
applications. These studies contributed to the field with interesting
concepts/ideas and impressive experimental results. However,
since most of these electrospun composite fibers were prepared by
electrospinning of blends made by simply mixing the prior
obtained inorganic nanoparticles with viscous spinning solutions of
polymer carriers, it usually results in nanocomposites with very
limited or lacking of specific interactions between the organic and
inorganic phases. Also, homogeneous dispersion of nanoparticles
within polymer matrices is difficult to attain due to the nano-
particle agglomeration. Weak molecular interaction and poor
dispersion consequently give rise to problems like compromised
electrospinnability, reduced nanoparticles loading capacity,
decreased mechanical properties of the resultant nanocomposite
nanofibers as well as unfavorable cellular responsiveness. One
better solution to the noted problems could be preparing nano-
composites via the well-known in situ biomimetic synthesis
approach [16,17] and then converting them into nanofibers via the
electrospinning process [5]. However, to enable such nano-
composites electrospinning, it is still a challenge to develop
formulations with sufficient electrospinnability while ensuring
chemical and physical structural intactness of both HAp nano-
particles and polymer matrix. This is especially so for natural bio-
macromolecule materials such as collagen and chitosan, which
have intrinsically poor processability.

Our strategy is to design and fabricate biomimetic and bioactive
scaffolds that resemble the native extracellular matrix (ECM) as
closely as possible so as to create conducive living milieu that will
induce cells to function naturally. In this context, our current
endeavor is to use the natural biopolymer chitosan as a matrix to
develop biomimetic HAp-containing nanocomposite nanofibers.
Chitosan has long been considered as one of the most attractive
natural biopolymer matrices for bone tissue engineering owing to
its structural similarity to the glucoseaminoglycan found in bone,
biocompatibility, biodegradability and excellent mechanical prop-
erties [17–21]. Since chitosan has recently been successfully elec-
trospun by us and others [22–25], it enabled us to look into the
direction of developing biomimetic HAp/CTS nanocomposite
nanofibers for potential uses in bone tissue engineering. So far, no
bone tissue regeneration using electrospun HAp/CTS composite
nanofibrous scaffolds have been reported. Here, the objective is
therefore to conduct a feasibility study on the preparation of
a model HAp/CTS (30:70 in mass ratio) nanocomposite nano-
fibers using a two-step method, which involves firstly preparing
HAp/CTS nanocomposites by a co-precipitation synthesis approach
[17] and then fabricating the resultant HAp/CTS nanocomposites,
aided with a fiber-forming additive – ultrahigh molecular weight
poly(ethylene oxide) (UHMWPEO), into nanofibers via the elec-
trospinning process. Furthermore, the efficacy of using electrospun
HAp/CTS in comparison with electrospun pure CTS for enhanced
bone formation ability is assessed by performing in vitro cell culture
experiments using the human fetal osteoblasts (hFOB).

2. Materials and methods

2.1. Materials

Chitosan from crab shells with a degree of deacetylation> 85%, acetic acid (HAc,
99.8%), and dimethyl sulfoxide (DMSO, 99þ%) were purchased from Sigma–Aldrich
Co. Ltd. (Gillingham UK). Poly(ethylene oxide) (PEO) with moderate molecular
weight of 850,000 Da and ultrahigh molecular weight of >5,000,000 Da were
obtained from Sumitomo Seika Chemicals Co. Ltd. (Japan) and Avocado Research
Chemicals Ltd. (UK), respectively. Phosphoric acid (H3PO4, �85 wt% solution in
water), calcium hydroxide (Ca(OH)2, >95%), and cetylpyridinium chloride were
purchased from Sigma–Aldrich, Inc. (St. Louis, MO). Human fetal osteoblast cells
were obtained from the American Type Culture Collection (ATCC, Arlington, VA).
Dulbecco’s Modified Eagles Medium/Nutrient Mixture F-12 (HAM), fetal bovine
serum (FBS), antibiotics and trypsin–EDTA were purchased from GIBCO Invitrogen,
USA. CellTiter 96Ò AQueous one solution was purchased from Promega, Madison,
WI, USA.

2.2. Synthesis of HAp/CTS nanocomposites

HAp/CTS nanocomposites were prepared using a wet chemical co-precipitation
approach from the Ca and P precursors formulated at a ratio of Ca/P¼ 1.67 as well as
chitosan. In a typical preparation process, for instance to prepare 2 g of HAp/CTS
nanocomposites with a final mass ratio of HAp/CTS¼ 30/70, 71.43 g of 2 wt% chi-
tosan solution (prepared by dissolving the CTS flakes into a 2 wt% aqueous HAc) was
mixed with 2.83 g of a diluted H3PO4 solution (12.4 wt%). The resulting CTS/H3PO4

solution was then added drop-wise at a dropping speed of approximate 3 g/min to
a 200 mL alkali suspension containing 0.443 g Ca(OH)2 under vigorous stirring. After
titration, the pH was adjusted to about 9–10 by using 0.5 M NaOH solution. Stirring
was continued for 24 h and then the obtained slurry was left to ripening for another
24 h without stirring. Finally, the white precipitate was separated from the
suspension by washing with deionized water for several times to neutral pH and
vacuumfiltering with CorningÒ vacuumfilter/storage bottle systems, and dried in an
oven at 80 �C in air for 5 h. The dried HAp/CTS nanocomposite was then stored in
a vacuum oven at room temperature for subsequent uses. For comparison, pure HAp
nanoparticles were also synthesized using Ca(OH)2 and H3PO4 formulated at a Ca/P
ratio of 1.67.

2.3. Electrospinning of HAp/CTS nanocomposites

The above prepared HAp/CTS (30:70) nanocomposites together with 10 wt%
UHMWPEO (relative to the CTS content) were dissolved in an aqueousmixed solvent
system of 3 wt% HAc and DMSO (10:1, w/w), andwere stirredwith a powerful Multi-
Stirrer MC301 (Scinics Co. Ltd., Tokyo) at room temperature for 72 h for better
dispersion and homogenization. Electrospinning was then performed in a custom-
made chamber, where the spinneret made from a B-D 22G11/2 tip-ground-to-flat
needle was mounted on an electrically insulated stand. The spinneret needle was
maintained at a voltage of 17.5 kV by a high voltage power supply (PS/EL30R01.5-22,
Glassman High Voltage, Inc.), and an aluminum plate covered with an aluminum foil
(14�14 cm2) under the needle at a distance of 34 cmwas grounded and used as the
collector. The capillary needle spinneret was connected through PTFE tubing to
a plastic syringe filledwith 5–10 mL of the HAp/CTS/UHMWPEO spinning solution. A
constant volume flow rate of 20 mL/minwasmaintained using a KD Scientific syringe
pump. Ambient conditions for current electrospinning process are 49.8% humidity
and 21.0 �C room temperature. For comparison, pure CTS nanofibers were also
prepared by electrospinning a 3 wt% CTS aqueous solution as reported earlier [25].
All electrospun nanofibrous scaffolds were vacuumed for over 1 week in a vacuum
oven to remove any potential residual solvents.

2.4. Characterization

Images of the precipitated HAp and electrospun HAp/CTS nanocomposite fibers
were obtained with a JEOL 6330F field emission scanning electron microscope
(FESEM) operated at an accelerating voltage of 10 kV and 12 mA. Prior to imaging, the
samples mounted on aluminum stubs were platinum coated for better conductivity.
Transmission electron microscopy (TEM) was performed on a JEOL 1200EX electron
microscope operated at 120 kV. Samples for TEM were prepared by directly
depositing electrospun nanofibers onto carbon-coated 3-mm diameter copper grids.
X-ray diffraction (XRD) patterns of different samples were recorded at ambient
temperature on an X’pert Pro Diffractormeter (PW3050/60, Philips, Netherlands).
The samples were irradiated with monochromatized CuKa (1.54056 Å) X-ray source
at a scanning rate of 0.02�/min (2q). The operating voltage and current used were
40 kV and 30 mA, respectively, with a beam size of 20 mm. The average crystal grain
sizes were estimated by the Sherrer equation, assuming crystals are spherical and
stress free:

L ¼
0:9l
bcos q

(1)

where l is the wavelength of the X-ray for the present experiment (1.54056 Å), q is
the diffraction angle in degree, and b in radian is the measured full width at half
maximum intensity (FWHM) of the diffraction peak (here the (002) plane peak of
HAp was used for quantitative calculation because this peak is well resolved and
shows no interferences). X-ray photoelectron spectroscopy (XPS) was used to
identify themajor chemical composition and atomic ratio of Ca/P at sample surfaces.
Areas of approximately 4 mm� 3 mm on each sample were analysed using
a Thermo Scientific Escascope spectrometer (Thermo Fisher Scientific, East Grin-
stead, UK) with an AlKa (1486.6 eV) X-ray source operated at 280 W (14 kV, 20 mA).
Wide scan survey spectra were obtained using a binding energy (BE) step size of
1.0 eV. Subsequent high resolution scans over variable BE ranges with 0.1 eV steps
were recorded for specific elements of interest. The operating vacuum during
analysis was approximately 5�10ÿ9 mbar.

2.5. Cell culture

2.5.1. Cell expansion and seeding

hFOB cells were cultured in DMEM/F-12 medium (1:1) containing 10% FBS with
cocktail antibiotics in 75 cm2 cell culture flasks. The osteoblast culture was main-
tained at 37 �C in a humidified CO2 incubator for 6 days and fed every 3 days. Then
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