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Abstract: Bone defects represent a medical and socio-
economic challenge. Engineering bioartificial bone tissues
may help to solve problems related to donor site morbidity
and size limitations. Nanofibrous scaffolds were electro-
spun into a blend of synthetic biodegradable polycaprolac-
tone (PCL) with hydroxyapatite (HA) and natural polymer
gelatin (Gel) at a ratio of 1:1:2 (PCL/HA/Gel) compared to
PCL (9%), PCL/HA (1:1), and PCL/Gel (1:2) nanofibers.
These fiber diameters were around 411 =158 to
856 = 157 nm, and the pore size and porosity around
5-35um and 76-93%, respectively. The interconnecting
porous structure of the nanofibrous scaffolds provides large
surface area for cell attachment and sufficient space for
nutrient transportation. The tensile property of composite
nanofibrous scaffold (PCL/HA/Gel) was highly flexible
and allows penetrating osteoblasts inside the scaffolds for
bone tissue regeneration. Fourier transform infrared analy-

sis showed that the composite nanofiber contains an amino
group, a phosphate group, and carboxyl groups for inducing
proliferation and mineralization of osteoblasts for in vitro
bone formation. The cell proliferation (88%), alkaline
phosphatase activity (77%), and mineralization (66%) of
osteoblasts were significantly (P < 0.001) increased in com-
posite nanofibrous scaffold compared to PCL nanofibrous
scaffolds. Field emission scanning electron microscopic
images showed that the composite nanofibers supported
the proliferation and mineralization of osteoblast cells.
These results show that the fabrication of electrospun PCL/
HA/Gel composite nanofibrous scaffolds has potential
for the proliferation and mineralization of osteoblasts
for bone regeneration. Key Words: Electrospinning—
Polycaprolactone—Hydroxyapatite—Gelatin—Composite
nanofibers—Osteoblast—Mineralization—Regeneration.

In recent years, nanoscale sciences and engineering
have provided new avenues for engineering biocom-
posite materials with macromolecular size and even
down to molecular-scale precision. The resultant
biocomposite materials have been demonstrated to
have enhanced properties and applicability, and
these materials are expected to enable technologies
for successful development in the applications of
nanomedicine. The goal of tissue engineering is to
“restore function through the delivery of living
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elements which become integrated into patient” (1).
Repair of large bone defects is still a challenge for
orthopedic, reconstructive, and maxillofacial sur-
geons (2). Every year, millions of people suffer from
bone defects arising from trauma, tumor, or bone
diseases, and of course many people die due to
insufficient ideal bone substitute. There is a long
history of using autogeneic and allogeneic bones in
the treatment of bone defects. Even though auto-
geneic bone performs better functions in terms of
biocompatibility and other factors, it needs second-
ary surgery to procure donor bone from the
patient’s own body. Allogeneic bone bears risk of
infections and immune responses, which may even
cause other health problems, thus affecting the
quality of life. As an alternative, synthetic biomate-
rials have been developed for the repair of bone,
and were clinically tested (3).
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A number of novel approaches have been devel-
oped for the fabrication of biomaterial-based
three-dimensional scaffolds (4). The electrospinning
method has been actively explored recently; because
of its simple process, it offers ultrafine polymer fibers,
high specific surface area, and the possibility of
various modifications (5,6). The features of nanofiber
mats are morphologically similar to extracellular
matrix (ECM) of the natural tissue, which are char-
acterized by a wide range of pore diameter distribu-
tion, high porosity, effective mechanical properties,
and specific biochemical properties (7,8). The large
surface-area-to-volume ratio of nanofibers combined
with their porous structures favors cell adhesion, pro-
liferation (9), migration (10), and differentiation (11);
these are the desired properties for engineering
tissues (12). Pore interconnectivity positively influ-
ences bone deposition rate and depth of infiltration
in vitro (13) and in vivo (14). Regular interconnected
pores provide spacing for the vasculature required to
nourish new bone and to remove waste products (15).
Studies suggest that microporosity (pores <20 um)
improves bone growth into scaffolds by increasing
surface area for protein adsorption, increasing ionic
solubility in the microenvironment (16), and provid-
ing attachment points for osteoblasts (13,17).

Conversely, many researchers have investigated
polymer composites with inorganic materials used as
scaffolds for tissue engineering (18). Hydroxyapatite
(HA) is a ceramic with chemical composition similar
to the mineral component of bone that possesses
good properties of ideal hardness, biocompatibility,
osteoconductivity, a certain degree of bioactivity, and
high resistance to moisture, and has been used in a
variety of oral and maxillofacial applications (17,19).
Some research groups have tried to develop synthetic
bone, which was prepared by the coprecipitation
reaction of HA nanocrystals in soluble collagen
(Col). These efforts have met with partial success in
the preparation of HA—-Col nanocomposite, which is
similar to the nanostrucuture of real bone. Col is
easily degraded and resorbed by the body, and allows
good attachment to cells. However, its mechanical
properties are relatively low (£ ~ 100 MPa) in com-
parison to bone (E ~2-5 GPa) (20), and it is there-
fore highly cross-linked or found in composites, such
as Col-glycosaminoglycans for skin regeneration or
Col/HA for bone remodeling (21). The main practical
problems with Col are its cost and poor definition of
commercial sources of this material, which makes it
difficult to follow up on well-controlled processing.
Therefore, in the present study, Col was replaced by
gelatin (Gel), a protein produced by the partial
hydrolysis of Col extracted from skin, bone, cartilage,

ligaments, etc. Mixing Gel with other synthetic
polymers, sometimes called bioartificial polymeric
materials, has frequently been adopted by other
researchers. This approach is feasible to reduce the
potential problem of cytotoxin, as a result of using a
chemical cross-linking reagent, but also provides a
compromise solution for overcoming the short-
comings of synthetic and natural polymers, that is,
producing a new biomaterial with excellent biocom-
patibility and improved mechanical and physical/
chemical properties. In the present study,
polycaprolactone (PCL) was blended with HA and
Gel, and electrospun into composite nanofibers to
provide proper balance between biocompatibility,
biodegradability, osteoconductivity, and mechanical
stability for engineering bone tissue regeneration.

MATERIALS AND METHODS

Materials

Human fetal osteoblast (hFOB) cells were
obtained from American Type Culture Collection
(Arlington, VA, USA). Dulbecco’s Modified Eagle’s
Medium (DMEM)/Nutrient Mixture F-12 (HAM),
fetal bovine serum (FBS), antibiotics, and trypsin—
ethylenediaminetetraacetic acid (EDTA) were pur-
chased from GIBCO Invitrogen, Carlsbad, CA, USA.
PCL (MW 80000) was from Aldrich Chemical
Company, Milwaukee, WI, USA. CellTiter 96 AQueous
one solution was purchased from Promega, Madison,
WI, USA. Gelatin Type-A (porcine) and cetylpyri-
dinium chloride were purchased from Sigma, St.
Louis, MO, USA. Crystalline HA (30.25 = 4.43 nm)
was generously provided by the Department of
Metallurgical and Materials Engineering, Indian
Institute of Technology, Chennai, India.

Fabrication and characterization of PCL/HA/Gel
composite nanofibers

PCL (9% w/w) and PCL/HA (PCL 7%/HA 7%)
were dissolved in methanol/chloroform (1:3) under
stirring conditions for 2 days. The ratio of PCL/HA/
Gel was 1:1:2 (PCL 2%/HA 2%/Gel 4%) and PCL/
Gel (PCL 3%/Gel 6%) w/w dissolved in 2,2,2-
trifluoroethanol. These samples were fabricated by
an electrospinning process, 1.5 mL/h employing an
applied voltage of 11 kV using a high-voltage power
supply (Gamma High Voltage Research, Ormond
Beach, FL, USA). The PCL/HA/Gel solution was
delivered 1 mL/h through a syringe pump (KD-100,
KD Scientific, Inc., Holliston, MA, USA) for control-
ling the mass flow rate of electrospinning and applied
voltage of 13 kV using a high-voltage power supply.
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The ground collection plate of aluminum foil was
located around 12 cm from the needle tip. A posi-
tively charged jet was formed from the syringe
needle, and nanofibers were sprayed onto the
grounded aluminum foil target (5). The ambient con-
dition of the spinning apparatus was controlled to be
23°C and 60% humidity. Coverslips of different sizes
were spread onto the aluminum foil target to collect
the nanofibers to investigate biocompatibility by cul-
turing cells as well as to observe the structure and
properties of nanofibers.

Nanofibers collected on the aluminum foil were
used for the characterization and assessment of
tensile strength. These nanofibers were dried under
vacuum at room temperature overnight. Electrospun
nanofibers were sputter coated with gold (JEOL
JFC-1600, Auto Fine Coater, Tokyo, Japan) and visu-
alized by field emission scanning electron microscopy
(FESEM) (FEI-QUANTA 200F, Eindhoven, The
Netherlands) at an accelerating voltage of 10 kV for
characterization. The fiber diameter was measured
with  FESEM images using Image J software
(National Institutes of Health, Bethesda, MD, USA).
Chemical analysis of PCL/HA/Gel nanofibrous scaf-
folds was analyzed by Fourier transform infrared
(FT-IR) spectroscopy (Avatar 380, Thermo Nicolet,
Waltham, MA, USA) over a range between 4000 and
400 cm™ at 2 cm™ resolution averaging 100 scans. The
pore size was measured by bubble point pressure
(22), and the porosity was estimated by weight and
volume of the sample (23).

Mechanical characterization of
nanofibrous scaffolds

Tensile properties of electrospun nanofibrous scaf-
folds were determined with a tabletop MicroTester
(Instron 5845, Norwood, MA, USA) using low-force
load cell of 10 N capacity. Strip-shaped specimens
(30 x 6 mm?) were tested at a crosshead speed of
10 mm/min. The ambient condition was controlled to
be 25°C and 74 % humidity. At least six samples were
tested for each type of electrospun nanofibrous
scaffold. Ultimate strength, Young’s modulus, as well
as tensile elongation were calculated based on the
generated tensile stress—strain curves (10,17).

Wettability of nanofibrous scaffolds

The water contact angles of PCL, PCL/HA, PCL/
Gel, and PCL/HA/Gel nanofibrous scaffolds were
measured using a contact angle measurement system
(VCA Optima XE Video Contact Angle System,
Crest Technology Pte Ltd., Singapore) mounted with
a CCD camera at ambient temperature. The nanofi-
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brous scaffolds were carefully placed on a sample
stage, and a single drop of distilled water was applied
to the mesh surface to measure the angle, and
averaged.

hFOB cell culture

hFOB cells were cultured in DMEM/F12 medium
(1:1) containing 10% FBS in 75 cm? cell culture
flasks. The osteoblast culture was maintained at 37°C
in a humidified CO, incubator for 6 days and fed
every 3 days, and hFOBs were harvested from the
third passage cultures by trypsin-EDTA treatment,
and replated. Populations of cell lines used in this
experiment were between passages 5 and 6.

Processing of hFOB cells for FESEM

Nanofiber scaffolds were collected in 15 mm
cover glasses (0.02-0.03 mm thickness of the nanofi-
ber scaffold in cover glass) and sterilized under UV
light for 3 h. These scaffolds were again sterilized
with 70% ethanol (30 min), then washed with
phosphate-buffered saline (PBS) (15 min) three
times and finally soaked in complete medium over-
night. hFOBs were seeded (2x10* cells/cm?) on
PCL, PCL/HA, PCL/Gel, PCL/HA/Gel nanofibrous
scaffolds, and tissue culture plate (TCP—control) on
24-well plates. After 6 days of experiment, hFOBs
grown on scaffolds were washed with PBS to
remove nonadherent cells, and then fixed in 3% glu-
taraldehyde for 3h at room temperature, dehy-
drated through a series of graded alcohol solutions,
and finally dried into hexamethyldisilazan over-
night. Dried cellular constructs were sputter coated
with gold and observed under FESEM at an accel-
erating voltage of 10 kV.

3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS) assay for hFOB
cell proliferation

hFOB cells were seeded (2 x 10* cells/cm?) on ster-
ilized PCL, PCL/HA, PCL/Gel, PCL/HA/Gel nanofi-
brous scaffolds, and TCP on 24-well plates. Cell
proliferation was monitored after 2, 4, and 6 days by
MTS assay. In order to monitor cell adhesion and
proliferation on different substrates, the number
of cells was determined by using colorimetric MTS
assay (CellTiter 96 AQueous assay). The mechanism
behind this assay is that metabolically active cells
react with tetrazolium salt in MTS reagent to
produce a soluble formazan dye that can be observed
at 490 nm. The cellular constructs were rinsed with
PBS followed by incubation with 20% MTS reagent
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in serum-free medium for 3 h. Thereafter, aliquots
were pipetted into 96-well plates, and the samples
were read in a spectrophotometric plate reader at
490 nm (FLUOstar OPTIMA, BMG Labtech, Offen-
burg, Germany).

Alkaline phosphatase (ALP) activity

ALP is used to measure ALP activity by a kinetic
rate method using 2-amino-2-methyl-1-propanol
buffer. In this reaction, ALP catalyzes the hydrolysis
of colorless organic phosphate ester substrate,
p-nitrophenylphosphate, to a yellow product, p-
nitrophenol, and phosphate. This reaction occurs at
an alkaline pH of 10.3. Nanofibrous scaffolds with
hFOBs were washed twice with PBS and added with
1 mL of 10 mM Tris buffer to isolate the sample. The
sample (1 mL) was again sonicated for 2 min at 4°C.
The sonicated sample was centrifuged at 3000 rpm
for 5 min at 4°C, then the supernatant was used for
the assay of ALP activity. The SYNCHRON LX
system (Beckman Coulter, Fullerton, CA, USA)
automatically proportions the appropriate sample
and reagent volumes into the cuvette. The ratio used
is one part of sample to 50 parts reagent. The system
monitors the change in absorbance that is directly
proportional to the activity of ALP in the sample and
is used by SYNCHRON LX system to calculate and
express the ALP activity.

Mineralization of hFOB

Alizarin red-S (ARS) is a dye that binds selectively
calcium salts and is widely used for calcium mineral
histochemistry. ARS staining was used to detect and
quantify mineralization (24). Nanofibrous scaffolds
with hFOB cells (construct) were washed three times
in PBS and fixed in ice-cold 70% ethanol for 1 h.
These constructs were washed three times with dH,O
and stained with ARS (40 mM) for 20 min at room
temperature. After several washes with dH,O, these
constructs were observed under optical microscope,
and the stain was desorbed with the use of 10%
cetylpyridinium chloride for 1 h. The dye was col-
lected and the absorbance was read at 540 nm in
spectrophotometer (Thermo Spectronics, Waltham,
MA, USA).

Statistical analysis

All quantitative results were obtained from tri-
plicate samples. Data were expressed as the
mean = standard deviation. Statistical analysis was
carried out using the unpaired Student’s f-test and
one-way analysis of variance. A value of P < 0.05 was
considered to be statistically significant.

RESULTS AND DISCUSSION

Characterization of composite nanofibers

The success rate of tissue engineering approaches
was highly dependent on the properties of scaffold
used as a cell carrier. Generally, scaffold design
was based on degradability, biocompatibility, high
surface area/volume ratio, osteoconductivity, and
suitable mechanical properties for engineering
tissues (25). A crucial point for a scaffold to be suc-
cessful, especially in bone tissue engineering, is the
combination of structural/mechanical properties of
polymer structure and biological activities, all of
them playing a critical role in cell seeding, prolifera-
tion, and new tissue formation. Bone substitutes
allow repair mechanism by providing a permanent
or temporary porous device (scaffold) that reduces
the size of the defect. The interest in temporary sub-
stitutes is that they permit a mechanical support
until the tissue has regenerated and remodeled itself
naturally. As electrospun pure Gel fibrous scaffold
can dissolve and disappear at normal cell culture
temperature at 37°C (10), the PCL/Gel and PCL/
HA/Gel nanofibrous scaffolds cannot dissolve in
normal temperature, but they are used to investi-
gate the influence of Gel on cell performance and
HA for the mineralization of osteoblasts. When
placed in cell culture medium, PCL/HA/Gel nanofi-
brous scaffolds, unlike other scaffolds made of
natural polymers did not disintegrate, even in the
absence of cross-linking.

The electrospun nanofiber morphologies of PCL,
PCL/HA, PCL/Gel,and PCL/HA/Gel were observed
by FESEM (Fig. 1), and diameters are formed in the
range of 411 £ 158 to 856 = 157 nm, and the pore
size and porosity were around 5-35 um and 76-93%,
respectively (Table 1). The fibrous architecture mim-
icked the ECM and assisted in maintaining a normal
phenotype of the cells. This composite nanofiber
surface topography plays a crucial role in regulating
initial cell behaviors, such as cell adhesion, which can
also influence cellular viability and proliferation in
later stage of cells (26). Water contact angle measure-
ment shows that the nanofibrous scaffold surface
morphologies were either hydrophobic or hydro-
philic suitable for cell adhesion process to vastly dif-
ferent extents (Table 1). The mechanical properties
of the scaffolds were assessed using compressive and
tensile mechanical tests. The average tensile modulus
of all nanofibers was around 3.9-28.7 MPa, and
tensile strain was 82-142% (Table 2). The data rep-
resent tensile strain of PCL/HA/Gel showing suffi-
cient mechanical properties to support proliferation
and mineralization of osteoblast cells.
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FT-IR analysis of PCL/HA/Gel composite nanofi-
brous scaffold showed typical bands such as N—H
stretching at 3310 cm™ for amide-A, C—H stretching
at 3068 cm™ for amide-B, C=0 stretching at 1600
1700 cm™ for amide I, N—H deformation at 1500-
1550 cm™ for amide II, and N—H deformation at
1200-1300 cm™ for amide III band in PCL/Gel and
PCL/HA/Gel nanofibrous scaffolds were found
(Fig. 2c,d). PCL/HA/Gel nanofibers showed that
nearly identical spectra, with a P—O stretch vibra-
tion absorbance peak at around 1040 cm™ and P—O
bend vibration absorbance peaks at around 604 and
566 cm™, as well as carbonate C—O bend vibration
absorbance peak at about 874 cm™ and C—O stretch
vibration absorbance from 1400 to 1480 cm™
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FIG. 1. FESEM images of electrospun (a)
PCL (9% w/w), (b) PCL/HA (1:1), (c) PCL/
Gel (1:8), and (d) PCL/HA/Gel (1:1:2)
nanofibers.

(Fig. 2¢,d) in each spectrum (27). Calcium (Caj) and
phosphate ions (POj) exist at the HA nanocrystal
surface. If self-organization had occurred from elec-
trostatic interactions between such ions and func-
tional groups (e.g., Cai vs. COO™ or POj vs. NH3),
their influence should be detectable with infrared
spectroscopy.

PCL/HA/Gel nanocomposite samples have non-
stoichiometric apatite compositions, because the
resonance frequencies are close to 1020 cm™, identi-
fied as PO; band in nonstoichiometric apatite
(Fig. 2b,d). We can observe CO35 band at 980 cm™,
indicating the incorporation of COj3 into both OH~
and POy in apatite lattice (Fig. 2b—d). The phosphate
band between 1000 and 1150 cm™ indicates that the

TABLE 1. Characterization of electrospun nanofiber membranes

PCL PCL/HA PCL/Gel PCL/HA/Gel
Contact angle (degrees) 125.84 128.94 0 0
Average fiber diameter (nm) 632 + 147 807 = 161 856 + 157 411 = 158
Pore size (um) 5-20 6-22 6-32 7-35
Porosity (%) 76 92 89 93

TABLE 2. Tensile properties of electrospun nanofiber membranes

Nanofibrous Tensile strength  Elastic modulus  Elongation at break  Tensile strain
membrane (MPa) (MPa) (mm/mm) (%)
PCL 2.70 4.96 1.26 104
PCL/HA 1.25 3.9 0.85 82
PCL/Gel 1.27 28.7 1.37 136
PCL/HA/Gel 12 7.4 1.43 142

Artif Organs, Vol. 32, No. 5, 2008
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FIG. 2. FT-IR spectroscopic analysis of (a) PCL, (b) PCL/HA, (c) PCL/Gel, and (d) PCL/HA/Gel nanofibers.

FIG. 3. FESEM micrographs showing migration of hFOB inside the nanofibrous scaffold after 4 days of culture in (d) and (e). (a)
TCP/osteoblasts, (b) PCL/osteoblasts, (c) PCL/HA/osteoblasts, (d) PCL/Gel/osteoblasts, and (e) PCL/HA/Gel/osteoblasts.
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organic-inorganic interaction between HA crystals
and Gel macromolecules had induced a nonstoichio-
metric apatite composition (4).This composite nanofi-
ber contains an amino group, a phosphate group, and
carboxyl groups for inducing proliferation and miner-
alization of osteoblasts for bone regeneration.

Composite nanofibrous scaffold and osteoblasts
for mineralization

The composite nanofibers showed improved bio-
logical properties in terms of human osteoblast cell
response compared to PCL nanofibers. Figure 3d,e
showed cellular ingrowth after 4 days of osteoblasts
cultured on biocomposite nanofibrous scaffolds.
While loosely interlaced fibrous structure and the
weak nanoscale fibers can provide the least obstruc-
tion and matched mechanical properties for cell
movements, it seems that the presence of appropriate
molecular signals on nanofiber surface can also guide
or attract the living cells to enter into the matrix
through their amoeboid movement. The FESEM
micrographs of osteoblasts cultured on PCL/HA/Gel
composite nanofibrous scaffolds for 6 days showed
that the cells spread actively on fibrous mesh and
penetrate inside the scaffolds (Fig. 4d,e) instead of

just attaching on the surfaces exhibited on the PCL
nanofibrous scaffolds (Fig. 4b). The cell proliferation
was quantified by MTS assay showing significantly
(P <0.001) higher cell proliferation (day 6) in PCL/
HA/Gel composite nanofibers compared to PCL,
PCL/HA, and PCL/Gel nanofibrous scaffolds (Fig.
5). The proliferation was significantly increased up to
88% compared to PCL nanofibers. Blending of Gel
with PCL provides good hydrophilicity and cellular
affinity with consistent release of Gel protein mol-
ecule from PCL/HA/Gel composite nanofibrous
scaffolds, and HA initiating the mineralization of
osteoblast cells. The cell adhesion and proliferation
were also increased due to fiber size as well as varia-
tion in chemistry and properties of the nanofibrous
scaffolds by the addition of Gel and HA. Zhang et al.
studied Gel/PCL nanofibrous scaffolds; the Gel can
be continuously released (leached out) over a time
scale of more than 2 weeks in PBS solution at 37°C.
The leaching kinetics can be governed by a progres-
sive dissolution and diffuse mass transfer similar
to that of an erosion process. These biocomposite
porous nanofibers gradually leached out of the water-
soluble Gel from Gel/PCL fibers (28). Moreover, the
nanoscale HA crystals can improve the initial attach-

FIG. 4. FESEM micrographs of hFOB interaction with nanofibrous scaffold after 6 days of culture. (a) TCP/osteoblasts, (b) PCL/
osteoblasts, (c) PCL/HA/osteoblasts, (d) PCL/Gel/osteoblasts, and (e) PCL/HA/Gel/osteoblasts.
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ment of cells (29,30). The initial cell attachment was
primarily affected by the binding of adhesion mol-
ecules and their subsequent mediation between cells
and material surface; increased cell adhesion on
nanocomposites might also be related to the involve-
ment of adhesion proteins, such as fibronectin and
vitronectin existing abundantly in serum (31,32). In
tissue engineering, any degradable scaffold is meant
to serve as a provisional matrix, that is, promoting cell
adhesion, migration, and proliferation until the cell
secretes and deposits its own ECM. In this context,
our PCL/HA/Gel composite nanofibrous scaffold
contains Gel, rather than Col for bone tissue forma-
tion (33).

The bone-forming potential of osteoblast cells was
further analyzed by their expression of ALP activity,
because ALP is an important phenotype for bone-
forming cells (33). The present results noted that the

30 5 pFCL

L]

Days

FIG. 6. ALP activity of osteoblasts culturing on PCL, PCL/HA,
PCL/Gel, PCL/HA/Gel nanofibrous scaffolds, and control (n = 6).
Bar represents means =+ standard deviation. Asterisks (t-test,
and a and b represent one-way analysis of variance) indicate
significant difference in the measurement when compared to
PCL nanofibrous scaffold (*P < 0.001; a, P < 0.001; b, P < 0.05).

FIG. 5. The hFOB proliferation on PCL,
PCL/HA, PCL/Gel, PCL/HA/Gel nanofi-
brous scaffolds, and control (n=6). Bar
represents means = standard deviation.
Asterisks (ttest, and a and b represent
one-way analysis of variance) indicate sig-
nificant difference in the measurement
when compared to PCL nanofibrous scaf-
fold (*P < 0.001; a, P< 0.001; b, P< 0.05).

ALP activity of cells at day 10 was significantly
(P<0.001) increased up to 77% in PCL/HA/Gel
nanocomposites than PCL nanofibers (Fig. 6), con-
firming the crucial role of HA bio-ceramic component
in the stimulation of bone cell response, and thus, its
significance in bone regeneration. Furthermore, ALP
appears to have a crucial role in the initiation of matrix
mineralization, and expression of this enzyme is own-
regulated after mineralization starts (34,35). Calcifi-
cation occurs at nucleation sites known as matrix
vesicles present in the lacunae of mineralizing carti-
lage. They are believed to accumulate Ca?* and inor-
ganic phosphate, which serves as a nucleating agent
for the formation of HA, the main inorganic compo-
nent of the bone. Figure 7 showed that the mineraliza-
tion of osteoblasts significantly (P < 0.001) increased
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FIG. 7. ARS staining of mineral deposition in hFOB in (a) PCL,
(b) PCL/HA, (c) PCL/Gel, (d) PCL/HA/Gel nanofibrous scaffolds,
and control (n = 6). Bar represents means = standard deviation.
Asterisks (t-test, and a and b represent one-way analysis of
variance) indicate significant difference in the measurement
when compared to PCL nanofibrous scaffold (*P < 0.001; a,
P <0.001; b, P<0.05).
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FIG. 8. ARS staining for calcium mineralization in hFOB on (a) PCL, (b) PCL/HA, (c) PCL/Gel, (d) PCL/HA/Gel nanofibrous scaffolds, and
(e) TCP after 10 days of osteoblast cell culture.

in composite nanofibrous scaffold (PCL/HA/Gel)
compared to the other three nanofibrous scaffolds,
and the mineral particles are stained with ARS dye
(Fig. 8). The mineral deposition by cultured osteo-
blasts was significantly higher on composite nanofi-
brous scaffolds than PCL nanofibrous scaffolds during
10 days of culture period (Fig.8). In PCL/HA/Gel
composite nanofibrous scaffolds without HA and Gel,
mineral deposition was significantly lower up to 66%
than in PCL nanofibrous scaffolds. Based on these in
vitro results, PCL/HA/Gel composite nanofibrous
scaffold developed in this study is considered to
recruit favorable adhesion and growth of osteoblasts,
as well as to stimulate them for mineralization to
exhibit functional activity of osteoblasts for the regen-
eration of bone.

CONCLUSION

The electrospun PCL/HA/Gel composite nanofi-
brous scaffold proved to have significantly improved
osteoblast responses when compared to those of
other nanofibrous scaffolds. The interconnecting
porous structure of composite nanofibrous scaffold
provided large surface area for cell attachment and
proliferation. Osteoblasts cultured on composite
nanofibrous scaffold showed higher proliferation rate
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and a moderate increase in ALP activity and miner-
alization through the activation of HA and forming
multilayer of cells inside and on the surface of the
composite nanofibrous scaffolds. The tensile property
of composite nanofibrous scaffold was highly flexible
and allows penetrating osteoblasts inside the scaffold
for proliferation and increased mineralization. Based
on these studies, electrospun PCL/HA/Gel compos-
ite nanofibrous scaffold is considered as a promising
material for bone tissue regeneration.
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