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Abstract Regeneration of fractured or diseased bones is
the challenge faced by current technologies in tissue
engineering. The major solid components of human bone
consist of collagen and hydroxyapatite. Collagen (Col) and
hydroxyapatite (HA) have potential in mimicking natural
extracellular matrix and replacing diseased skeletal bones.
More attention has been focused on HA because of its
crystallographic structure similar to inorganic compound
found in natural bone and extensively investigated due to
its excellent biocompatibility, bioactivity and osteocon-
ductivity properties. In the present study, electrospun
nanofibrous scaffolds are fabricated with collagen (80 mg/
ml) and Col/HA (1:1). The diameter of the collagen
nanofibers is around 265 + 0.64 nm and Col/HA nanofi-
bers are 293 + 1.45 nm. The crystalline HA (29 + 7.5 nm)
loaded into the collagen nanofibers are embedded within
nanofibrous matrix of the scaffolds. Osteoblasts cultured on
both scaffolds and show insignificant level of proliferation
but mineralization was significantly (p < 0.001) increased
to 56% in Col/HA nanofibrous scaffolds compared to
collagen. Energy dispersive X-ray analysis (EDX) spec-
troscopy results proved the presence of higher level of
calcium and phosphorous in Col/HA nanocomposites than
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collagen nanofibrous scaffolds grown osteoblasts. The
results of the present study suggested that the designed
electrospun nanofibrous scaffold (Col/HA) have potential
biomaterial for bone tissue engineering.

1 Introduction

The shortcomings of autografting and allografting;
increasing demand of organs and tissues has inspired the
scientists for the development of tissue engineering which
aims to produce biological substitutes that may overcome
the limitations of conventional clinical treatments for
damaged tissues or organs [1]. The ideal scaffold should be
biocompatible, bioactive, biodegradable, highly porous
with a large surface area to volume ratio, mechanically
strong and capable of being formed into desired shapes [2].
For bone tissue reconstruction, scaffolds must meet some
specific requirements such as high porosity and adequate
pore size to facilitate cell seeding and diffusion throughout
the whole structure of both cells and nutrients [3]. Biode-
gradability is essential since the scaffolds need to be
absorbed by the surrounding tissues without the necessity
of a surgical removal. The rate at which degradation occurs
has to coincide as much as possible with the rate of tissue
formation; while cells are fabricating their own natural
matrix structure around themselves, the scaffold is able to
provide structural integrity within the body and eventually
it will break down leaving the neotissue [4—6] which will
take over the mechanical load [7].

An ideal biomaterial for bone tissue engineering would
administer the appropriate signals to direct the process of
osteogenesis, such as cell attachment, proliferation, dif-
ferentiation and mineralization of extracellular matrix [8].
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It is also based on the idea of a suitable implant material
with seeding patients own cells during in vitro culture and
prior to transplantation into the defect site, will form a bone
tissue [9-11]. Bone tissue contains high levels of type I
collagen and several non-collagenous proteins (such as
osteopontin, bone sialoprotein and osteocalcin) that dis-
tinguish it from other types of tissues [12, 13]. The size of
bone mineral is around 50 nm in length, 25 nm in width,
and 2-5 nm in thickness [14-16]. These crystals are ori-
ented with their long crystallographic c-axis parallel to
each other and aligned with collagen tropocollagen mole-
cules [17, 18]. Collagen is easily degraded and resorbed by
the body and allows good attachment to cells. However, its
mechanical properties are relatively low (E ~ 100 MPa) in
comparison to bone (E ~ 2-5 GPa [19] and it is therefore
highly crosslinked or found in composites, such as colla-
gen-glycosaminoglycans for skin regeneration [20] or Col/
HA for bone remodeling [21]. Collagen (Col) and
hydroxyapatite (HA) devices significantly inhibited the
growth of bacterial pathogens, the frequent cause of pros-
thesis-related infection, compared to PLGA devices [22].
Skeletal bones comprise mainly of collagen (predomi-
nantly type I) and carbonate substituted HA, both
osteoconductive components. Thus an implant manufac-
tured from such components is likely to behave similarly,
and to be of more use than a monolithic device. Indeed, both
type I collagen and HA were found to enhance osteoblast
differentiation [23] but combined together, they were
shown to accelerate osteogenesis. A composite matrix when
embedded with human osteoblastic cells showed better
osteoconductive properties compared to monolithic HA and
produced calcification of identical bone matrix [24, 25].
More interest has been focused to HA because of its crys-
tallographic structure similar to inorganic component found
in natural bone. It has been extensively investigated due to
its excellent biocompatibility, bioactivity and osteocon-
ductivity [26, 27]. In addition, Col-HA composites proved
to be biocompatible both in humans and in animals [28, 29].
Kikuchi et al. fabricated artificial bone material having
bone like nanostructure and chemical composition, a com-
posite composed of HA and collagen was synthesized under
biomimetic condition through self organization mechanism
between HA and collagen [21, 30]. The Col-HA composite
fabricated and demonstrated bone like orientation that
c-axis of HA nanocrystals were regularly aligned along
collagen fibrils [21, 31]. Stable osteoblast cell adhesion is
largely mediated by integrins, heterodimeric receptors that
interact with extracellular matrix (ECM) proteins, such as
fibronectin, vitronectin, fibrinogen and collagen and allows
the cell to respond to its extracellular environment as well
as to modulate cellular events that regulate remodeling of
bone [32, 33]. The aim of this work is to examine the initial
response of human osteoblasts to Col/HA nanofibrous
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scaffold containing functional groups and mineralization
potential to fulfill the criteria of an ideal scaffold for bone
tissue engineering.

2 Materials and methods
2.1 Materials

Human fetal osteoblast cells (WFOB) were obtained from
the American Type Culture Collection (ATCC, Arlington,
VA). Dulbecco’s Modified Eagle Medium/Nutrient Mix-
ture F-12 (HAM), fetal bovine serum (FBS), antibiotics and
trypsin-EDTA were purchased from GIBCO Invitrogen,
USA. CellTiter 96 AQeous One solution was purchased
from Promega, Madison, WI, USA. Alizarin Red-S and
cetylpyridinium chloride purchased from Sigma, St. Louis,
MO. Crystalline hydroxyapatite (29 + 5 nm) was gener-
ously provided by the Department of Metallurgical and
Materials Engineering, Indian Institute of Technology,
Chennai, India.

2.2 Fabrication of Col/HA nanofibers and
characterization

Collagen type I (80 mg/ml) was dissolved in 1,1,1,3,3,3-
hexafluoro propanol (HFP) under stirring conditions over-
night. Col/HA was used 1:1 ratio and dissolved in HFP and
stirred for 2 days. The Col/HA nanofibers were fabricated
by an electrospinning process, 1.5 ml/h employing an
applied voltage of 13 kV using a high voltage power
supply (Gamma High Voltage Research, USA). The
ground collection plate of aluminum foil was located
around 13 cm from the needle tip. A positively charged jet
was formed from the Taylor cone and nanofibers were
sprayed onto the grounded aluminum foil target. The
ambient condition of the spinning apparatus was controlled
to be 23 °C and 60% humidity. Cover slips of different
sizes were spread on the aluminum foil target to collect
nanofibers to investigate biocompatibility by culturing cells
as well as to observe the structure and properties of the
nanofibers.

These nanofibers were dried under vacuum at room
temperature overnight. Electrospun nanofibers were
sputter coated with gold (JEOL JFC-1600 Auto Fine
Coater, Japan) and visualized by scanning -electron
microscopy (FEI—OUANTA 200 F, Czech Republic) at
an accelerating voltage of 10 kV for characterization.
Chemical analysis of Col/HA nanofiber scaffolds were
analyzed by Fourier transform infrared (FT-IR) spec-
troscopy (ThermoNicolet, Avatar 380, USA) over a range
between 4,000 and 400 cm™ at 2cm™' resolution
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averaging 100 scans. The crystallite size of HA and
morphology were analyzed in a transmission electron
microscope (TEM) operated at 120 KeV (JEOL JSM-
5600, Japan). TEM specimens were prepared by depos-
iting few drops of HA dispersed in acetone on carbon
coated copper grid.

2.3 Human fetal osteoblast cell culture

Human fetal osteoblast cells were cultured in DMEM/F12
medium (1:1) containing 10% FBS in 75 cm? flasks. The
osteoblast cultures was maintained at 37 °C in a humidified
CO, incubator for 6 days and fed every three days and
hFOB were harvested from 3rd passage cultures by trypsin
EDTA treatment and replated. Populations of cell lines
used in this study were between passage 3 and 4.

2.4 MTS assay for hFOB cells proliferation

Human fetal osteoblast cells were seeded (2 X 104cells/cm2)
on collagen, Col/HA nanofibrous scaffolds on 24 well plates.
Cell proliferation was monitored after 2, 4 and 6 days
by MTS assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt). In order to monitor cell adhesion and proliferation on
different substrates, the number of cells was determined by
using the colorimetric MTS assay (CellTiter 96™ AQueous
Assay). The mechanism behind this assay is that, metaboli-
cally active cells react with a 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 fol-
lowed by incubation with 20% MTS reagent in serum free
medium for 3 h. Thereafter, aliquots were pipetted into 96
well plates and the samples read in a spectrophotometric
plate reader at 490 nm (FLUOstar OPTIMA, BMG Lab
Technologies, Germany).

2.5 Processing of hFOB cells for FESEM

Field emission scanning electron microscope (FESEM)
was used to monitor cell attachment, morphology and
mineral secretion by osteoblasts. hFOB were seeded
(2 x 10*cells/cm®) on collagen and Col/HA nanofibrous
scaffolds on 24 well plates. After 6 days of the experiment
hFOB grown on scaffolds were washed with PBS to
remove non-adherent cells and then fixed in 3% glutaral-
dehyde for 3 h at room temperature, dehydrated through a
series of graded alcohol solutions and finally dried in
hexamethyldisilazane (HMDS, Sigma) overnight. Dried
cellular constructs were sputter coated with gold and

observed under FESEM at an accelerating voltage of
10 kV.

2.6 Energy dispersive X-ray analysis

Surface morphology of materials was studied by using
scanning electron microscopy (JEOL-JSM-5500, Ger-
many) at an accelerating voltage of 20 kV and the
specimens were coated with gold in an automatic sputter
coater. Representative areas of the nanofibrous scaffold
surface were observed at the magnification of X200 and
occasionally at higher magnification. Energy dispersive
X-ray analysis (EDX) was carried out by using JEOL-EX-
23000 BU (Germany) analyzer. The electron beam was
used to scan small areas to obtain compositional infor-
mation from well defined regions of the nanofibrous
scaffolds.

2.7 Morphology of human fetal osteoblast cells

Human fetal osteoblasts cultured (2 x 10%cells/cm?) in
collagen and Col/HA nanofibrous scaffolds, after 6 days
cultures were washed in PBS and stained with a fluorescent
molecule, 5-chloromethyl fluorescein diacetate (CMFDA,
CellTracker green, Promega USA). Labeling of the cells
was performed as described by the manufacturer. The cells
were incubated with the dye at a concentration of 5 or
25 uM. After 60 min of incubation at 37 °C, the CMFDA
dye was discarded and the cells were washed with PBS and
culture medium added, supplemented with 10% FBS, with
the mixture then incubated at 37 °C for an additional 24 h
to complete the labeling process. The cells were washed
twice with PBS and mounted in the mounting medium.
hFOB morphology was observed by Laser Scanning Con-
focal Microscopy (Leica Microsystems Heidelberg GmbH,
Leica TCS SP2, Germany).

2.8 Mineralization of hFOB

Alizarin Red-S (ARS) is a dye which binds selectively
calcium salts and widely used for calcium mineral histo-
chemistry. ARS staining was used to detect and quantify
mineralization [34]. 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, the constructs were observed under optical micro-
scope and the stain was desorbed with the use of 10%
cetylpyridinium chloride for 1 h. The dye was collected
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and absorbance read at 540 nm in spectrophotometer
(Thermo Spectronic).

2.9 Statistical analysis

Experiments were run in the triplicate and repeated at three
different times per sample. Differences between two
groups were determined by Student r-test with values of
p < 0.05 considered statistically significant.

3 Results

Electrospun nanofibers of collagen and Col/HA were
observed and showed interconnected porous structure in
Fig. 1 and the fiber diameters are in the range of
265 + 0.64 and 293 + 1.45 nm respectively. The crystal-
line HA (29 = 7.5 nm) was loaded into the collagen
nanofibers and these HA (Fig. 2) were embedded within
the nanofibrous matrix of the scaffolds (Fig. 1b). FT-IR
spectra showed the typical bands in collagen and Col/HA
nanofibers such as N-H stretching at 3,310 cm™! for amide
A, C-H stretching at 3,068 cm™! for amide B, C=0
stretching at 1,600-1,700 cm™! for amide I, N-H defor-
mation at 1,500-1,550 cm™ for amide II and N-H
deformation at 1,200-1,300 cm™' for amide III band
(Fig. 3b). Normally, the amide I band is strong, the amide
II band is weak and the amide III band is moderate. The
amide I, II, and III band regions of the spectrum are
directly related to polypeptide conformation.

Data of the conveniently mixed nanocomposite of 50%
HA is compared and that of the pure collagen is presented
as a reference in Fig. 3a. Along with the amide bands
derived from collagen (~ 1,650, 1,550 and 1,250 cm_l),
the Col/HA nanocomposite retained additional P-O bands,
characterizing poorly crystallized apatite structure. The
Col/HA nanocomposite have nonstoichiometric apatite
compositions, because the resonance frequencies are close
to 1,020 cm™, identified as PO, band nonstochiometric
apatite. We can observe CO; band at 980 cm™', indicating

Fig. 1 FESEM images of
electrospun (a) Collagen, (b)
Collagen/hydroxyapatite
nanofibers
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Fig. 2 TEM image of nHA (29 + 7.5 nm)

the apatite lattice (Fig. 3b). The phosphate band between
1,000 cm™ and 1,150 cm™ indicates the organic-inorganic
interaction between crystals and collagen macromolecules
had induced nonstochiometric apatite composition.

The nanocomposites contain amino groups, carboxyl
groups and apatite to mimic the natural ECM for hFOB
cells to attach, proliferate and migrate inside the nanofi-
brous scaffolds (Fig. 1b). The cells grew favorably on both
nanofibrous scaffolds and the proliferation rate did not
increase significantly in collagen compared to Col/HA
nanofibrous scaffolds (Fig. 4), the morphology is similar in
both nanofibrous scaffolds (Figs. 5, 6). The heterodimeric
transmembrane glycoprotein such as integrins present on
the cell surface carry negative charges, and the nanofibrous
collagen scaffold is positively charged. This opposite
polarity would probably accelerate the quick attachment of
osteoblasts onto collagen and Col/HA nanofibrous scaf-
folds, which is a native extracellular matrix protein.
Collagen supports the adhesion and proliferation of cells,
HA acts as a chelating agent for the mineralization of
osteoblasts for bone tissue regeneration.

HA supports the effective affinity for regulating cell
function and promoting osteogenesis and mineralization of
bone. Cells formed in multilayers and able to observe the
mineral particles on the surface of hFOB cells (Fig. 5).
Mineralization was significantly (p < 0.001) increased to

- "\ - «]‘
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Fig. 3 Fourier transform

infrared (FT-IR) spectroscopic
analysis of (a) Collagen, (b)
Col/HA
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Fig. 4 The hFOB proliferation on collagen and Col/HA nanofibrous
scaffolds (n = 6). Bar represent means + SD

56% in Col/HA nanocomposite nanofibrous scaffolds
compared to collagen (Fig. 7). The ARS staining also
proved increased mineralization after 10 days of osteoblast
culture on Col/HA nanofibrous scaffolds (Fig. 8b). EDX
spectroscopy results proved the presence of higher level of
calcium and phosphorous in Col/HA nanocomposites than
collagen nanofibrous scaffolds grown osteoblast cells
(Fig. 9). As shown in Fig. 9b peaks of Ca and P were
observed as nodules in specific area of osteoblasts on
nanofibrous scaffolds.

Fig. 5 FESEM micrographs of
hFOB interaction with
nanofibrous scaffold after

6 days of culture. (a) Collagen/
osteoblasts, (b) Col/HA/
osteoblasts

nanofibrous scaffolds and started to fill the spaces after
6 days of culture (Figs. 4, 5). Integrins play a major role in
cell attachment and also determine how the cells interpret
biochemical signals from their surrounding environment.
The «l1f1 and o2f1 integrins are the major collagen
binding integrins, with «2f1 having higher affinity for
fibrillar type I collagen, a major protein constituent of
bone. The ¢2f1 integrin interaction with type I collagen is
crucial signal for the induction of osteoblast differentiation
and matrix mineralization [36, 37].

The present study demonstrates the cultured osteoblasts
rapidly form an apatite-like, calcium phosphate mineral
associated with the cells and their surrounding ECM. The
osteoblasts support collagen matrix synthesis and bone
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Fig. 6 Morphology of hFOB on
nanofibrous scaffolds (CMFDA
dye: x10): (a) Collagen,

(b) Col/HA

O Collagen
B ColHA

Absorbance Index

0 T

Days

Fig. 7 Alizarin Red-S staining for mineral deposition in hFOB (a)
Collagen, (b) Col/HA nanofibrous scaffolds (*p < 0.001)

nodule formation on the surface of cells with the activation
of HA (Fig. 5). A subsequent period of matrix maturation,
collagen synthesis and alkaline phosphatase expressions
are elevated and ECM organized in the form of minerals
for bone regeneration (Figs. 7, 8). The literature review
suggests that the “bone bonding” ability of calcium
phosphate ceramics occurs by partial dissolution of cera-
mic, resulting in elevated concentration of calcium (Ca®)
and phosphate (PO?[) ions within the local environment.
Investigations have suggested that there is a threshold
concentration of calcium ions, required to stimulate the
subsequent activity of osteoblasts [38, 39]. The HA/Col
composite, designed to simulate bone tissue, is produced
using atelocollagen to reduce antigenicity by condensing

Fig. 8 Alizarin Red-S staining
for calcium mineralization in
hFOB (a) Collagen, (b) Col/HA
nanofibrous scaffolds after

10 days of culture
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Ca(OH),/H3;PO, suspension [40, 41]. The amount of col-

lagen greatly influenced the nucleation and the
development of HA crystalline. The HA/Col composites
showed chemical interaction between HA and collagen
templates, the COO-, C=0, or -NH, groups may espe-
cially active site for the coordination of calcium ions to
form ion complexes as the active sites of nucleation, for-
mation of nuclei of HA is controlled by these special
groups. Therefore, the density of charged collagen tem-
plates, intensity of interaction between calcium and COO-,
C=0, amino groups or between amino groups and PO;~
and accessibility of Ca®* and PO;~ to collagen network
films play very important role in the formation of HA
(Fig. 3b). One can control the size of HA through changing
the ratio of collagen and Ca2+, POZ‘ to imitate the structure
of natural bone.

Calcification occurred at the nucleation site of matrix
vesicles present in the lacunae of mineralizing bone. They
are believed to accumulate Ca** and inorganic phosphate,
which served as a nucleating agent for the formation of
HA, the main organic component of bone (Fig. 5b). In the
case of metabolic (cell-mediated) calcification, deposition
of salts has to be preceded by the formation of an inorganic
extracellular compartment [42]. To be representative
for bone formation, mineralization must be osteoblast
mediated: a collagen type I containing extracellular com-
partment has to be formed, on which, via extrusion of
membrane-bound vesicles loaded with crystals, minerali-
zation was formed on the surface of cells. EDX results
indicated that the cells are able to attach and grow on
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Fig. 9 EDX analysis for the detection of mineralization after 6 days
of hFOB culture (a) Collagen nanofibrous scaffold, (b) EDX detected
significantly higher levels of phosphorus and calcium in Col/HA
nanofibrous scaffolds

collagen nanofibrous scaffolds in the presence of HA to
form mineralized tissue, which primarily consists of cal-
cium and phosphorous deposits (Fig. 9b). These results
were further supported by qualitative and quantitative
analysis of ARS-calcium expression, with the highest cal-
cium concentration measured on Col/HA nanofibrous
scaffolds (Figs. 7, 8).

Morphological evidence demonstrated large number of
extracellular mineral deposits on the basal surface of cells
that contained crystalline structures associated with a
fibrous organic matrix; relatively lot of mineral deposits
were detected on the surface of osteoblast cells. Figure 7
showed mineralization of osteoblasts increased signifi-
cantly (p < 0.001) in composite nanofibrous scaffold (Col/
HA) compared to collagen and the mineral particles are
stained with ARS dye (Fig. 8). The mineral deposition in
cultured osteoblasts was significantly increased in

composite nanofibrous scaffolds than collagen nanofibrous
scaffolds during 10 days of culture period. In Col/HA
composite nanofibrous scaffolds without HA, mineral
deposition was significantly lower upto 56% than in col-
lagen nanofibrous scaffolds. Based on these results, the
Col/HA composite nanofibrous scaffold developed in this
study is considered as a potential biomaterial for the
adhesion and growth, as well as to stimulate them for
mineralization to exhibit functional activity of osteoblasts
for bone tissue engineering.

5 Conclusion

The interconnecting porous structure of the composite
nanofibrous scaffolds (Col/HA) provide more structural
space for the adhesion, accommodation, proliferation and
mineralization of osteoblasts and enable the efficient
exchange of nutrients and metabolic waste. Osteoblasts
cultured on composite nanofibrous scaffold showed normal
rate of proliferation, higher level of mineralization and
moderate increase in calcium and phosphorous activity
through the activation of HA and forming multilayer of
cells for the construction of natural bone tissue. Based on
these studies, electrospun Col/HA composite nanofibrous
scaffold hold great potential for the mineralization of
osteoblasts and considered as a promising biomaterial for
bone tissue regeneration.
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