at 37 1C. Immersion studies were
performed by incubating the HA nanofibers in 15 mL SBF solution
in a Petri dish. All dishes were placed in a thermostatical shaking
incubator (BioShaker MBR-022UP, Taitec Co.) at 37 1C. After
12 h, 1 day, and 3days, the HA nanofibers were gently washed
with deionized water and dried in vacuo.

2.6. Cell viability assay

In vitro cytotoxicity of composite nanofibrous membranes
was evaluated by a cell viability assay using mouse calvaria
osteoblast cell line (MC3T3-E1). All cultures were made in
MEM-α with 10% FBS and antibiotic/antimycotic in a humidi-
fied atmosphere under 5% CO2 at 37 1C. When the cells reached
80% confluence, they were harvested by 0.25% trypsin–EDTA
and seeded into a new tissue culture plate for subculture.

The cell viability onto composite membranes was investi-
gated by the MTT assay. Prior to cell seeding, composite
membranes were sterilized under UV for 3 h, followed by
rinsing with PBS and a culture medium five times, respec-
tively. Then, mouse calvaria osteoblasts (2� 104 cells/well)
were seeded on the composite membranes in a 24-well tissue
culture plate and cultured for 1, 3, 5, and 7 days at 37 1C.
To evaluate the cell viability, 0.2 mL of MTT solution (5 mg/
mL in PBS) was added to the cultured cells, which were
further incubated for 4 h at 37 1C. After removing the
remaining medium, 1 mL of DMSO was added to each well
to solubilize the precipitate. Then 0.2 mL of the resulting
supernatant was transferred to a 96-well microplate and the
optical density, which is proportional to the number of viable
cells, was measured by a microplate reader (OPSYS-MR,
Dynex Technology Inc.). The mechanism of this assay is that
metabolically active cells react with tetrazolium salt in the
MTT reagent to produce water-insoluble formazan dye that can
be observed at 570 nm.

3. Results and discussion

3.1. Morphology of electrospun composite membranes

Electrospun membranes have recently gained much interest
for bone tissue engineering, which have proved to be convenient
and effective in providing mechanical support and osteocon-
ductivity to the growing cells in bone regeneration [12,13].
Furthermore, ultrafine fibrous structures are thought to enhance
cell adhesion, migration and proliferation. In this study, micro-
fibrous composite membranes were first prepared by electro-
spinning from the gelatin–calcium phosphate (CaP) sol blend
solutions containing different contents of CaP sol. The contents
of CaP sol in the mixed solutions were 10 (GECP10), 20
(GECP20), 30 (GECP30) and 40 wt.% (GECP40) based on the
weight of gelatin.

The morphological structure of the electrospun composite
membranes is shown in Fig. 1. The resulting microfibers
exhibited a fully interconnected pore structure. With increasing
the concentration of CaP sol in the electrospinning solution,
the average diameter of microfibers reduced, which was
1.4470.17 μm for GECP10, 1.3270.14 μm for GECP20,
1.2170.21 μm for GECP30 and 1.0970.24 μm for GECP40.
This result may be related to the change of solution conductivity
through the use of CaP sol. As shown in Fig. 2, the solution con-
ductivity enormously increased from 2.23 mS/cm to 4.57 mS/cm
by adding CaP sol. CaP is a member of a family of minerals
containing calcium ions together with phosphate ions and shows
decomposition behavior in wet environments under physiological
condition to produce precursor ions. Aqueous polymer solutions
including CaP sol have higher charge density on the surface of the
ejected jet formed during electrospinning [9]. As the charges
carried by the jet increase, higher elongation forces are imposed to
the jet under the electrical field. It has been known that the overall
tension in the fibers depend on the self-repulsion of the excess
charges on the jet. Therefore, as the charge density increase, the
fiber diameter becomes smaller [14].
The distribution of the CaP sol on the electrospun composite

membranes was measured with the EDX. Fig. 3 presents the
EDX Ca- and P-mapping analysis of electrospun GECP20
composite membrane. The bright spots representing Ca or P
element clearly reflected a homogenous distribution of CaP sol
on the membranes. In addition, high amount of CaP sol was
detected on the composite membrane.

3.2. Properties of electrospun composite membranes

ATR-FTIR analysis was carried out for the surface character-
ization of pure gelatin, GECP10, GECP20, GECP30 and GECP40
electrospun membranes in the range of 400–4000 cm�1. As
shown in Fig. 4, pure gelatin membrane exhibited a characteristic
absorption band at 3275 cm�1 associated with an N–H stretching
vibration in gelatin. According to a previous report, a free N–H
stretching vibration occurs in the range from 3400 to 3440 cm�1,
and when the N–H group of peptides is involved in hydrogen
bonding, the position is shifted to lower frequencies, usually
around 3300 cm�1 [15]. From this result, it seems that many of
the N–H groups of gelatin are involved in intermolecular hydrogen
bonding. In our experiments, the characteristic absorption
band was slightly shifted from 3275 to 3290 cm�1 with increasing
CaP sol content due to the reduction of intermolecular hydrogen
bonding. In addition, common bands of gelatin appeared at
approximately 1640 cm�1 (amide I) and 1540 cm�1 (amide II)
in all samples, corresponding to the stretching vibration of CQO
bond, and coupling of N–H bond bending and C–N bond
stretching, respectively [16]. In the case of GECP composite
membranes, new absorption bands for the vibrational mode of
PO4

3� of the CaP crystals appeared at around 1037 and 981 cm�1

as shown in Fig. 4 [2]. In addition, the band observed at
1410 cm�1 was attributed to the substitution of CO3

2� ions in
the place of PO4

3� ions and confirmed the substitution of CO3
2� in

apatite structure. These CO3
2� ions were formed by the reaction of

CO2 present in the atmosphere with OH� ions of reaction
medium. Furthermore, the absorption bands ascribed to NO3

� of
synthetic residuals were observed at 824 and 1340 cm�1 [17].
The thermal stability of composite membranes was investi-

gated by means of TGA. Fig. 5 shows the typical TGA curve



Fig. 1. SEM micrographs of (a) GECP10, (b) GECP20, (c) GECP30 and GECP40 composite membranes.

Fig. 2. Effect of the CaP sol concentration on the average fiber diameter of
composite membranes and conductivity of the electrospinning solutions.
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where the amount of weight loss is plotted against the tempera-
ture. Electrospun gelatin membrane exhibited a pattern of weight
loss comprised of three main stages. The first stage of weight
loss was observed over the temperature ranging from 30 1C to
approximately 110 1C. This stage mainly was assigned to the
evaporation of absorbed water. The second stage of weight loss
started at around 240 1C, which was most likely imputed to
the degradation or decomposition of gelatin [18]. Additionally,
the third stage of weight loss in the temperature range of
360–580 1C is possibly attributed to the decomposition of higher
interacted gelatin fractions. The weight loss pattern of GECP
composite membranes was similar to that of pure gelatin mem-
brane. The second step in temperature range of 170–370 1C is
mainly due to the removal of crystalline water and synthesis
residuals, and the decomposition of gelatin [18,19]. Additionally,
the third step is possibly attributed to the release of CO2 from
CaCO3 crystals formed by the isomorphous substitution of PO4

3�

by CO3
2� during the synthesis of CaP sol (490–610 1C) [20].

According to the TGA data, the total weight loss at 800 1C
reduced from 91.8% to 83.2% with the increase of CaP sol
amount in the composite membranes.
3.3. Hydroxyapatite nanofibers

For the preparation of hydroxyapatite (HA) nanofibers, the
thermal treatment of GECP20 composite membrane was
carried out. GECP20 membrane was pretreated at 200 1C for
1 h for stabilization and then sintered at three different
temperatures namely, 400, 600 and 800 1C for 1 h to study
the process of HA crystallization. After the thermal treatment,
the average fiber diameter of GECP20 membrane significantly
reduced from 1.2170.21 μm to 400752 nm, which may be
caused by the thermal elimination of gelatin and condensation
of CaP sol as shown in Fig. 6. Moreover, the surface roughness
of membrane increased with rising temperature by the forma-
tion of HA crystals through the gel reaction of CaP sol.
However, the influence of thermal treatment temperature on
the change of average fiber diameter was not observed.
ATR-FTIR analysis was performed to confirm the formation

of HA nanofibers, which in turn provided information about
the constitution and phase composition of the products
thermal-treated with different temperature. The characteristic
bands assigned to gelatin and synthetic residuals at around



Fig. 4. ATR-FTIR spectra of (a) pure gelatin, (b) GECP10, (c) GECP20, (d)
GECP30 and (e) GECP40 electrospun membranes.

Fig. 5. TGA curves of (a) pure gelatin, (b) GECP10, (c) GECP20, (d) GECP30
and (e) GECP40 membranes.

Fig. 3. EDX Ca- and P-mapping micrographs of GECP20 composite membrane.
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3284, 1640, 1540, 1340 and 824 cm�1 clearly disappeared by
the thermal treatment (Fig. 7). In addition, the absorption
bands due to the formation of CaCO3 crystals at 1420 and
870 cm�1 vanished after the thermal treatment at 800 1C.
However, new bands for the vibrational modes of PO4
3�

appeared at around 1093, 1028, 984 and 566 cm�1, and the
band assigned to OH� of HA was shown at 3630 and
640 cm�1 [17]. These data suggest that HA nanofibers are
successfully produced by combining the electrospinning and
thermal treatment methods in the sol–gel process.
To prove the production of HA nanofibers, the formation of

HA crystals and the elimination of gelatin and synthetic residuals
through the thermal treatment in the composite membranes were
pursed with the EDX. As shown in Fig. 8, two peaks ascribed to
carbon and nitrogen atoms of gelatin and synthetic residuals
disappeared by the thermal treatment. Meanwhile, three peaks
assigned to oxygen, phosphorous and calcium atoms of HA
crystals increased with increasing the thermal treatment tem-
perature, in agreement with the ATR-FTIR results [21].
The crystalline phases of the HA nanofibers were investigated

by means of XRD (Fig. 9). GECP20 membrane exhibited
amorphous phase until 400 1C, but the XRD patterns after the
thermal treatment at 600 1C showed HA crystalline phase at
around 24.91, 28.31, 31.21, 33.51, 39.11, 46.01, 47.41, 48.81, 49.61,
50.41, 51.31 and 53.31, which reflected characteristic of the (002),
(102), (211), (202), (310), (222), (312), (213), (321), (410), (402)
and (004) planes [22]. However, all the peaks were broad
diffraction peaks indicating a poorly crystallized HA phase because
of the gelatin residuals. On the other hand, thermal-treated
GECP20 membrane at 800 1C exhibited the diffraction peaks at
around 25.21, 28.21, 31.11, 32.21, 33.41, 34.81, 39.11, 41.41, 46.11,
47.41, 48.81, 49.81, 50.51, 51.31, and 53.31, which were imputed to
the (002), (102), (211), (112), (202), (301), (310), (311), (222),
(312), (213), (321), (410), (402) and (004) planes. This XRD
pattern was exactly matched with the structural data of stoichio-
metric HA described in the Powder Diffraction File (JCPDS
09-432). The diffraction peaks were narrower than those of
thermal-treated samples at low temperature, meaning the increment
of crystallinity due to the elimination of gelatin and synthetic
residuals. Previous study reported that the HA nanoparticles
synthesized with alginate exhibited only a broad diffraction peak,
indicating that the HA phase was poorly crystallized [23]. The HA
nanoparticles subjected to thermal treatment at 800 1C displayed
strong peaks that corresponded well to those of stoichiometric HA
crystal, owing to the increase in crystallinity.



Fig. 9. X-ray diffraction patterns of (a–d) thermal-treated GECP20 membranes
with different temperature and (e) commercial HA nanopowders: (a) as-
electrospun, (b) 400 1C, (c) 600 1C and (d) 800 1C.

Fig. 6. SEM micrographs of thermal-treated GECP20 membranes with different temperature: (a) as-electrospun, (d) 400 1C, (c) 600 1C and (d) 800 1C.

Fig. 7. ATR-FTIR spectra of (a–d) thermal-treated GECP20 membranes with
different temperature and (e) commercial HA nanopowders: (a) as-electrospun,
(b) 400 1C, (c) 600 1C and (d) 800 1C.

Fig. 8. EDX spectra of thermal-treated GECP20 membranes with different
temperature: (a) as-electrospun, (b) 400 1C, (c) 600 1C and (d) 800 1C.
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The Ca/P molar ratio of thermal-treated GECP20 membrane
at 800 1C was determined by XRF, which was 1.68. This result
means that stoichiometric HA nanofibers can be easily
fabricated by combining the electrospinning and thermal
treatment methods in the sol–gel process. Biomacromolecules
containing polar functional groups such as COOH and OH
have been found to be useful for the nucleation of apatite
crystals in the solution because these side groups can form the
intermolecular interaction with Ca2þ ions or PO4

3� ions
through coordination and hydrogen bonding and work on the
crystallization process of biomineral materials [24].

3.4. Simulated body fluid immersion test

The essential requirement for an artificial material to bond to
living bone is the formation of bone-like apatite on its surface
when implanted in the living body, and that this in vivo apatite
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formation can be reproduced in a simulated body fluid (SBF)
with ion concentrations nearly equal to those of human blood
plasma [11]. This means that the in vivo bone bioactivity of a
material can be predicted from the apatite formation on its
surface in SBF. After 12 h of immersion in SBF, the whole
surface of the thermal-treated GECP20 membrane at 800 1C
was fully covered by a layer of apatite consisted of nanosheets
as shown in Fig. 10. Moreover, the underlying nanofibers of
the membrane were not observable and the pores of membrane
were clogged owing to considerable crystal growth after 3 days
of immersion in SBF. On the other hand, the formation of
bone-like apatite was hardly detected on the surface of
thermal-treated GECP20 membrane at 400 1C after 12 h of
immersion in SBF. After 3 days of mineralization in SBF, the
whole surface of thermal-treated GECP20 membrane at 400 1C
was covered by a layer of apatite. This result means that the
HA nanofibers, thermal-treated GECP20 membrane at 800 1C,
maybe reveals the improved in vivo bone bioactivity [13].
Fig. 11. Cell viability of MC3T3-E1 cells incubated onto thermal-treated
GECP20 membrane at 800 1C as a function of culture time.
3.5. Cell viability assay

Tissue engineering scaffolding must promote cell growth
and physiological function and should maintain normal states
of cell differentiation. Thus the cytocompatibility of thermal-
treated GECP20 membrane at 800 1C was examined as a
potential candidate for scaffolds to be used in tissue engineer-
ing. An MTT assay was carried out to evaluate the cell
viability of mouse calvaria osteoblasts (MC3T3-E1) on
thermal-treated GECP20 membrane. MC3T3-E1 proliferated
well on membrane during the incubation period (Fig. 11).
Moreover, the number of attached cells in the early stage and
cell proliferation on the GECP20 membrane were higher in
comparison with tissue culture plate (TCP) control, indicating
Fig. 10. SEM micrographs of thermal-treated GECP20 membranes at (a) 400 1C an
and 3 days).
that HA has effectively accelerated the attachment and
proliferation of MC3T3-E1 cells [12,13].
Cell morphology and the interaction between cells and

nanofibers were also observed during the incubation period.
SEM micrographs showed that MC3T3-E1 adhered and spread
on the surface of HA nanofibers (Fig. 12). In addition, cell
proliferation increased time-dependently, and cells were cover-
ing the entire GECP20 membrane and formed cell monolayer
after 5 days of culture. This may be evidence of the ability of
HA to stimulate the growth of MC3T3-E1. It is well known
that HA materials exhibit excellent biocompatibility and have
chemical compositions close to the bone mineral, which are
suitable for biomedical applications [1,2].
d (b) 800 1C after immersion in SBF for different periods of time (12 h, 1 day



Fig. 12. SEM micrographs of MC3T3-E1 cells grown on thermal-treated GECP20 membrane at 800 1C after (a) 4 h, (b) 1 day, (c) 3 days and (d) 5 days.
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4. Conclusions

In recent years, the HA nanofibers have been crucial in
biomedical applications. Their structural characteristics are
necessary to enhance the cell attachment and to expedite the
tissue in growth both in vitro and in vivo. In this study, the HA
nanofibers were prepared by combining the electrospinning
and thermal treatment methods in the sol–gel process. Micro-
fibrous composite membranes were first prepared by electro-
spinning from the gelatin–CaP sol blend solutions. After
sintering at 800 1C, nano-sized HA fibers were obtained and
these nanofibers showed a porous morphology formed by
interlaying of the fibers. The composition and crystalline phase
were similar to those of the stoichiometric HA. The resulting
HA nanofibers have effectively accelerated the attachment and
proliferation of MC3T3-E1 cells. It is concluded that this new
method for making the HA nanofibers may be helpful to
develop optimized artificial bone materials.
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