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This approach of combining nHAp with natural polymers to fabricate the composite scaffold, can provide good
mechanical strength and biological property mimicking natural bone. Environmental scanning electron micros-
copy (ESEM) images of the nano-biocomposite scaffold revealed the presence of interconnected pores, mostly
spread over the whole surface of the scaffold. The nHAp particulates have covered the surface of the composite
matrix and made the surface of the scaffold rougher. The scaffold has a porosity of 82% with a mean pore size
of 112 + 19.0 um. Swelling and degradation studies of the scaffold showed that the scaffold possesses excellent
properties of hydrophilicity and biodegradability. Short term mechanical testing of the scaffold does not reveal
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Osteoblast any rupturing after agitation under physiological conditions, which is an indicative of good mechanical stability
Bone FiSSUE engineering of the scaffold. In vitro cell culture studies by seeding osteoblast cells over the composite scaffold showed good
Foaming cell viability, proliferation rate, adhesion and maintenance of osteoblastic phenotype as indicated by MTT

assay, ESEM of cell-scaffold construct, histological staining and gene expression studies, respectively. Thus, it
could be stated that the nano-biocomposite scaffold of chitosan-gelatin-alginate-nHAp has the paramount im-

portance for applications in bone tissue-engineering in future regenerative therapies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Globally, approximately 2.2 million bone-grafting procedures are
performed every year on the pelvis, spine and other body extremities
in attempts to repair or reconstruct the bone [1]. To promote bone
growth, surgeons often use bone grafts or substitute materials [2]. Re-
search on bone graft has begun to focus on bone tissue engineering,
which involves the combination of cells, scaffold and bioactive agents
to engineer new functional tissues that can replace the damaged tissues
[3].

Natural bone is a complex of inorganic-organic nanocomposite ma-
terials. The primary tissue of bone is relatively hard and mostly made of
inorganic material calcium hydroxyapatite [Ca;o(PO4)s(OH)-]
nanocrystallites, which provide rigidity to the bones. The organic part
of bone matrix is mainly composed of Type I collagen, an elastic protein
which improves fracture resistance and aids in cell growth, proliferation
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and differentiation [4,5]. Other organic components present in the bone
tissue include glycosaminoglycans, osteocalcin, osteonectin, bone
sialoprotein and osteopontin. The inorganic matrix of the bone has
great strength but is brittle (can break itself), while the organic
matrix (e.g., collagen fibers) is flexible and has relatively low strength:
inorganic hydroxyapatite and organic collagen (and other materials)
together form a matrix that is strong and flexible enough not to be
brittle [6,7].

As bone extracellular matrix (ECM) comprises of a variety of compo-
nents, a scaffold for bone regeneration, if fabricated using single materi-
al like nHAp or collagen, cannot provide essential cues for cellular
growth. However, two or more materials in combination, if used for
scaffold fabrication, might generate a synergistic effect to provide
good mechanical strength to the scaffold as well as facilitate cell adhe-
sion, proliferation and differentiation [8-11]. Nowadays, scientists
have been focusing on fabricating scaffolds using multi-polymers
(more than two polymers) to mimic the properties of ECM, which also
consists of multi-polymers [8,12-19]. Here, in this study, we focus on
fabricating a composite scaffold with a combination of multi-polymers
along with hydroxyapatite, for bone tissue engineering applications.

A scaffold can be fabricated by various techniques, and there
are some advantages as well as disadvantages associated with each
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technique [20,21]. Among the available techniques, the foaming
method — generating polymer-foam upon agitation of polymer solu-
tion and thereby crosslinking/solidifying the polymer-foam, is one of
the simplest and most economic techniques available for scaffold
fabrication [8,12,22], but it was not given much attention for tissue
engineering applications. That is why we want to explore the foaming
method for fabricating multi-polymer composite scaffold. The
foaming method applied here is explained in detail in the next section
(Section 2).

To fabricate a composite scaffold we selected three polymers, chito-
san, gelatin and alginate, and nHAp. The reason for choosing this poly-
mer combination along with nHAp is discussed below.

Although there are many different protein or polysaccharide mole-
cules used in scaffold preparation, chitosan, gelatin and alginate have
gained much attention for scaffold fabrication because of their availabil-
ity, easy handling and low cost [23]. Chitosan is a natural polymer
comprising glucosamine and N-acetylglucosamine obtained by the
deacetylation of chitin [24]. Since it is degraded by the enzymes of
human body, producing non-toxic side products, it is widely used in tis-
sue engineering constructs [25]. Moreover, chitosan has antimicrobial
and hemostatic properties [26-28]. Chitosan is osteoconductive,
which makes it suitable for engineering hard tissues, but its mechanical
properties and biological activities need to be enhanced [29]. For better
mechanical properties, chitosan can be modified by blending with
other natural polymers like silk, alginate, gelatin or ceramics, such as,
tricalcium phosphate and hydroxyapatite [30,31]. Gelatin is a protein
derived from collagen and contains Arg-Gly-Asp (RGD) sequences
found in ECM, therefore, it promotes initial cell attachment and in-
creases cell spreading, even more than chitosan [32]. Alginate, a natural-
ly occurring polysaccharide, is biocompatible, but it lacks specific
cellular interactions, which limits its potential use for wider applica-
tions. On the other hand, alginate, in presence of multivalent cations,
produces a mechanically strong scaffold [33].

The use of nHAp particles in scaffold fabrication can incorporate
nanotopographic features that mimic the nanostructure of natural
bone [3,5]. Besides this, nHAp particles can provide the scaffold good

mechanical strength, which is a prerequisite of the scaffold to be applied
for bone regeneration [6]. The presence of nHAp in the scaffold also has
a strong influence on bone regeneration [23,24].

Thus, if chitosan, gelatin, alginate and nHAp are combined all togeth-
er during scaffold fabrication then this combination would impart the
scaffold higher mechanical strength and biological similarity to the nat-
ural bone. Therefore, the specific goal of the present study is to fabricate
a chitosan-gelatin-alginate-nHAp composite scaffold by exploring the
simplest foaming method using commercially available nHAp to
(i) improve the mechanical properties of the composite scaffolds rela-
tive to chitosan-gelatin—-alginate scaffolds and (ii) to evaluate the bio-
logical performance of the nHAp incorporated scaffold for bone tissue
engineering applications. To the best of our knowledge, this polymer
combination along with nHAp is novel and has not been used before
for scaffold fabrication.

2. Materials and methods
2.1. Fabrication of nano-biocomposite scaffold

Fig. 1 explains the fabrication of nHAp-chitosan-gelatin-alginate
composite scaffold by the foaming method without using any surfac-
tant. Solutions of 2 wt% alginate (Acros Organics, New Jersey, U.S.A.)
and 5 wt% gelatin (Merck Specialities Pvt. Ltd., Mumbai) were prepared
in sterilized water, and mixed in the ratio of 1:1. Thereafter, NaHCO5
(0.9%), a gas generating agent, was added to this mixture and was con-
tinuously stirred for 2 h whereby foam is generated. Next, 0.025% glu-
taraldehyde solution (SD Fine-Chem. Ltd., Mumbai, India), crosslinker
for chitosan [34] and gelatin, was added to the alginate-gelatin-
NaHCO; foam matrix with a volume ratio of 1:40, and allowed to react
(or crosslink) with the mixture for 10 h under the condition of continu-
ous agitation. On addition of glutaraldehyde to this polymer mixture
(Step 2 in Fig. 1), aldehyde groups present in glutaraldehyde, were be-
lieved to crosslink with the amino groups of gelatin present in the mix-
ture [8,35]. Because of the continuous agitation, foam was generated in a
large volume. The polymer foam was extruded drop-wise into a solution
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Fig. 1. Schematic representing fabrication of nHAp—chitosan-gelatin-alginate composite scaffold by foaming method.
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containing nHAp (Sigma, St. Louis, MO, U.S.A.) particles dispersed in chi-
tosan solution(MW 100,000-300,000; Sigma, St. Louis, MO, U.S.A.),
which resulted in scaffold in bead form. Here, the nHAp particles were
dispersed in chitosan solution by sonicating the mixture of nHAp parti-
cles (1 wt% in sterilized water) and chitosan solution (2 wt% in 1 wt%
acetic acid) mixed in 1:1 volume ratio.

The beads were allowed to remain in solution for 12 h, to facilitate
efficient crosslinking among alginate, gelatin, chitosan and nHAp,
and then the beads were washed with sterilized water 20 times, to
remove excess glutaraldehyde. Scaffolds were then modified by im-
mersing the scaffold in glycine (Himedia, Mumbai, India) solution
(1 M) for 15 min, in order to block free aldehyde groups if any
remained in the scaffold. After glycine treatment, scaffolds were
washed with sterilized water twice. Finally, the scaffold beads were
exposed to vacuum for 12 h to create more porous structures inside.
The fabricated scaffold was characterized and evaluated for bone tis-
sue engineering applications.

Here, it is pertinent to mention that initially the pH of the solution of
alginate, gelatin and NaHCO3 was 7 where gelatin was at isoelectric
point with no charge. It is expected that no interaction between alginate
and gelatin occurred in the initial stage.

We prepared chitosan solution in acetic acid and chitosan is posi-
tively charged. If we add chitosan solution initially, then it will be acidic,
and alginate will precipitate immediately. Besides, gelatin will be posi-
tively charged in acetic acid solution, and chitosan and gelatin, both,
will crosslink with alginate to form gel, which will prevent foaming.
That is why chitosan was added later.

2.2. Scaffold characterization

2.2.1. Scaffold size and morphology

The diameter of nHAp-chitosan-gelatin-alginate scaffold beads was
determined by taking images of scaffold beads by a stereo microscope
(Olympus, Tokyo, Japan) under 4X magnification and 50 beads were
measured from these photographs using a computational Image ] pro-
gram (NIH, Bethesda, Maryland, U.S.A.).

Morphology of composite scaffolds was studied by using an environ-
mental scanning electron microscope (ESEM) (Quanta 200, FEI, Nether-
land) as described in previous literature [8]. Each time, 5 beads prepared
from independent experiments, were examined. The size of the pores
was determined for the 30 bead images by using Image-] analysis soft-
ware, and the average pore size was calculated.

2.2.2. Energy Dispersive X-ray Spectroscopy (EDS)

Chemical analysis of scaffold samples was performed with a LEO
1525 scanning electron microscope equipped with an EDX detector.
To quantify the chemical content of small areas (~60 um?) on the
sample surface, distinctly different topographical areas were chosen
from the sample and examined at 10 kV using INCA Energy 3000
software.

2.2.3. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FTIR) is an important tool
to carry out semi-quantitative functional analysis and to investigate in-
termolecular interaction between different compounds. Infrared (IR)
spectra were recorded with a Nexus Thermo FTIR spectrophotometer
(Nicolet Co.) as described in previous literature [8,12].

2.2.4. Porosity

Porosity is defined as the percentage of void space in a solid and it is
amorphological property independent of the material [36]. The porosity
of composite beads was determined by liquid displacement method. In
brief, beads were placed in a graduated cylinder filled with a known vol-
ume of ethanol (V;). The total volume following bead immersion was
recorded (V). The beads were removed with the volume V; whereby,
solvent is entrapped in the pores, and the remaining volume of ethanol

in the graduated cylinder was denoted by (V5). The total volume (V7) of
the beads was calculated according to Eq. (1)

Vi =Vo—Vs. (1)

The porosity y was determined using the following equation:

Vi—V3 o

y, o x 100, 2)

){:

The porosity-determination experiment was repeated 6 times, and
the mean porosity was calculated.

2.2.5. Swelling ratio

Hydrophilicity of the scaffold serves as one of the imperative fea-
tures in the evaluation of biomaterials for tissue engineering because
it is critical for the absorption of body fluid and for the transport of
cell nutrients and metabolites. The swelling gives a measure of hydro-
philicity and it is defined by the following equation:

S = (Ws—wqy)/wq) x 100% 3)

where, S = percentage swelling, w; = wet weight of the bead-scaffold
after swelling, and w, = weight of the bead-scaffold after drying. Brief-
ly, the beaded scaffolds were immersed in phosphate buffer saline (PBS)
(Sigma, St. Louis, MO, U.S.A.) (pH = 7.4) at room temperature for an
hour. After a one hour immersion, in every 10 min, a known quantity
of the bead-scaffolds was retrieved and excess water was removed
using filter paper. The wet weight of the scaffold (w;) was determined
using an electronic balance, after which the swollen scaffold was dried
in an oven at 50 °C for half an hour, and the dry weight (w,) was mea-
sured. Each time, the percentage swelling (S) was calculated from the
values of w; and w,. The experiment was carried out until the time
point, where no further swelling of beads was observed and the equilib-
rium point of swelling of beads was determined. The experiment was
repeated 6 times individually. The maximum volume of the beads
after swelling was also calculated based on the diameter of the beads
after swelling by applying the formula as given below:

Volume of bead = %nd3 (4)

where, d = diameter of the swelled bead.

2.2.6. Evaluation of mechanical stability

A short term stability assay was carried out to study the behavior of
the beads submitted to a combination of destabilizing forces so as to
mimic the physiological conditions. The procedure was based on Orive
et al. with some modifications [37]. Briefly, 10 beads were taken in a
beaker containing 10 ml of PBS (pH = 7.4) and the beaker was placed
in a shaker at 200 rpm at room temperature. The beads from the beaker
were examined under a stereo microscope after 48 h. Results are
expressed as the percentage of ruptured beads as a function of time
and the stereo microscopy images showing ruptured beads after 48 h.
The mechanical strength of the glycine treated collagen/chitosan micro-
spheres was also determined in previous studies after 48 h of agitation
by a similar method [38].

2.2.7. In vitro enzymatic degradation

Degradability of the scaffold was determined by mass change of scaf-
fold beads after their incubation in 1 ml 1X PBS (pH 7.4) containing
1.6 pg/ml of lysozyme (100,000 U/mg) (Himedia, Mumbai, India) [39].
A known quantity (w; = 0.5 g) of freshly prepared beads was taken in
a tissue culture plate in triplicate. To determine the degradation profile,
the beads were removed from lysozyme solution in 1X PBS after the
1st, 3rd, 5th, 7th, 14th, 21st and 28th days, thoroughly washed with dis-
tilled water and dried and weighed (wy). The extent of the in vitro
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degradation was calculated as the percentage of weight difference of the
scaffold before and after hydrolysis with the lysozyme solution by the
following equation.

% weight loss = W « 100 3)

i

2.3. Cell behavior on the scaffold

2.3.1. In vitro cell culture using osteoblast cell line

Osteoblast cells (received from Jaslok Hospital and Research Centre,
Mumbai, India) were cultured in Dulbecco's modified eagle medium
(DMEM) (Sigma, St. Louis, MO, U.S.A.) growth media supplemented
with 10% FBS, penicillin (100 units/ml) and streptomycin (100 pg/ml),
2 ul/ml glutamine, and 12 pl/ml insulin in an incubator at 37 °C with
5% CO, supply. The Subconfluent cultures of osteoblasts from 50 mm
culture flask were detached by trypsinization using 0.25% Trypsin-Eth-
ylenediaminetetraacetic acid (EDTA) solution (Sigma, St. Louis, MO,
U.S.A.), resuspended in complete growth medium and the cell counting
was done by using a hemocytometer (Chemometec, Denmark).

For MTT experiments, 1 x 10° cells of osteoblast cells were plated
per well in triplicate with and without scaffold in 96 well plates (1
bead/well) and fed with respective growth medium. The culture plates
were incubated for 1, 3, and 5 days at 37 °C in a CO, incubator for a re-
spective period. The experiment was terminated at respective intervals
and cells were further processed for MTT analysis. One scaffold was put
in each well having 1 x 10> osteoblast cells for this experiment.

2.3.2. Cell viability, proliferation and attachment over the scaffold

Cytotoxicity assay of the composite scaffold was performed in order
to investigate the viability and proliferation of cells over the scaffold.
Human osteoblast cells were used to check the compatibility of scaffold
for the bone tissue engineering. Prior to cell seeding, the scaffolds were
sterilized by exposing to UV light from a mercury arc lamp source under
the laminar flow hood. Scaffolds were then placed in a tissue culture
plate and soaked with 100 ul DMEM overnight at 37 °C in a CO, incuba-
tor to make the scaffold surface more efficient for cell attachment. Scaf-
folds were placed in 96 well tissue culture wells (1 bead/well) in
triplicate and incubated with osteoblast cells at 3 time points e.g. 1, 3
and 5 days at 37 °C in a CO, incubator in order to test the toxicity of
leachable from the scaffold towards human osteoblast cells along with
control cell without scaffold. After the incubation, the medium was re-
moved and 90 pl of fresh complete growth media was added to the
wells. Then 10 pl of 3-(4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazoli-
um bromide) (MTT) (Himedia, Mumbai, India) solution (5 mg/ml
stock in 1X PBS) was added to the media to make final volume of
100 pl. The plates were incubated at 37 °C for 4 h until purple formazan
crystals were formed due to reduction of MTT by viable cells. The media
and beads were removed from the well and 200 pl of dimethyl sulfoxide
(DMSO) (Himedia, Mumbai, India) was added to each well to dissolve
the formazan crystals. Absorbance was taken on a Biorad ELISA plate
reader at 490 nm with the subtraction for plate absorbance at 620 nm.
The absorbance is directly proportional to the amount of metabolically
active cells. The results were expressed by comparing the absorbance
values of cell-scaffold construct with the control values.

To check the morphology of the cells and the scaffold interaction, the
cell seeded scaffolds were fixed with glutaraldehyde (2.5%) at 4 °C for
6 h and then rinsed with PBS and both were observed under an ESEM.

Phase-contrast microscopy for the acquisition of cell images was car-
ried out with cultured osteoblast cells on composite scaffold. After the
incubation of cells with scaffold, the cell-scaffold constructs were
viewed under an inverted phase-contrast microscope (Zeiss) and
photographed.

2.3.3. Histology of osteoblast cells in the presence of scaffold

The osteoblast cell cultures were set up in 48 well plates to study the
morphological features of these cells. Histological staining of these cells
was performed after incubation of these cells with scaffold for 5 days at
37 °Cin a CO; incubator. The cell-scaffold constructs were subjected to
three different stains to reveal their morphological phenotype of bone
cells as mentioned below. For each stain, 6 individual cell-scaffold
constructs were examined under a phase contrast microscope and
photographed.

2.3.3.1. Alizarin Red staining. Alizarin Red is used in a biochemical assay
to determine, the presence of calcific deposition by cells of an osteogen-
ic lineage. As such, it is a marker of matrix mineralization which is a de-
cisive step towards the formation of calcified extracellular matrix
associated with bone [40]. For osteogenesis studies, osteoblast cells
were cultured for 5 days with a composite scaffold. Alizarin Red staining
of cell-scaffold constructs was performed as mentioned in previous lit-
erature [40]. After staining, the cell-scaffold constructs were washed
with distilled water 4-5 times and examined under a phase contrast mi-
croscope and photographed.

2.3.3.2. Giemsa staining. Giemsa staining was done to ensure whether
the osteoblasts retain their characteristic shape i.e., large cells with
prominent spherical nuclei as expected and reported [41] even in the
presence of scaffold. The osteoblast cells were cultured for 5 days with
a composite scaffold and stained, following the protocol mentioned pre-
viously [41]. The stained cells over the scaffold were observed under a
phase contrast microscope and photographed.

2.3.3.3. Oil Red staining. Oil Red staining was perform to verify that oste-
oblasts were not differentiated in vitro into adipocyte cells (that gives
Oil Red staining positive) and retained their osteoblastic phenotype in
the presence of the scaffold. The osteoblast cells were cultured for
5 days with a composite scaffold. The cells on the scaffold were fixed
with 50% methanol for 1 h at room temperature. Now, 2 ml of 60%
isopropanol was added to it for 5 min. After this, Oil Red stain (Fisher
Scientific, Mumbai, India) was applied to the cell-scaffold construct
for 5 min. The construct was washed with distilled water and examined
under a phase contrast microscope and photographed.

24. Gene expression study

24.1. Molecular marker expression in osteoblast cell-scaffold construct

Molecular markers are very important to understand the phenotypic
changes that occur in the cells when treated or exposed with any chem-
ical or biological material [42]. In this study, we have studied specific
genes that are expressed specifically by human osteoblast (bone) cells
by using reverse transcriptase polymerase chain reaction (RT/PCR)
technology. RT/PCR analysis was carried out by using specific primers
(Table 1) for respective genes, as described previously [43,44]. This
study has shown how osteoblast cells respond on the molecular level
to the composite scaffold. We have used human osteoblast cell line,
which is developed and characterized by Dr. Potdar at Jaslok Hospital
and Research Centre, Mumbai, India [43]. We have selected CD105
and CD73 as mesenchymal stem cell markers, CD34 as a hematopoietic
marker. Keratin 18, CD44 and osteocalcin (OCN) are osteoblastic
markers. We have selected OCN marker to confirm the osteogenic char-
acteristics of the human osteoblastic cell line. 3-Actin has been used as a
housekeeping gene in this study.

2.4.2. RNA extraction

In this study, we have studied specific genes that are expressed spe-
cifically by human osteoblast (bone) cells by using RT/PCR technology.
The phenotypic expression of these cells was checked in the presence
and absence of scaffold. 1 x 103 cells of human osteoblast cells per scaf-
fold were plated in each 48 well plate with and without scaffold. We
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Table 1
Primer sequences used for gene expression studies for human osteoblast cells.

S.No  Molecular marker  Forward primer 5’ = 3’

Reverse primer 5’ = 3’

TGTCTCACTTCATGCCTCCAGCT 378
AGGCTGTCCATGTTGAGGCAGT
CACCAAGGTTCAGCAGATCCGC 1003
GTTCATCAATGGGCGACCGG
CAACCCTACTGATGATGACG 312
GGATGCCAAGATCATCAGCC
GCAAGCCACCAGAGCTATTC 198
GGTCCCAGGTCCTGAGCTAT
GAGATCGAGGCTCTCAAGGA 357
CAAGCTGGCCTTCAGATTTC
GGTGCAGCCTTTGTGTCCAAGC 115
GTCAGCCAACTCGTCACAGTC
AACCCCAAGGCCAACCGCGGAG 417
AAGATGACC
GGTGATGACCTGGCCGTCAGGC
AGCTCGTA

Product size (bp)

1.1 CD105
2. 2 CD73

3. 3 (D44

4. 4 CD34

5. 5 Keratin 18
6. 6 OCN

7. 7 P-Actin

have put 4 scaffolds in each well in triplicate to get sufficient cells for
RNA extraction. The cells were incubated at 37 °C in a CO, incubator
for 5 days by observing morphological changes every day by phase con-
trast microscopy. The cultures were terminated after 5 days and then
washed with 1X PBS solution and then transferred into 500 pl of Trizol
solution (SD Fine-Chem. Ltd., Mumbai, India) for RNA extraction. The
time matched control cells (incubated without scaffold) were also har-
vested after 5 days. Total RNA was extracted using Trizol reagent and
total RNA was then quantified by using a spectrophotometer at 260 &
280 nm wavelengths. The purity of each sample was observed using
the A260/A280 ratio. A ratio of 1.8-2.0 was considered as purified
RNA sample. Extracted RNA was then stored in diethylpyrocarbonate
(DEPC) water at — 85 °C till further molecular analysis.

2.4.3. Synthesis of cDNA from extracted RNA

Complementary DNA (cDNA) synthesis was performed using a com-
mercially available cDNA kit (Applied Biosystems U.S.A.). Two micro-
grams of extracted RNA was reverse transcribed by using MuLV
reverse transcriptase to generate full-length first strand cDNA from
total RNA extracted from osteoblast cells. Further, the synthesized
cDNA was used as a template for polymerase chain reaction (PCR) am-
plification to study gene expression in these cells. The PCR product was
successfully amplified in all genes using Taq polymerase (Invitrogen,
U.S.A.) and the product obtained was loaded on 2% agarose gel, visual-
ized under a gel documentation system (Model — Alpha Imager HP,
Cell Bioscience) and photographed.

3. Results and discussion
3.1. Scaffold fabrication

We have successfully fabricated a tissue engineering scaffold from
the combination of natural origin polymers — chitosan, gelatin, alginate
and a bioceramic — nHAp, by applying the foaming method without
using any surfactant [Fig. 1, Section 2.1]. This polymer combination
helped in stabilizing foam for a long time (above 50 min) — a prerequi-
site for scaffold fabrication by the foaming method [12].

During the scaffold bead formation, alginate interacts/crosslinked
with both Ca?* ions and chitosan, and beads were formed. Ca®* ions
present in the solution of acetic acid containing chitosan and nHAP
(Step 4 in Fig. 1), served to ionically crosslink alginate.

Some of the chitosan molecules present in gelling solution (Step 4 in
Fig. 1), might also bond to alginate weakly, forming a polyelectrolyte
complex due to electrostatic interactions between oppositely charged
groups (—COO™ of alginate and —NH "3 of chitosan). The polyelectro-
lyte complex formation between chitosan and alginate, was also report-
ed previously [8,45]. Here, the free aldehyde groups of glutaraldehyde

molecules, were supposed to crosslink with amino groups of chitosan
by forming imine bond (TC=N), following the cross-linking reaction.
The formation of imine bonds between aldehyde groups of glutaralde-
hyde and amine groups of chitosan by covalent linkage, was also report-
ed earlier [46]. Thus, glutaraldehyde crosslinks both chitosan and
gelatin in different stages of scaffold formation. It is supposed that the
possible interactions between the Ca?>* and P04~ groups of HAp and
the —COO ~ and —NH ™2 groups of gelatin and chitosan respectively,
have also occurred that led to a successful formation of nanocomposite
bead scaffold. These interactions were further corroborated by FTIR
studies (Section 3.4) and were also reported in the earlier studies [47,
48].

The acetic acid reacts with NaHCOs to evolve CO, from inside the
bead, promoting high porosity in the bead-scaffold.

3.2. Scaffold size and morphology

The size of 50 scaffold-beads was measured by using Image-] soft-
ware (Java version) and the diameter of the beads is found to be in
the range from 1 to 3 mm with an average size of 2 4 0.5 mm.

Fig. 2(A-H) showed ESEM images of the composite scaffold. The
scaffold is porous and the pores were spread over the entire scaffold;
nHAp particles were well distributed over the pore walls of the scaffold
as indicated by arrow marks in the ESEM images. The surface of the scaf-
fold appears to be rough due to the nHAp particles impregnated over
the scaffold surface. The pore size of the composite scaffold is in the
range of 10-264 um with the mean size of 112 4+ 19.0 um. The large
pores in the scaffold will facilitate the osteoblast cells to fit better inside
the scaffold leading to direct osteogenesis without proceeding towards
cartilage formation [36], while the smaller pores (10-25 pm) are sup-
posed to facilitate nutrient diffusion throughout the scaffold [48]. In
some studies it has been observed that smaller pores play a crucial
role in nutrient diffusion, cell growth and proliferation [49]. Smaller
pores provide either a larger surface area or a geometrically more suit-
able substrate for angiogenic and/or osteogenic protein adsorption
and cell anchorage, leading to the more rapid induction of angiogenesis
and thus bone apposition [49]. Cross section of the scaffolds was also
examined as shown in Fig. 2(E-H). Sectioned beads also revealed po-
rous structures with nHAp particles embedded on it. Thus, the compos-
ite scaffold possesses sufficiently porous morphology with nHAp
distribution that makes the scaffold vital for bone tissue engineering
applications.

3.3. Energy Dispersive X-ray Spectroscopy (EDS)

Chemical analysis by EDS is done to characterize the constituents of
the composite scaffold. EDS analysis (Fig. 3) showed that the scaffold
surface consists of carbon (C) and oxygen (O) as detected by the specific
peaks. The core portion of the scaffold typically consists of calcium (Ca)
and phosphorous (P), and therefore similar to the nHAp phase.

3.4. Fourier transform infrared spectroscopy (FI-IR)

FT-IR spectra of (a) chitosan; (b) alginate; (c) gelatin; (d) composite
scaffold; and (e) nHAp powder were shown in Fig. 4. The IR spectrum of
chitosan confirms the presence of O-H and N-H stretching vibration at
3442 cm~ !, in which the -OH stretching vibration is overlapped by N-H
stretching. The band at 1641 cm™! corresponds to N-H bending
vibrations of secondary amide. The C-O-C bending, C-O bending and
C-OH bending were visible at 1173 cm™'. The C-H bending was seen
at 1378 cm~ . The band at 900 cm ™! corresponds to the saccharide
structure of chitosan [24].

The IR spectrum of alginate showed characteristic bands for its glu-
curonic (G) and mannuronic (M) acid units at 1031 cm~! and
1091 cm™ !, respectively. The -OH stretching band was observed at
3407 cm™ . The H-C-H and O-C-H stretching vibration was seen at
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Fig. 2. Scaffold morphology by ESEM analysis: (A,B,C,D) — nHAp-chitosan-gelatin-alginate composite scaffold at 50X, 500X, 1000X and 2000X, respectively; (E,F,G,H) — cross-section of
composite scaffold at 50X, 500X, 1000X and 2000X, respectively. The nHAp particle distribution is clearly visible on the scaffold surface (B,C,D) as well as in the cross-section(F,G,H) of the

scaffold.

1416 cm™ . The -COO~ stretch was visible at 1610 cm™'. The bands at
886 cm™ ! and 818 cm™ ! indicate B-glycosidic linkages between G and
M units of alginate.

The IR spectrum of gelatin showed a band at 3443 cm™ ' due to N-H
stretching of secondary amide and N-H out-of-plane wagging at
665 cm™ . The pure gelatin revealed a series of amide (1240 cm™ !,
1543 cm™ !, and 1650 cm™ ') and carboxyl (1300-1450 cm™!) bands,
which were attributed to the amino acids of gelatin backbone, such as
glycine, proline, and hydroxyproline [50].

In the FTIR spectrum of nHAp, a sharp band appearing at approxi-
mately 3572 cm™ ! indicates O-H stretching. A PO4>~ stretching peak
appeared at 1030 cm ™! and PO4> ~ bending vibrations appeared at
604 cm~ ' and 563 cm~ '. The small peak at 860 cm ™~ can be attributed
to symmetric P-O stretching vibration [24].

The IR spectrum of polymeric composite beads showed a band at
1632 cm™ ! which corresponds to imine bond (-C=N) which might
be formed between gelatin and glutaraldehyde as well as chitosan and
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glutaraldehyde present in the polymer mixture. This peak was not ob-
served in FT-IR of pure gelatin and chitosan. This implies the possibility
of crosslinking reactions among chitosan, gelatin and glutaraldehyde
molecules during scaffold formation [8,48].

The band of the amino group (1173 cm™ ! seen in pure chitosan) is
absent in the composite scaffold. This is an indication of a possible inter-
action between the chitosan and nHAp during scaffold fabrication. The
band of P-O at 1030 cm~' and 604 cm~! in nHAp has shifted to
1033 cm~ ! and 628 cm ™! after composite formation, which evidences
that the P-0 groups of nHAp have taken part in bonding particularly
with the NH3 groups of chitosan present in the scaffold. The interaction
between the P-O group of nHAp and NH3™ groups of chitosan was also
reported previously [51]. Shifting of the bands in FTIR of composite scaf-
fold revealed that there exists some chemical bonding at the nHAp-
polymer interface.
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Fig. 3. Elemental analysis of nHAp-chitosan-gelatin-alginate composite scaffold
determined by EDS.

Fig. 4. FTIR spectra of (A) chitosan; (B) alginate; (C) gelatin; (D) nHAp-chitosan-gelatin-
alginate composite scaffold; and (E) nHAp.



422 C. Sharma et al. / Materials Science and Engineering C 64 (2016) 416-427

3.5. Porosity

Porosity of the nHAp-chitosan-gelatin-alginate composite scaffold
is about 82% (mean porosity 80.8% 4 1.20). In an earlier study, glycine
modified chitosan-gelatin-alginate scaffolds showed a porosity of
about 90% (mean porosity of 91.8 4+ 1.90%) [8,12]. The decrease in po-
rosity (~11%) in the nHAp-chitosan-gelatin-alginate composite scaf-
fold is probably due to the deposition of nHAp over the scaffold that
has made the surface of the scaffold uneven and patchy (Fig. 2). This re-
sult is consistent with another study by Kim and coworkers [51], who
reported a decrease in porosity by the addition of hydroxyapatite in
the gelatin scaffold. The decrease in porosity may be attributed to the in-
teractions particularly between —-NH3™ groups of chitosan and both —-OH
groups of nHAp as well as Ca>* ions of nHAp [50]. The nHAp addition
has decreased the porosity but still the porosity (82%) is sufficiently
enough to facilitate the cell seeding and nutrient diffusion throughout
the whole structure of the scaffold.

3.6. Swelling ratio

As shown in Fig. 5, the swelling ratio of nHAp-chitosan-gelatin-algi-
nate composite scaffold beads, after immersion in PBS for 10 min, is
400% and thereafter it (swelling ratio) increases with time, which re-
flects the good hydrophilicity of the scaffold. As after 60 min, no further
swelling of the beads (negligible swelling effects) was observed, which
indicates that the equilibrium point of swelling was reached at approx-
imately 940%. Though, the scaffold showed good degree of swelling but
the swelling is less compared to chitosan-gelatin-alginate scaffold in
which the equilibrium point of swelling was observed at about 1030%
in 60 min as reported in our previous article [8]. This reflects that the ad-
dition of nHAp has affected the swelling property of the scaffold. This re-
sult is consistent with other studies in which the addition of nHAp and
tricalcium phosphate in scaffold fabrication has resulted in decreased
swelling ratio [52]. Overall, the scaffold is hydrophilic which indicates
that the nHAp-chitosan-gelatin-alginate composite scaffold can be ap-
plied potentially for tissue engineering applications as the hydrophilic
nature of the scaffold will facilitate the absorption of body fluid, which
consists of water mainly and is important for the diffusion of nutrient
and metabolites.

We have also calculated the maximum volume of the beads
(Table 2) after swelling because this will help us for application of the
scaffold in clinical trial by knowing the size of the tissue defect. The
final diameter of the beads after swelling is in the range of 2.5 mm to
4.7 mm with an average of 3.7 4+ 0.8 mm as measured by Image ] soft-
ware. The maximum swelling volume was in the range from
8.18 mm?> to 54.4 mm? (for swelled beads of diameter 2.5 mm to
4.7 mm) as shown in Table 2.
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Fig. 5. Swelling ratio (%) of nHAp-chitosan-gelatin-alginate composite scaffold.

3.7. Evaluation of mechanical stability

A short term mechanical stability assay was carried out by exposing
the nHAp-chitosan-gelatin-alginate composite scaffold beads to both
agitation and osmotic swelling pressure in PBS solution under physio-
logical conditions. By this study, it was demonstrated that at the end
of 48 h of agitation, the beads showed no deformation in shape and no
rupturing (Fig. 6), which indicates good mechanical stability of the scaf-
fold under physiological conditions. Contrary to this, the chitosan-gela-
tin-alginate scaffold showed deformation and slight rupturing after
10 h of agitation [8] and thereafter the rupturing increased with increas-
ing agitation time. The mechanical strength of the chitosan micro-
spheres was also determined in previous studies after 48 h of agitation
by a similar method [53].

The increased mechanical stability of the nHAp-chitosan-gelatin-
alginate composite scaffold was possibly due to the presence of nHAp
that is known to produce mechanically stronger scaffolds [54]. The in-
teractions among nHAD, chitosan, gelatin and alginate might also have
resulted in increased mechanical stability. At physiological pH, gelatin
and alginate are anionic while chitosan is cationic in nature. Thus,
they exhibit an electrostatic interaction. Moreover, there will be the
possible interactions among the NH3 group of chitosan with Ca?*,
PO4>~ ions and —-OH groups of nHAp as reported by several scientists
[51,55]. Thus, all these interactions provided additional crosslinking
among the polymers (chitosan, gelatin, alginate) and nHAp, which
might be responsible for the formation of more compact and mechani-
cally stable scaffold structure.

3.8. In vitro enzymatic biodegradation

The degradation of the nHAp-chitosan-gelatin-alginate compos-
ite scaffold was studied in PBS-lysozyme solution. It was found that
there is no degradation up to day 3 and from day 5th the scaffold
starts degrading (Fig. 7). The degradation of the composite scaffold
after 28 days was found to be 35% only. However, the chitosan-gela-
tin-alginate composite scaffold showed approximately 70% degrad-
ability only after 21 days under the same physiological condition
[8,12]. This indicates that the addition of nHAp reduced the rate of
degradation of the nHAp-chitosan-gelatin-alginate composite scaf-
fold to a great extent. This result might be attributed to the formation
of more stable and compact scaffold structure formed by the interac-
tions among the polymers (chitosan, gelatin, alginate) and nHAp.
The degradation result is consistent with other studies in which the
reduced degradation was observed in hydroxyapatite based scaf-
folds [56,57,58]. The reduced degradation rate of the scaffold might
be beneficial as it can provide sufficient time for the formation of
neotissue and ECM during tissue regeneration.

3.9. Cell behavior on the scaffold

3.9.1. Cell viability, proliferation and attachment over the scaffold
MTT assay was performed for 1, 3 and 5 days to evaluate the cell vi-
ability and proliferation of osteoblast cells over the nHAp-chitosan-

Table 2
Table showing size of beads with different radii.

Average diameter of Average diameter of Volume of beads

scaffold beads before scaffold beads after after swelling
swelling (in mm) swelling (in mm) (in mm?)

1 2.5 8.18

15 3 14.1

2.0 4.1 36.1

2.5 43 41.6

3 4.7 54.4
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Fig. 6. nHAp-chitosan-gelatin-alginate composite beads before agitation (A,B); composite beads after 48 h agitation (C,D) under physiological conditions (magnification: 20X for all

images);(E) percentage of ruptured beads in PBS as a function of time.

gelatin-alginate composite scaffold as well as on the chitosan-gelatin—
alginate scaffold without nHAp incorporation. Cells seeded on a tissue
culture plate without scaffold, were taken as a control. The absorbance
values i.e., optical density (0.D.) was measured for the cell-seeded scaf-
fold and the O.D. is proportional to cell viability. The chitosan-gelatin—
alginate composite scaffold showed an increase in cell viability and pro-
liferation with time as indicated by the absorbance values which are
higher than the absorbance values of the control (Fig. 8). However,
the nHAp-chitosan-gelatin-alginate scaffold showed a significant in-
crease in cell proliferation compared with the chitosan-gelatin-alginate
scaffold, which does not contain nHAp (Fig. 8). The better proliferation
of the osteoblasts over the nHAp-chitosan-gelatin—alginate composite
scaffold is believed to be due to higher attachment of cells over the com-
posite scaffold. The higher attachment might be due to the presence of
nHAp particles and the roughness provided by nHAp particles. The
higher osteoblast cell viability for scaffold fabricated with nHAp was
also reported by several scientists [24,50,52].

Fig. 9(A-F) showed that the osteoblast cells adhered to the nHAp-
chitosan-gelatin-alginate composite scaffold surface after 1, 3 and
5 days of incubation with the scaffold. After 1 day, it was observed
that the cells adhere to the scaffold and the shape of the cells is mostly
rounded. Cells grow with time, spread over the scaffold, and after 3
and 5 days, the cells were observed to have a spindle to polygonal mor-
phology with the cell-membrane being quite flattened onto the rough
surface of the scaffold created by the nHAp particles (Fig. 9(C—F)).
This type of morphology of osteoblast cells was reported previously on
the titanium based scaffold [59]. The results proved that the nHAp in-
corporated chitosan-gelatin-alginate scaffold provided a very good en-
vironment for the adhesion and proliferation of osteoblast cells. The
nHADp particles, its nanofeatures and rough surface are believed to be
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Fig. 7. Percentage degradation of nHAp-chitosan-gelatin-alginate composite scaffold in
lysozyme-PBS solution.

the main boosting factors responsible for the good attachment and
well-spread morphology of the osteoblast over the scaffold. It was
well documented in the literature that the roughness of the scaffold-
surface plays a vital role in osteoblast cell attachment and proliferation
[60,61]. Thus, the good adhesion of the osteoblast is an outcome of the
nano-rough surface provided by the presence of nHAp particles in the
scaffold. The ESEM analysis showed the good adhesion and high prolif-
eration rate of osteoblasts over nHAp-chitosan-gelatin-alginate
scaffold. This result was also corroborated with MTT assay, which con-
firmed the potential of nHAp-chitosan-gelatin-alginate composite
scaffold towards bone tissue engineering.

Fig. 10 illustrated the phase contrast microscopy of the cell-scaffold
construct that showed the viable and healthy cells which increased in
density with incubation time. This result supported the MTT assay result
and also revealed increased cell proliferation with the incubation time.
The osteoblast cells showed polygonal and spindle shaped morphology
and the cells are well-spread over the surface of the composite scaffold.

Overall, the result of cell viability and attachment study showed that
the nHAp-chitosan-gelatin-alginate composite scaffold provided a
well-suited environment for the adherence and proliferation of osteo-
blast cells. Thus, it can be a good candidate for bone regeneration and
better scaffold compared to the chitosan-gelatin-alginate scaffold.

In this article, we restricted our study for in vitro studies related to
scaffold and its behavior when seeded with osteoblast cells. Before
using a scaffold for clinical trial, the scaffold will be immersed in a cul-
ture medium (e.g., DMEM) for sufficient time, to allow maximum swell-
ing of the scaffold. After maximum swelling, when the scaffold is
subjected for clinical trial it is expected that there will be no further
swelling of scaffold when implanted at a site of defect in the body.

u Control (Osteoblast cells on tissue culture plate)

® Composite scafffoldwith nHAp

0.06 0.06 0.07

1 3 5
Time (days)

Fig. 8. Viability of osteoblast cells over nHAp-chitosan-gelatin-alginate composite
scaffolds at 1, 3 and 5 days, respectively. Here, O.D. is directly proportional to the cell
viability. (*) stands for significant difference between control and scaffold on the same
culture day (p < 0.05); (#) represents significant difference between the same scaffold
on different culture days (p < 0.05).
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Fig. 9. ESEM images of osteoblast cells cultured on nHAp-chitosan-gelatin-alginate composite scaffold. White arrows indicate the cells over the scaffold.

However, it will be proved only after clinical trial. If someway some
problem is created due to the size of the scaffold during clinical trial,
we will control the size of the scaffold to solve the problem. Scaffold
(swelled) size will be selected as per the size of the tissue defect.

3.9.2. Histological staining of cell-scaffold construct

Osteoblast cells incubated with the nHAp-chitosan-gelatin-alginate
composite scaffold stained Alizarin Red positive as shown in Fig. 11(A).
Alizarin Red staining has the greatest sensitivity for the detection of cal-
cium pyrophosphate crystals which is an indication of mineralization.
The calcium deposition was observed as reddish-black spots by Alizarin
Red histological staining. The mineralization seen in Alizarin Red stain-
ing of the cells implies that these cells have good osteogenic potential
over the scaffold. A similar result was obtained by Huang and co-
workers, upon staining the mesenchymal stem cells over the hydrogel
scaffold with Alizarin Red for exploring their osteogenic potential [40].
The osteoblast cells also showed positive Giemsa staining which reveals
the presence of large cells with prominent spherical nuclei as expected
and reported by other scientists [41]. However, osteoblasts were not
stained by Oil Red staining indicating that they were not differentiated
in vitro into adipocyte cells and retained their osteoblastic phenotype
in the presence of the scaffold. The results of histological staining further
support the growth and viability of osteoblasts over the scaffold, there-
by proving the great prospective of this scaffold for bone tissue engi-
neering applications.

3.9.3. Molecular marker expression in osteoblast cells in the presence and
absence of scaffold

In the present work, we have seen the effect of the nHAp—chitosan-
gelatin-alginate composite scaffold on expression of specific genes in
human osteoblast (bone) cells. These cells normally expressed CD105
and CD73 as mesenchymal markers and showed negative expression
for CD34 which is a hematopoietic marker. These cells also expressed
CD44, Keratin 18 and osteocalcin (OCN), which is a one of the specific
markers for osteoblastic phenotype. Osteocalcin is secreted solely by os-
teoblasts, and plays an important role in the body's metabolic regulation
[62].

We found that human osteoblast cells expressed all these genes
i.e.,, CD105, CD73, CD44 and OCN in the presence and absence of the
scaffold as shown in Fig. 12. Tsukita et al. have shown that CD44 is a
cell-surface protein (adhesion receptor) involved in proper cell-cell
and cell-scaffold interaction [63]. Our experiment has clearly shown
high expression of CD44 by osteoblast cells seeded over the scaffold, in-
dicating the proper interaction between the cells and the extracellular
matrix proteins present in the scaffold. The expressions of OCN in oste-
oblast cells (in the presence or absence of scaffold) have indicated the
well maintenance of osteoblastic phenotype of these cells even in the
presence of the scaffold. As OCN is secreted solely by the osteoblast
cells [64], the OCN gene expression seen (in this study) in the osteoblast
cells with and without scaffold clearly signifies that the cells maintained
their osteoblastic potential even in the presence of the scaffold and
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Fig. 10. Phase contrast microscopy of osteoblast cells-scaffold construct (magnification: 10X for all images).

therefore the nHAp-chitosan-gelatin-alginate scaffold can serve as a
good substrate for bone regeneration. Keratin 18 is a differentiating
marker, which also showed normal expression in the osteoblast cells
in the presence of the scaffold indicating that osteoblast cells well main-
tained their phenotype in this fabricated scaffold. Recently, several stud-
ies have shown the importance of the use of mesenchymal stem cells
(MSCs) in regenerative medicine for the cure of many diseases [65,
66]. Human osteoblast cells used in this study, also expressed mesen-
chymal stem cell markers i.e.,, CD105 and CD73 in the presence of scaf-
fold indicating that these cells in the presence of scaffold have
potentiality to enhance bone regenerative process.

4. Conclusions

The nHAp-chitosan-gelatin-alginate composite scaffold was suc-
cessfully fabricated by the foaming method, without using any surfac-
tant. This polymer combination helped in stabilizing foam for a long
time, which brought the success of scaffold fabrication by the foaming
method. The inclusion of nanoparticles of hydroxyapatite into the
scaffold matrix imparted a good mechanical stability and created a
nanotopographic rough surface that enhanced adhesion and prolifera-
tion of osteoblasts. The good hydrophilicity of the scaffold as depicted
by swelling ratio indicates that the scaffold will facilitate the absorption
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Fig. 11. Alizarin Red, Giemsa and Oil Red staining of osteoblasts (A,B,C) after 5 days of incubation with nHAp-chitosan-gelatin-alginate composite scaffold (magnification: 20X).
Osteoblast stains positive for both Alizarin Red and Giemsa stain (A,B). Osteoblast stains Oil Red negative (C). Red color indicated by arrows in (A) shows calcium deposition. Black
arrows indicate the cells present over the scaffold.
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Fig. 12. Gene expression studies for osteoblast cells in the presence and in the absence of
nHAp-chitosan-gelatin-alginate composite scaffold.

of body fluid and nutrient diffusion. The prolonged degradation time
provided by the addition of nHAp in the composite scaffold might be a
feature that offers sufficient time for the formation of neotissue and
ECM. The results of the in vitro cell culture studies and gene expression
by seeding osteoblast cells over the scaffold signify that the newly de-
veloped nHAp based composite scaffold is a good scaffold for osteoblast
attachment and proliferation, thus it can be potentially applied for bone
regeneration.
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