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Abstract

In recent years, nanocomposite scaffolds made of bioactive polymers have found multiple applications
in bone tissue engineering. In this study composite nanofibrous structure of gelatin (Gel)/chitosan (Cs)-
polycaprolactone (PCL) containing hydroxyapatite (HA) were fabricated using co-electrospinning process.
To assay the biocompatibility and bioactivity of electrospun nanocomposite scaffolds, the behavior of human
osteosarcoma cells (MG63) on fabricated nanofibers was evaluated using scanning electron microscopy
(SEM), fluorescence microscopy analysis, measuring calcium deposits and MTT assay. The SEM micrographs
at days 3 and 7 showed high cell attachment and spreading on the nanofibrous scaffolds. The MTT results
demonstrated the proliferation of MG-63 cells during 10 days and the positive effect of nanofibers in
comparison of cell culture plate. Considering the proliferation rate and calcification extent, the Gel-Cs-
HA nanofibers reveal highest biocompatibility for osteoblast cells which could be attributed to the smaller

diameter fibers and more mechanical strength in the Gel-Cs-HA scaffold.
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INTRODUCTION

Bone tissue engineering, in recent years, has
provided new approaches for reconstruction and
improvement of the damaged hard tissues [1].

With advances in science and technology,
conventional methods such as autograft and
allograft being challenged due to limitations such
as bone resources shortage, invasion of removal
of host tissue, the risk of disease transmission,
stimulate the immune system and the possibility
of rejection of transplanted bone [2-3]. These
issues have led to the development of bone tissue
regeneration approaches such as bone tissue
engineering [4].

Bone tissue engineering aims to develop
scaffolds that mimic the extracellular matrix and
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provide mechanical support thereby aiding in the
repair of damaged bone [5-7].

In native tissues, the extracellular matrix is a
heterogeneous component of functional proteins
and signaling molecules arranged in a specific 3D
manner enriched with cellular components and
a variety of growth factors, ions, and water to
provide structural support to cells [8-9]. Scaffolds
mimic the extracellular matrix of the native tissue;
therefore, the design of the scaffold is one of the
most critical parts of the tissue engineering [10].

An ideal scaffold for bone tissue engineering
should be non-toxic, biocompatible and
has suitable mechanical strength. Its porosity
measurements provide possible growth of cells
within the scaffold [11-12].

Use of ceramic and polymer in combination
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is a prevalent approach to produce scaffolds for
bone tissue engineering because the natural bone
tissue is a combination of polymer and ceramic
nanocomposite [13-15]. Usually single material
cannot provide often all mechanical and chemical
desired properties simultaneously for a particular
application.Thus, the composite material can
be made to come together in one place the
advantages of both components [16-17].

Among various natural polymers, chitosan has
found applications in tissue engineering due to its
biocompatibility, bioactivity, antimicrobial activity,
biodegradability, nontoxicity and large-scale
availability [18-19].

In spite of its proper characteristics, pure
chitosan is mechanically weak and unstable
hence it is usually combined with other polymers
with biological activity, such as gelatin and
hydroxyapatite [20-22].

Hydroxyapatite as the major inorganic
component of human bone is a non-toxic
biomaterial and has excellent biocompatibility and
osteo-conductivity [23-26]. Thus, it can improve
bone regeneration and hence is considered as
suitable inorganic material for the construction
of composite scaffold used for bone tissue
engineering [27-29].

Poly-caprolactone (PCL) is a synthetic polymer and
has the properties such as stability, biocompatibility,
excellent mechanical properties and low cost [30].

Although the PCL fibers mimic the identity
of extracellular matrix in living tissues, its poor
hydrophobic property of PCL caused a reduction in
cells adhesion, migration and proliferation [31-32].

Therefore PCL is combined with natural
polymers for example gelatin for enhancing of
cellular responses [33].

Gelatin is a denatured form of collagen that
contains cell-recognition sites that improves cell
seeding and adhesion [34].

In the recent study, using different polymers
(Synthetic polymers, Natural polymers), various
electrospun nanofiber scaffolds were made for the
bone reconstruction.

Electrospinning is a simple technique to produce
nanofibrous scaffolds with controllable fiber
diameters. The fibrous structure from electrospinning
is similar to the natural Extracellular matrix and
nanofibers show high surface area-to-volume ratio
[35]. Co-electrospinning techniques, with two
spinnerets, have been used in previous applications.
Examples include applications designed to increase
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the porosity of scaffolds by co-electrospinning,
improved cell attachment and creating hollow
core-shell fibers [36]. We used a co-electrospinning
method to spin gelatine-chitosan and PCL onto
opposing needels while allowing overlap in the
middle in order to create a continuous scaffold
with varying ratio.

In this study, gelatin (Gel)-chitosan (Cs)/
polycaprolactone (PCL) composite nanofibrous
scaffolds containing hydroxyapatite (HA) were
fabricated using Co-electrospinning process and
the potential of the fabricated nanofibers for bone
tissue engineering were evaluated.

MATERIAL AND METHODS
Materials

Polycaprolactone (Aldrich, Mw=80,000),
Gelatin (type B from Sigma Aldrich) ,
Hydroxyapatite (Nanoshel), Chitosan (molecular
weight from Sigma  Aldrich), penicillin—
streptomycin,  ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT), Trypsin-
EDTA and Dimethyl sulfoxide (DMSO) were
procured from Sigma-Aldrich (St. Louis, MO, USA),
Dulbecco’s modified eagle’s medium (DMEM),
Fetal bovine serum (FBS), Dulbecco’s phosphate-
buffered saline (PBS) were procured from Gibco-
BRL (Grand Island, NY).

Preparation of scaffolds
Electrospinning of scaffolds

Chitosan solution 5% (w/v) and gelatin solution
15% (w/v) were prepared by dissolving them in
the co-solvent system of TFA and DCM (70:30).
The two solutions were agitated overnight at room
temperature to get homogeneous solutions with
ratio of 50/50 w/w (gelatin/chitosan). 12% (w/v)
PCL solution was prepared by dissolving the PCL
granules in the solvent system of formic acid/
acetic acid (9 : 1 (v/v)). Both solutions separately
were added hydroxyapatite (9/1 polymer/
hydroxyapatite (w/w)) and were mixed for 4
hours. To prepare Gel-Cs-HA scaffold, the solutions
were poured in a 5 mL syringe and subjected to
the electrospinning process using a horizontal
system with a cylindrical collector covered by
aluminium foil (Co881007 NYI, ANSTCO, lIran)
at room temperature. The Gelatin-Chitosan/
polycaprolactone nanocomposite was prepared
using co-spinning process of Gelatin-Chitosan and
Polycaprolactone solutions. The electrospinning
of Gelatin-Chitosan nanocomposite solution was
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carried out at 27 kV applied voltage and 0.5 ml/
hr flow rate. The distance between the needle tip
and collector was set at 100 mm.

The electrospinning of PCL nanocomposite
solution was carried out at 25 kV applied voltage
and 1 ml/hr flow rate. The distance between the
needle tip and collector was set at 125 mm [37].

To investigate the influence of PCL and Gelatin-
Chitosan nanofibers ratio on nanocomposite
nanofibrous scaffolds biological property, three
different samples were prepared using co-
electrospinning process with two and three
needles.

To prepare the first sample, PCL and Gelatin-
Chitosan each from one nozzle (GCPHA-11), for
the second sample, PCL from two nozzles and
Gelatin-Chitosan from one nozzle (GCPHA-12)
and for the third sample, PCL from one nozzle and
Gelatin-Chitosan from two nozzles were ejected.
(GCPHA-21).

Glutaraldehyde vapor crosslinking

The cross-linking process was carried out by
placing the scaffolds into a desiccator containing 10
ml of 25% glutaraldehyde (GTA) solution in a petri
dish. Nanofibers were crosslinked in the GTA vapor
for 1 day at room temperature. After crosslinking,
scaffolds were exposed in the vacuum oven for 4
hours at room temperature to remove residual
GTA and partially enhance the crosslinking.

Morphologies of fibers

The morphology and diameters of electrospun
composite nanofibers were investigated using
scanning electron microscopy (SEM, VEGA,
TESCAN, Czech) after gold sputter coating. The
average fiber diameter (AFD) data is collected from
at least 50 fibers using image analysis software
(Image J 1.42q, National Institute of Health, USA).

Cell culture

Cell culture studies were done with human
osteosarcoma cell line (MG-63), procured from
Pasteur institute of Iran. DMEM completed with
10% (v/v) fetal bovine serum was used to hold the
MG-63 cells at 37° C in a humidified atmosphere
of 5% CO,. Before seeding of cells, scaffolds
were sterilized by 70% ethanol for 4 hours. After
removal of scaffolding from ethanol, scaffolds
were washing three times, each time for 30
minutes in PBS solution and were shaken gently.
100 pL of cell suspension was seeded over the
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scaffolds at a seeding density of 1x10* cells/well/
scaffold in 24-well plate and cell-seeded scaffolds
were kept at 37° C in a humidified atmosphere
of 5% CO, for 2 h. The medium was superseding
every 48 h. After that, 1000 pL media was added
to cover the scaffold surface. The medium was
superseded every 48 h.

MTT assay

The cell proliferation of all different scaffolds
including Gel-Chi/HA, Gel-Chi/PCL (1 : 1)-HA,
Gel-Chi/PCL(1:2)-HA and Gel-Chi/PCL (2 : 1)-HA
were studied by ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), for different
time points (1, 2, 3, 7 and 10 days). MG-63 cells
(1x10* cells/well) were seeded on the scaffolds in
24-well plate. 145 pL of MTT (5 mg/mL) was added
at a particular time point and incubated for 4 h at
37°C, 600 pL DMSO (Sigma-Aldrich) was added to
solve the formazon crystal. The absorbance of this
solution was measured at 490 and 630 nm (Dual
form) using a plate reader (Bio Tek ELX 800).

Cell morphologies

To study the cell adhesion and to confirm the
presence of cells on scaffolds, MG-63 cells (1x104
cells/well) were seeded on sterile scaffold for 3
and 7 days. For the SEM analysis at the end of a
specific time point, cell-scaffold constructs were
washed twice with PBS then was placed in 2.5%
glutaraldehyde (Merck) overnight at 4° C. Before
SEM, samples were dehydrated with graded
ethanol from 30% to 100% (30%, 50%, 70%,
80%, 90%, 96% and 100%) then dried overnight,
coated with gold and observed under SEM at an
accelerating voltage of 20 kV.

DAPI staining

For fluorescence microscopy, on scaffolds, MG-
63 cells (1x104 cells/well) were seeded on the
sterile scaffold for 1, 2, 3, 7 and 10 days.

cell-scaffold constructs were washed twice
with PBS, fixed with 4% paraformaldehyde
(Sigma-Aldrich) solution (in PBS) for 10 min at
room temperature and again washed twice with
PBS, added 0.1 % Triton solution (in PBS) for 5
min then washed twice with PBS, to stain the
nuclei added 4'-6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) for 5 min. again washed
twice with PBS and images were taken using a
fluorescent microscope(Olympus Fluoview, FV500,
Tokyo,Japan).
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Calcium deposits measurement

To evaluate osteo-stimulatory effect of
scaffolds, calcium deposits assay was carried
out. The calcium deposition of MG63 cells on
scaffolds was measured at days 3, 7 and 10 days.
At different time points, the medium was removed
from the well and cell-scaffold constructs were
washed twice with PBS. To extract cells from
the scaffold, cell scaffold constructs placed into
microtubes and 500 ml of 0.6 N HCL added to
each microtube. Then the samples were spin
and vortex, microtubes (Containing cell-scaffold
constructs) shake for 45 minutes and amount
calcium deposits was measured using a calcium
kit(Pars Azmoon, Iran). The absorbance was
measured via spectrophotometer at 570 nm.

Statistical analysis

Quantitative data were gathered in triple (n=3).
Statistical analysis was performed using software
SPSS version 20, ANOVA analysis and p values of
less than 0.05 were considered significant.

RESULTS AND DISCUSSION
SEM analysis

The structure of gelatin/chitosan and PCL
nanofibrous composite scaffolds with appropriate
properties were prepared by electrospinning
technique. Scaffolds with four different gelatin/
chitosan blend ratio of 100/0, 70/30, 60/40

-

SEM MAG:10.00KX f : ~DET:SE
SENV HV:20.00KV. .~ WD:137640 mm

SEM MAG:10.00-KX- DET:SE

SEM HV:20.00KV. WD:137640 mm

and 50/50 were fabricated and the influence of
chitosan ratio on chemical, physical and biological
properties of the scaffolds was investigated. Fig.
1 shows the SEM micrographs of the electrospun
Gel/Cs-PCL-HA scaffolds with different ratio.

The morphology of electrospun scaffolds was
studied under a scanning electron microscope
(Fig.1A-D). The surface of all scaffolds was uniform
and scaffolds were Beadless. Average fiber diameter
(AFD) was measured using SEM micrographs and
Image J software. The AFD results, shown in Table 1.
Comparison of different scaffolds showed that the
average diameter of the Gel-Cs-HA nanocomposite
was lower than other scaffolds.

To study the cell adhesion behavior on
scaffolds, SEM images were taken of cell-scaffold
constructs after 3 and 7 days of culture time. The
SEM micrograph (Fig. 2A-H) showed that MG-63
cells have appropriate adhesion and proliferation
on the surface of the scaffolds. The proliferation
and spread of the cells on the scaffolds at day 7
compared with day 3 was more, which was also
confirmed in MTT assay.

Table 1. The average fiber diameter in different scaffolds.

Scaffold types Average fiber diameter (nm)
Gel-Cs/PCL (1 : 1)-HA 237
Gel-Cs/PCL (1 : 2)-HA 220
Gel-Cs/PCL (2 : 1)-HA 257

Gel-Cs-HA 200

by DET:SE
SUM_ . "wp'1866.00 mm

SI.EM MAG:10.00 KX~
SEM HV:20.00KV.

Fig. 1. SEM images of the morphology of scaffolds before cell culture. (A) Gel-Cs/PCL (1 : 1)-HA, (B) Gel-Cs/PCL (1 : 2)-HA, (C)
Gel-Cs/PCL (2 : 1)-HA, (D) Gel-Cs-HA.
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DAPI staining

Attachment of seeded cells on scaffolds was
verified using fluorescence microscopy. The
fluorescence microscopic images of attached
cells over the scaffolds are complementary with
the SEM results. The images confirmed intact cell
on all scaffolds to all days (Fig. 3 A-O). The nuclei
were well attached to the surface of scaffolds.
Compare days 3, 7 and 10 showed that, over time,
was increased spread cell. These results supported
MTT result, where the proliferation of cells at day
10 was more than the previous days. Increased

Fig. 2. Electron microscopy images of cells proliferation on scaffolds.

~T
SEM MAG:3.00 KX
SEM-HV:20.00KV/ DET:SE

cell spreading up to day 7 on PCL-Gel-HA scaffold
by Bellare, J. R et al. also was shown in fluorescent
microscope images [33].

MTT assay

The cell proliferation on different scaffolds
was quantitatively investigated by MTT assay
(Fig. 4). Equal numbers of cells were seeded on
all different scaffolds and were cultured for 1, 2,
3, 7 and 10 days. This test is based on conversion
of tetrazolium salt MTT by the mitochondrial
dehydrogenase enzyme of active cells which

SEMMAG:2.00 KX Ry 5 DET:SE
SEM HV:20.00KV.

WD:i6.4410 mm:

SEM-MAG:2.00 KX DET:SE

WD:16.8110 mm

WD:16.6420 mm

20pum

(A, B) Gel-Cs/PCL (1: 1)-HA, (C, D) Gel-Cs/PCL (1:2)-HA ,

(E, F) Gel-Cs/PCL (2 : 1)-HA, (G, H) Gel-Cs-HA, after 3 and 7 day of culture respectively.
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produces the purple formazan. Absorbance was
increased from day 1 to day 10 (Fig. 4F). Control
showed the lowest cell proliferation as compared
to all scaffolds in all days. At day 1 differences in
cell proliferation on Gel-Cs/PCL (1 : 1)-HA scaffold
was not significant as compared to the control
(P-value=0.496) and Gel-Cs/PCL (1 : 2)-HA scaffold
(P-value=0.111). No significant difference in cell
proliferation on Gel-Cs-HA with Gel-Cs/PCL (1 :
2)-HA (P-value=0.361) and Gel-Cs/PCL (2 : 1)-HA
(P-value=0.995) scaffolds was observed (Fig. 4A).
At day 2 no significant difference was observed
in cell proliferation among the scaffolds (p-value
> 0.242) (Fig. 4B). At the third day, the Gel-Chi-HA

scaffold has been proliferation more than other
scaffolds and the highly significant difference
was observed in comparison with other scaffolds
but There was no significant difference in cell
proliferation Gel-Cs-HA scaffold with scaffolds
Gel-Cs/PCL (2 : 1)-HA (P-value=0.155). Compare
scaffolds Gel-Cs/PCL (2 : 1)-HA with Gel-Cs/PCL (1
: 2)-HA (P-value=0.241) and Gel-Cs/PCL (1 : 1)-HA
(P-valu=0.081) showed no significant difference in
the cell proliferation. At this day all the scaffolds
except Gel-Cs/PCL (1 : 1) (P-value=0.114) were
significantly different with control (0 < P-value
< 0.037), (Fig. 4C). At day 7 Comparison of
proliferation in scaffolds, Gel-Cs / PCL (1 : 2) —

Fig. 3. Images of cell nuclei by fluorescence microscopy on the scaffolds.(A, E K) Control, (B, G, L) Gel-Cs/PCL (1: 1), (C, H, M)
Gel-Cs/PCL (1 : 2)-HA, (D, I, N) Gel-Cs/PCL (2 : 1)-HA, (E, ], O) Gel-Cs-HA after 3, 7 and 10 day of culture respectively. Nucleus
(blue) were stained with DAPI are shown. Magnification 400.
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HA, Gel-Cs /PCL (2 : 1)-HA (p-value=0.483) and
Gel-Cs-HA (p-value=1) was not significant. Cell
proliferation in scaffold Gel-Chi/PCL (1 : 1)-HA
was significantly lower than other scaffolds
(P-value=0), (Fig. 4D). At day 10 all scaffolds
showed a significant increase in cell proliferation
as compared to control (p-value=0), (Fig. 4E). Cell
proliferation on scaffolds Gel-Cs / PCL (1 : 2)-HA
and Gel-Cs / PCL (2 : 1)-HA was not significant
difference (p-value=0.224). Cell proliferation on
Gel-CS-HA scaffolds compared to scaffolds Gel-Cs/
PCL (1:1)-HA, Gel-Chi/PCL (1 : 2) -HA (p-value=0)
and Gel-CS / PCL (2 : 1)-HA (p-value=0.020) was a
significant difference.

Comparison of cell proliferation on each scaffold
at different days showed that the cell proliferation

difference was not significant at days 1 and 2 and
was significant between days 1 and 2 with days 3,
7 and 10 (Fig. 5A-D).

According to the results, Gel-Cs-HA
nanocomposite compared to other scaffolds
exhibited more absorbance which was indicative
better proliferation and adhesion which could be
attributed to the smaller diameter fibers and more
mechanical strength in the Gel-Cs-HA scaffold.
Because smaller size creates the larger surface and
promotes cell adhesion and proliferation.

Calcium deposits measurement

Osteo-stimulatory capability in scaffolds was
performed calcium deposit measurement test
(Figs. 6A-D). After 3 days of cell culture results
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showed the difference between the amounts of
calcium deposits on all scaffolds was significant
(Fig. 6A). Gel-Chi-HA scaffold showed more
calcium deposit than other scaffolds. At day 7,
the amount of calcium deposits in all scaffolds
was increased compared to the day 3 (Fig. 6B). At
this day was also the highest amount of calcium
deposits on the surface of the Gel-Chi-HA scaffold.
Difference between Gel-Chi/PCL (1: 1)-HA and Gel-
Chi/PCL (1 : 2)-HA scaffolds were not significant
(P-value=0.719).

The amount of calcium deposits on all scaffolds
at day 10 was more than 3 day and 7 days. Calcium
deposits on Gel-Chi-HA scaffold were significantly
higher than the other scaffolds (P-value=0), (Fig.
6C). The difference between Gel-Chi/PCL (1 : 1)-
HA and Gel-Chi/PCL (1 : 2)-HA scaffolds were not
significant (P-value=0.407).

Comparison of calcium deposits on each
scaffold at different days showed that the calcium
deposits difference was significant at days 3, 7 and
10 (Figs. 7A-D).
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The results showed, Gel-Chi-HA nanocomposite
compared to other scaffolds exhibited more
calcium deposits which were indicative better
osteo-stimulatory capability.

Bellare et al. also observed increase in calcium
amount from 1 day to 10 and a significant increase,
when human osteoblast cells were grown on
electrospun PCL-Gel-HA scaffold [33].

CONCLUSION

We fabricated Gel-Chi/PCL (1 : 1)-HA, Gel-Chi/
PCL(1:2)-HAand Gel-Chi/PCL(2:1)-HA composites
nanofiber via co-electrospinning. For the first time
gelatin, chitosan, PCL and hydroxyapatite were
combined using the co-electrospinning method.
MG63 cell line was cultured on all scaffolds. SEM
analysis showed surface of scaffolds was uniform.
SEM analysis after cell culture confirmed the
presence of cell on all scaffolds. Comparison day
of 3 and 7 showed that the cells well attached
and spread on scaffolds. Fluorescence microscopy
analysis confirmed intact cells, on all scaffolds.
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MTT test results showed that cell proliferation
increased to day 10 and cell proliferation on Gel-
Chi-HA nanofiber scaffold was significantly more
than the control and other scaffolds. Measuring
the amount of calcium deposit showed that
the calcium deposits increased to day 10. Most
calcium deposits were on Gel-Chi-HA nanofiber
Scaffold. Therefore can be concluded Gel-Chi-HA
nanofiber scaffold is promising biomaterial for
bone tissue engineering.
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