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Abstract

A three-dimensional porous hydroxyapatite nanocomposite has been synthesized by a simple, less energy consuming and
cost effective one-pot method. In this study, gelatin foam has been used as pore forming agent and incorporated in carboxy-
methyl cellulose-hydroxyapatite system in composite formation stage. A three-dimensional porous polymers-hydroxyapatite
nanocomposite has been formed as a final product. The synthesized porous nanocomposite has been thoroughly characterized
by different techniques. It was found that the nanocomposite is highly porous with almost 80% porosity, and has multi-scale
pores from 2.5 to 900 pm in size. Furthermore, the synthesized porous composite has compressive strength ~11.8 + 1.5 MPa
and modulus ~0.243 +0.031 GPa, in the range of cancellous bone. Moreover, the nanocomposite provides favorable envi-
ronment to cells for proliferation, high alkaline phosphatase (ALP) activity and extracellular mineralization. In vitro deg-
radation of synthesized nanocomposites was tested in simulated body fluid. Results ascertained that the synthesized porous

hydroxyapatite nanocomposite would be a promising scaffold for bone tissue engineering.
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1 Introduction

The treatment of severely damaged bones with functional
bone substitutes is a major concern for clinicians to get suc-
cessful post-implantation outcomes. In this sense, three-
dimensional synthetic bone grafts have received wide
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attention in orthopedic applications [1]. However, the suit-
ability and efficacy of these bone substitutes in bone tissue
engineering mainly rely on their structural features such as
the porosity, pore size and strength [2-5]. Hence, scaffold,
a porous three-dimensional structure attracts the attention of
many researchers because it helps in guiding and modulating
the growth of cells through its porous structure. However, it
requires an interconnected porous system with multi scale
pores for nutrient flows, vascular ingrowth and bone tissue
formation. Moreover, it needs to be biocompatible, biode-
gradable and bioresorbable [2—-7]. So, a proper selection
of materials is required. To date, several natural polymers
such as collagen, alginate, cellulose, chitosan and gelatin
are widely used due to their excellent biocompatibility,
biodegradability and hydrophilicity [8-10]. Alternatively,
ceramics basically calcium phosphates-based ceramics are
also used because they possess high stiffness, biocompat-
ibility and osteoconductivity [7, 11, 12]. Despite of their
excellent properties, the use of such monolithic scaffolds is
limited by significant drawbacks. Generally, the application
of polymers is restricted due to their poor strength and high
degradability, whereas, ceramics are commonly fragile in
nature and processability is very poor. In this perspective,
composite scaffolds are always a better option to mitigate
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these types of problems associated with monolithic scaf-
folds. So, many researchers focused on the fabrication of
composite scaffolds for bone tissue engineering [13-19].
As we know that an ideal scaffold for bone tissue engi-
neering should possess compositional and mechanical
properties analogous to natural bone [2, 4—6]. To mimic the
compositional-mechanical features of natural bone, nowa-
days, researchers have developed polymer—hydroxyapatite
composite scaffolds. Hydroxyapatite is a calcium phos-
phate [Ca,((PO,)s(OH),] ceramic, structurally and chemi-
cally resemblance to inorganic component of natural bone.
When it combines with polymers, it improves the mechani-
cal strength, stability and bone binding ability of polymers
[7,12, 13, 15-17, 19-22]. So, researchers have employed dif-
ferent techniques to fabricate porous polymer-hydroxyapa-
tite composite scaffolds such as freeze—drying, 3D print-
ing, electro-spinning and polymer templating etc. [3, 7, 12,
13, 15-23]. Most of these techniques are complex, multi-
step, energy consuming and cost intensive in nature. These
days, researchers focus on the synthesis of porous material
through simple and cost effective method, like, microfluidic
and gyratory methods are two emerging methods [24-26].
Gultekinoglu et al. synthesized honey comb like porous
structure by microfluidic method [25]. Recently, Mahal-
ingam et al. demonstrated pressurised gyratory method for
the fabrication of core-sheath polymeric fibrous structure
as scaffold for biomedical applications [26]. Hence, studies
show that the structure of material can be modulated with
the variation of fabrication process and synthetic method.
In the present study, we also aimed to develop a three-
dimensional polymer-hydroxyapatite composite scaffold, by
a simple, less energy consuming and cost effective method.
For this, we have chosen carboxymethyl cellulose as an
organic matrix and gelatin as pore forming agent. Both poly-
mers are biocompatible and biodegradable in nature [12, 13,
19, 20, 27-32]. Gelatin has been used as pore forming agent
in many other reports, where it was generally eliminated by
particle leaching and burn out technique to create porous
scaffold [20, 29, 30, 33]. But, gelatin is a derivative of col-
lagen and has Arg-Gly-Asp (RGD) sequence of extracellular
matrix, imparts good biological properties in the compos-
ite [12, 13, 19, 20, 28]. It was also shown in our previous
report where the osteogenic activity of cells was increased
with the incorporation of gelatin [27]. In that report, we had
used carboxymethyl cellulose—gelatin blend for the synthe-
sis of mechanically strong carboxymethyl cellulose—gela-
tin—hydroxyapatite nanocomposites for weight bearing
orthopedic applications. That nanocomposite has strength
(compressive strength ~40-86 MPa) in the range of cancel-
lous and cortical bone, but less porous (porosity <50%) in
nature. Although, an interconnected porous structure (poros-
ity > 50%) with adequate mechanical strength are the key
requirements for bone tissue engineering [2—6]. So, in this
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report, we prepared gelatin foam and used it to synthesize
porous polymer-hydroxyapatite composite scaffold without
any elimination. The whole procedure was completed in a
single container at ambient temperature; hence, it is named
as one pot method. To date, the use of gelatin foam for the
fabrication of implantable hydroxyapatite scaffolds have not
been studied. This would be a first study where gelatin foam
has been used for the synthesis of three-dimensional porous
polymer-hydroxyapatite composite scaffold. The synthe-
sized porous polymer-hydroxyapatite nanocomposite was
systematically characterized. It was found that the three-
dimensional structure has interconnected multi scale pores
combined with adequate mechanical strength. In vitro cells
study showed that the synthesized composite is biocompat-
ible and bioactive in nature. It confirms the suitability of
synthesized three-dimensional composite scaffold in weight
bearing application for bone tissue engineering.

2 Materials and method
2.1 Materials

Gelatin, carboxymethyl cellulose (CMC), calcium nitrate,
di-ammonium hydrogen phosphate, ammonia solution and
ethanol were procured from Merck, India.

2.2 Synthesis of three-dimensional porous
polymer-hydroxyapatite composite scaffold

The synthetic procedure of three-dimensional porous poly-
mer-hydroxyapatite composite (pHA) scaffold is very sim-
ple to execute in laboratory. Firstly, 1 g CMC was dissolved
in 170 mL water. Afterward, 50 mL aqueous calcium solu-
tion (0.99 M) was gradually mixed to CMC solution with
continuous stirring. Subsequently, ammonia solution was
added to maintain the pH of the mixed solution at 10-11 and
aged overnight at room temperature. Next day, gelatin foam
was produced by whipping of 10 wt% gelatin solution in
overhead mechanical stirrer. In the meantime, 100 mL aque-
ous phosphate solution (0.56 M) was prepared and mixed
in Ca—CMC mixture. Subsequently, 60 mL gelatin foam
was added to the mixture and stirred well. The slurry was
aged for a week at a room temperature. After aging, slurry
was carefully put into an oven for drying at 50 °C. A three
dimensional porous hydroxyapatite composite scaffold was
obtained. The dried scaffold was immersed in ethanol solu-
tion for 2 days to wash out unreacted ions and again dried.
For study purpose, a general polymer—hydroxyapatite com-
posite (HA) without adding gelatin foam, was also prepared
by the same procedure. In the whole experiment, deionized
water has been used.
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2.3 Characterization

The synthesized composites were structurally characterized
by using X-ray diffractometer [XRD, Bruker (Dg Discover)],
Fourier-transform infrared spectrometer [FT-IR, Agilent
Cary 660], Field emission-scanning electron microscope
(FE-SEM Leo s4302 UK), Transmission electron micro-
scope (TEM, CX Philips JEOL 2100). The percentage of
porosity was determined by earlier reported method under
vacuum condition [22, 29]. The information of pore size
and pores distribution were collected from Mercury intru-
sion porosimeter (PASCAL 140/440), maximum 80 MPa
pressure has been used. The compressive strength of scaf-
folds (Iength ~ 16 mm, width ~8 mm and height ~8 mm) was
measured using Hounsfield test equipment (H10KS-0290)
and followed by ASTM D695.

2.4 Invitro cyto-compatibility test

For in vitro cyto-compatibility test, preosteoblast MC3T3
cells were cultured in alpha minimum essential medium
(eMEM) at 37 °C and placed in 5% CO, supplied incuba-
tor. In the present study, cell survivability and proliferation
were measured using 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT) assay. For this, 6x 10*
cells were seeded in 6-well plates. According to ISO 10993-
5, porous samples (length ~2 mm, width~2 mm and thick-
ness~0.2 mm) extract was prepared and added into seeded
cells. On every second day, samples extract was replenished
with fresh one and maintained for 1, 4 and 7 days at 37 °C
and 5% CO, supplied incubator. After that, absorbance was
recorded using Bio-rad plate reader, USA.

Cells behavior in presence of porous composite (pHA)
was observed when the pieces of composite (Ilength ~2 mm,
width ~2 mm and thickness ~ 0.2 mm) were directly cultured
with cells for 1, 4 and 7 days. At the day of study, images of
live cells were taken by phase contrast microscope (MOTIC
AE31). To examine the morphology of cells onto the surface
of porous composite, cell cultured samples were fixed with
p-formaldehyde for 10 min. Then, the samples were dehy-
drated with graded ethanol solutions, air-dried overnight,
sputtered coated with gold and finally observed under scan-
ning electron microscope (SEM).

2.5 Invitro osteogensis study

The alkaline phosphatase (ALP) is an ectoenzyme, secreted
by osteoblasts at the time of new bone tissue formation [27,
28]. In this study, ALP activity of pre-osteoblast MC3T3
cells was quantified according the instruction given in ALP
estimation kit [CCKO035] of HiMedia. Initially, MC3T3
cells were cultured with synthesized nanocomposites for
2 weeks. After incubation for desired period, ALP assay

was performed as per the instruction given in the Kit and
the absorbance was measured at 405 nm. At final stage, ALP
was normalized with total protein content. Total protein
content was estimated by Bradford assay kit (HTBCO005),
HiMedia. In vitro extracellular mineralization by osteoblast
is generally investigated by two extensively studied methods
alizarin red (AR) staining and von kossa (VK) staining [27,
28]. In the present study, we have evaluated the extracellu-
lar mineralization capability of MC3T3 cells in presence of
pHA as per the procedure mentioned in our earlier reports
[27, 28].

2.6 Invitro degradability study

The in vitro degradability of HA and pHA nanocompos-
ites was evaluated by SBF (simulated body fluid) treat-
ment [27, 34, 35]. For this, SBF was simply prepared by
Kokubo method, having 142.0 mM Na™ ion, 5.0 mM K*
ion, 1.5 mM Mg** ion, 2.5 mM Ca®* ion, 147.8 mM
Cl” ion, 4.2 mM HCO;™ ion, 1.0 mM HPO42_ ion and
0.5 mM SO,*" ion. Both HA and pHA nanocomposites
(length ~6 mm, width ~3 mm and thickness ~3 mm) were
immersed in 20 ml SBF by vacuum infiltration and main-
tained at 37 °C for 7 days, 14 days and 21 days. After that,
nanocomposites were withdrawn from SBF, rinsed with
water, dried and weighed.

Degradability of nanocomposites was assessed from
weight loss (%), which is calculated by—

W0 — Wt

Weight loss (%) = WO

% 100

here WO is the weight of nanocomposite before SBF treat-
ment; Wt is the weight of SBF treated nanocomposites at
time (t). Surface morphology of SBF-treated HA and pHA
nanocomposites at different time periods (7 days, 14 days
and 21 days) were collected by FESEM.

2.7 Statistical analysis

Statistical analyses of all quantitative assessments were per-
formed by using GraphPad Prism with Student’s # test; the
values are significant at p < 0.05. Data were presented as
mean + standard deviation (n = 3).

3 Results and discussion

In the present study, we aimed to fabricate three-dimensional
porous polymers—hydroxyapatite nanocomposite having
multiscale pores for bone tissue engineering. The scheme
of synthetic procedure is presented in Fig. 1. In this method,
gelatin foam has been used as pore forming agent and added
into reaction mixture. The reaction mixture was aged for
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Fig.1 A scheme of synthetic procedure of three-dimensional polymers—hydroxyapatite nanocomposites (top: without gelatin foam; bottom: with

gelatin foam)

7 days without any disturbance, and the distinct nature of
pHA slurry (with gelatin foam) from HA slurry (without
gelatin foam) was observed. In the wet condition, HA slurry
was settled down in the beaker; however, the pHA slurry
was floating on the surface of water. It depicts the successful
entrapment of gelatin foam (Fig. S1, supporting information)
in slurry and makes it porous, that can be further confirmed
from the cross-sectional view of dried pHA composite.

As we know that the potentiality of any composite is
mainly reliant on the advancement of processing route. In
composite, processing governs the structure; and the struc-
ture in terms regulates the properties of the composite [36].
As in our earlier report, we had synthesized mechanically
strong polymer-hydroxyapatite nanocomposite with the
same materials viz. carboxymethyl cellulose, gelatin and
hydroxyapatite nanoparticles [27]. In that study, gelatin
acted as matrix materials and formed a stable polymeric
matrix with the association of carboxymethyl cellulose.
After that, hydroxyapatite nanoparticles were mineralized in
that polymeric matrix and formed three dimensional nano-
composite with less porosity (<50%). However, in this study,
a highly porous three dimensional nanocomposite has been
successfully synthesized by using gelatin but in different
form i.e. foam type. It indicates the role of processing which
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directly governs the structure of the composite. Here, gelatin
foam has been used; as a result a porous three dimensional
structure is obtained.

3.1 XRD, FTIR and TEM analyses of synthesized
nanocomposites

X-ray diffraction (XRD) was carried out to detect the min-
eral phase of nanocomposites and presented in Fig. 2a. The
XRD pattern of HA and pHA nanocomposite showed the
diffraction peaks centred at 20° ~25.89°, 28.9°, 32.09°,
33.81°, 39.81°, 46.96°, 49.63°, 53.35° and 64.13° assigned
to (002) (102) (211) (202) (310) (222) (004) (213) and (511)
planes of hydroxyapatite, respectively [27, 32]. It also shows
that hydroxyapatite is the only mineral phase of the compos-
ite and no other secondary phase was found in these XRD
patterns. Moreover, the broad nature of XRD peaks depicts
the formation of nanocrystalline hydroxyapatite in these
composites [27, 31].

Fourier transform infrared (FT-IR) spectroscopy is
another widely used technique to identify the mineral phase
of composites. Furthermore, interactions among the com-
ponents of any composite are also investigated by this tech-
nique. FT-IR spectra of HA and pHA nanocomposites are
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Fig.2 a XRD and b FT-IR spectra of synthesized nanocomposites; TEM image of ¢ HA and d pHA nanocomposites

presented in Fig. 2b. In the spectra of both nanocomposites,
the typical phosphate bands of hydroxyapatite are found at
1037 cm™! (P-OH bending), 608 cm™! (O-P-O bending)
and 568 cm™! (P-O-P stretching) [27, 31]. However, the
O-H stretching band of hydroxyapatite and carboxymethyl
cellulose overlapped, and gave a broad band at 3422 cm™!
and 3430 cm~! in HA and pHA nanocomposite, respectively.
A distinguishable band at 3165 cm™! was observed in pHA
nanocomposite assigned to N-H group of gelatin. The char-
acteristic anti symmetric band of COO™ of carboxymethyl
cellulose is present at 1598 cm™! in HA nanocomposite,
whereas this band is shifted to 1649 cm™! in pHA nanocom-
posite, which is an indicative of some interactions associated
with gelatin [27]. It was further supported by the symmetric
band of COO~ which is positioned at 1425 cm™! in HA com-
posite and shifted to 1386 cm™' in pHA nanocomposite [27].

The shape and size of hydroxyapatite particles in HA and
pHA nanocomposites are observed by TEM, and images
are presented in Fig. 2c, d. Rod-shaped hydroxyapatite
nanoparticles are found in both the composites. Size of

hydroxyapatite nanoparticles is same in both the nanocom-
posites which are almost 20-30 nm length and 10-15 nm
wide. It shows that the morphology of hydroxyapatite nano-
particles remains same in the composite after addition of
gelatin foam.

3.2 Microstructural analysis of synthesized
nanocomposites

The effect of addition of gelatin foam on the microstructure
of nanocomposite is observed by FESEM. The microstruc-
ture of synthesized nanocomposites is shown in Fig. 3a—f.
In FESEM images of HA (Fig. 3a—c), we can see that the
composite has polymer layer like structure with small pores,
moreover, agglomerated hydroxyapatite nanoparticles were
found on this layer. However, pHA composite (Fig. 3d—f)
has macro porous structure with pore size ~300-900 pm.
In Fig. 3e, we have found that the pores are interconnected
with~227 pm and 85 pm size strut. This type of inter-
connected macro porous structure was not found in HA
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Fig.3 FESEM images of HA (a—c) and pHA (d—f) nanocomposites

composite (Fig. 3a, b). However, small pores were also
found in pHA nanocomposite (Fig. 3f). It shows that pHA
nanocomposite has multiscale pores with interconnected
porous structure. This interconnected porous structure of
pHA composite indicates that the gelatin foam was success-
fully entrapped in composite formation stage and creates
macro/micro porous structure. This interconnected porous
structure of composite scaffold would be suitable for acces-
sibility of cells, transportation of nutrients, vascularization
and bone tissue ingrowth [2-4].

3.3 Pore size distribution and porosity
of synthesized nanocomposites

The pore size distribution gives information on how broadly
the pore volume is distributed over pores of varying size in
the scaffold. In pore size distribution graph (Fig. 4a, b), we
can see that the pHA composite has wide range of pores
from~2.5 pm to~990 pm in size (Fig. 4b), whereas HA
composite (Fig. 4a) has mainly micro pores with average
pore diameter ~0.02 pm. This observance is in good agree-
ment with microstructural analysis. Furthermore, pHA
composite is nearly 80% porous whereas HA composite has
almost 10% porosity. The difference can be easily seen in
the Fig. 4c, d where HA nanocomposite (Fig. 4c) completely
dipped into water whereas pHA composite (Fig. 4d) floats
on the surface of water for few hours. However, pHA slowly
immersed into water when water completely penetrate into
pHA composite, and pHA composite completely dipped in
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water under vacuum condition. It shows that pHA composite
is highly porous with interconnected multi scale pores. The
presence of interconnected multi scale pores had already
been established to be advantageous for nutrient supply, cell
invasion and tissue ingrowth [2—4, 7, 8, 12, 14, 21, 37]. A
generalization based on many reports has been introduced
that the porous scaffolds for bone tissue engineering should
possess a porosity greater than 50 vol% and have multi
scale pores for multiple applications such as pore diame-
ters < 50 pm facilitates flow of nutrients, physiological liquid
exchange and stimulate fibrovascular growth; 50—150 pm
pores induce osteoid formation and pores > 150 pm provides
enough space for tissue ingrowth and cell colonization [1,
14, 33, 37]. Because of having wide range of pores size, the
synthesized three-dimensional porous composite may sup-
port all the above-mentioned activities.

3.4 Mechanical properties

In bone tissue engineering, the mechanical property espe-
cially compressive strength is an important criterion in
selecting scaffold for load bearing application. In the present
study, compressive strength of synthesized composite has
been evaluated, and stress vs. strain curves are presented in
Fig. 5. HA and pHA composites have compressive strength
almost 3.4 MPa and 11.8 MPa respectively. The behaviour of
curves is same in both the composites showing viscoelastic
deformation. This type of deformation is generally found in
human cancellous bone under compression [37]. However,



Journal of Porous Materials (2020) 27:225-235

231

(a) 30

N
L%
1

Porosity ~10%

- N
o o
' A '

Relative pore volume (%)
@ &

4

0+ ™ T
0.01 0.1 1 10 100

Pore diameter (um)

1000

10000

(b) 10
9

R

Ly Porosity ~80%

7 4
6

54

44

4

3

4

24
14

4

Relative pore volume (%)

0 +—-1il LT e

1 10 100 1000
Pore diameter (um)

10000

Fig.4 Pore size distribution curves of a HA and b pHA nanocomposites; digital images of ¢ HA and d pHA nanocomposite in water

16

14 - — pHA
— HA

Stress (MPa)
i

"6 7 8 9 10 11 12 13 14 15
Strain (%)

o
—_
N o
.
e
(LB

Fig.5 Compressive stress—strain curve of nanocomposites

it is known that the mechanical strength of a material gener-
ally inverse to its porosity. In contrast, the porous polymer-
hydroxyapatite (pHA) composite has higher strength than

non/ less porous polymer-hydroxyapatite (HA) composite.
This enhancement in mechanical strength of porous com-
posite maybe due to the incorporation of gelatin in carboxy-
methyl cellulose—hydroxyapatite system, and the existence
of intermolecular interactions among CMC, HA and gela-
tin, improves the strength and modulus of composite [27].
A balance between porosity and mechanical property is a
key requirement of any scaffold for clinical weight bearing
orthopedic applications.

The physiomechanical properties of synthesized (HA
and pHA) composites and reported CMC-Gel-HA com-
posite were compared with natural bone and summarized
in Table 1. It has been found that the pore size, porosity,
strength and modulus of pHA composite scaffold are in
the range of cancellous bone. However, the compressive
strength of reported CMC-Gel-HA composite is in the range
of human bone, but the structural features of composite did
not match with the natural porous structure of bone which
is essential for bone tissue engineering. Moreover, it has
been noticed that the compressive strength of CMC-Gel-HA
composites is higher (by sevenfold) than the strength of pHA
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Table 1 Physiomechanical

. . Composite
properties of synthesized

Pore size (um) Porosity (%) Strength (MPa) Modulus (GPa)

composites versus cancellous/
cortical bone [19, 27, 37]

Cancellous bone

Cortical bone

HA

pHA (present study)
CMC-Gel-HA (previous report)

100-900 30-90 4-12 0.02-0.5
0.1-1 5-30 130-180 3-30

0.02-1 10+3 34+2 0.100+0.015

2.5-900 80+2 11.8+1.5 0.243+0.031

0.01-100 <50 40-85 04-1.2

composite. This may be due to less porous (porosity < 50%)
structure of CMC-Gel-HA composite and small size of
pores (~0.01-100 pm). As we know that an interconnected
porous three dimensional structure is needed for bone tis-
sue engineering. Because interconnected porous structure
provides enough space for bone tissue ingrowth as well as
vascularization; and also facilitates space for cell motility.
In this sense, it can be said that the compositional—struc-
tural-mechanical property of synthesized three-dimensional
porous (pHA) composite is suitable for bone tissue engi-
neering, and it is expected that the mechanical property of
synthesized pHA nanocomposite, combined with the three-
dimensional interconnected porous structure, will signifi-
cantly improve the performance of bone graft in clinical
applications.

3.5 Invitro cyto-compatibility test

In this study, MTT assay was conducted to evaluate the
cell survivability and proliferation in presence of porous
composite (Fig. 6a). We observed that the absorbance rep-
resents the metabolically active live cells was increased
with time, in both test sample and control. It shows that
the pHA composite is non-toxic in nature and provides
suitable environment for cells to behave normally and
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o

proliferate with time. The behaviour of cells in presence
of pHA composite scaffold is represented in Fig. 6b. In
phase contrast images, we observed that the cells are in
spindle morphology and the number of cells around the
sample was increased with cultured time. It shows the
normal activity of cells with good proliferation poten-
tial in presence of scaffold. The attachment, growth and
proliferation of osteoblast cells on the surface of scaffold
are prerequisite for new bone tissue formation. Here, the
behavior of MC3T3 pre-osteoblast cells onto the surface of
pHA scaffold are shown in Fig. 6b (SEM images). In Day
1, we observed that the MC3T3 cell is present with exten-
sive cytoplasmic extensions spanning the pore walls of
the composite. It was mentioned in many reports that the
cells divide fast when their cytoskeletons are spread and
well organized [6, 7, 14, 18, 21]. This is consistent with
our observation that the number of cells was increased on
the pHA surface with cultured time and almost covered the
porous surface at 7th day. It signifies that pre-osteoblast
cells have high affinity for the scaffold surface, that may be
due to the presence of HA and gelatin which promotes cell
adhesion and proliferation [20, 22, 27]. This was also sup-
ported by the large surface area and interconnected porous
structure of the composite [21]. It indicates that the sur-
face of scaffold is perfect for cell growth and proliferation.

Fig.6 a MTT assay; b phase contrast and SEM images of cell cultured pHA composite scaffold
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3.6 Cell differentiation study

In the present study, cell differentiation was evaluated
by measuring the activity of ALP which is an early stage
marker of cell differentiation. Differences in ALP activity of
cells at different culture times indicate a change in the rate
of cell differentiation [27, 28]. ALP activity of cells cultured
with pHA nanocomposite was analysed at day 7 and day
14 and the results are shown in Fig. 7a. Cells cultured with
pHA nanocomposite showed moderate level of ALP activ-
ity at day 7; however, the activity is higher at day 14. As we
know that cell differentiation is a follow up phase after cell
proliferation [38]. So, the ALP activity of cells is higher in
second week. In the final stage of cell differentiation, miner-
alized bone tissue is formed which is examined by Alizarin
red staining (AS) and Von kossa staining (VS) at different
time and presented in Fig. 7b. In AS, it was found that cal-
cium ions of newly mineralized bone tissue are stained with
red colour [27, 28], and the area of red stained colour was
increased with time. In VS, the phosphate groups of miner-
alized nodules are stained with deep brown colour [27, 28],
and the result of VS is consistent with AS. It indicates that
three-dimensional porous polymer-hydroxyapatite nanocom-
posite favours in vitro cell differentiation. It makes it a good
choice to be explored as scaffold for bone tissue engineering.

3.7 Invitro degradability study

In this study, the degradation of synthesized nanocomposites
was evaluated by calculating the weight loss (%) of samples
after SBF treatment. A plot of weight loss (%) of HA and
pHA nanocomposites at different time periods is given in
Fig. 8a. The weight of both nanocomposites (HA and pHA)
are decreased with immersion time, however, the weight loss
(%) of pHA nanocomposite is more than HA nanocomposite
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M pHA composite

~

B

> >
1 n

ALP activity (U. mg" protein)
w
i

)

7 14
Culture time (Days)

Day 7

at each time period. It may be due to porous structure of
pHA nanocomposite which provide large surface area to
contact with SBF and solubilized polymers more. SEM
images of SBF-treated nanocomposites at different time
periods are shown in Fig. 8b—g. Comparing the Fig. 8b, c, it
can be seen that the number and size of pores on the surface
of HA nanocomposite are increased with immersion time.
This type of observation is also found in Fig. 8e, f. But, at
day 21, the porous structure of composites (HA and pHA)
was covered with globular shaped agglomerates, however,
the number of agglomerates are larger in pHA nanocom-
posite (Fig. 8g). Those agglomerates may be newly depos-
ited bone apatite, because this type of deposits is generally
found in SBF treated materials [27, 34, 39]. These results
showed that both composites were degraded with time and
new bone apatite was deposited. However, the porous com-
posite was degraded more with immersion time and large
numbers of bone apatite were deposited on the surface of
pHA nanocomposite.

4 Conclusions

The present study demonstrated a simple approach to synthe-
size three-dimensional polymers—hydroxyapatite composite
scaffold. The fabrication method by foaming of gelatin cre-
ates porous scaffolds with multi-scale pore size and high
degree of porosity, which is required for bone tissue engi-
neering. Moreover, the compositional-structural-mechani-
cal property of synthesized composite is analogous to human
cancellous bone. The synthesized porous hydroxyapatite
composite favours cells to proliferate and differentiate, and
also degraded in SBF. It shows that the synthesized porous
composite might be a potential candidate as scaffold for
bone tissue engineering.

Day 14

Fig.7 a ALP activity, b Alizarin-red staining (AS) and Von-kossa staining (VS) of MC3T3 cells in presence of pHA nanocomposite
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Fig. 8 a Weight loss (%) of HA and pHA nanocomposites after immersion in SBF for different time periods (0, 7, 14 and 21 days); SEM images

of SBF-treated HA (b—d) and pHA (e—g) nanocomposites
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