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In recent years, bone tissue engineering which
involves cells, three-dimensional (3-D) matrix and/or
recombinant signalling molecules has been extensively
studied to find an ideal bone implant. The scaffold for
bone tissue engineering should be porous to allow
mass transfer at high rate along with mechanical
property in par with bone structure to ensure integrity of neo-tissue. In this work, we have combined
well-known hydroxyapatite (Ca10(PO4)6(OH)2; HA)
and chitosan that provides ideal surface chemistry for
its osteoblast attachment and enhances mineralization
and is known for its osteoconductive and osteoinductive properties. We have synthesized chitosan–
hydroxyapatite (CH–HA) macroporous scaffold, in
simple two-step process, using freeze-drying technique.
Scanning electron microscope analysis showed macroporous architecture with interconnected pores. EMAX
testing for elemental analysis clearly indicated pres-

ence of calcium, phosphorus and sodium along with
oxygen and nitrogen in the scaffold. The Fourier’s
transmission infrared spectroscopy (FTIR) examination showed chemical bonding between both the polymers. To further evaluate 3-D profiling of CH–HA
scaffold, rheological testing was performed which
showed no significant change in G′, G″ and phase
angle proving mechanical stability of the material
which was able to bear stress without leading to deformation. Human osteoblast seeded on CH–HA matrices
showed enhanced cellular proliferation and viability
for longer period of time. Increased mineral deposition was examined using alkaline phosphatase assay
which confirmed that CH–HA scaffold provided conducive environment for osteoblast proliferation and
mineral deposition. The mechanical properties and
microarchitecture of the scaffold were found to be
ideal for bone tissue engineering.
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engineering is challenging as every step from polymer
choice to fabrication and characterization influences the
regeneration of the tissue9,10. In case of load-bearing
tissues of the body, bone regeneration and repair is most
common, yet complicated process. In spite of various
allograft and autograft techniques along with prosthesis,
it has its own limitation spanning from donor storage to
immune reaction to null bone regeneration11–14.
Bone tissue engineering is an ideal substitute for treating bone defects and has been heralded as an alternative
to bone regeneration15 as it combines bone cells
(osteoblast or pre-osteoblast) and a biodegradable 3-D
scaffold to repair damaged or disease bones. Success of
this approach mainly depends upon the size of the defect
that needs repair along with fabrication of 3-D fully integrated, internal channels with controlled interconnected
porous structure that can match the stiffness of the surrounding bone to avoid stress shielding16. Unlike other
3-D scaffolds, the basic polymers of choice in bone tissue
engineering are bioactive composites which exhibit
osteoinductive and osteoconductive properties. In nature,
the bone is a complex of organic–inorganic materials
such as collagen fibrils, nano-crystallites and hydroxyapatite (HA, Ca10(PO4)6(OH)2) in a hierarchical architecture

TISSUE engineering principally applies the material engineering and biological sciences concept to create artificial
constructs that regenerate neo-tissues1,2. A three-dimensional (3-D) scaffold plays an impetus role in scaffoldassisted tissue regeneration3,4. The scaffolds until recently
were perceived as only cell carriers however, in contrast,
these materials have shown to govern the fate of cells and
ultimately decide the outcome of the process. Along with
acting as artificial extracellular matrix for cellular
attachment and proliferation, scaffold microarchitecture
and surface property have influenced cell behaviour,
differentiation and neo-tissue formation5–7. There are
numerous fabrication techniques for scaffolding and in
the recent past, efforts have been made to improve the
surface of the scaffold both in terms of its topography
and chemistry that can make a scaffold ideal for desired
applications and has a pronounced effect both in in vitro
and in vivo systems8. Designing an ideal scaffold in tissue
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layered over several length scales17–20. There are different
classes of bioactives depending upon the bioactivity
index and HA belongs to class A due to its ability to bind
to both hard and soft connective tissues21. Class A materials
possess both osteoconductive and osteogenetic properties,
whereas class B materials exhibit only osteoconductive
behaviuor22. HA consists of basic components such as
phosphorus (P) and calcium (Ca) that induce intra- and
extracellular responses23. HA along with some natural
polymer combination is found to be one of the ideal scaffolds for tissue engineering. Among the major natural
polymers used, chitosan (CH) has been exhaustively used
in all scaffolds intended for major load-bearing tissues of
the body24. These next-generation materials combine the
ideal bioactive and natural polymer composited which
mimics natural bone functions and activates in vivo tissue
regeneration mechanism25. CH is a natural polysaccharide
derived mostly from crab shell, but can also be obtained
from shrimps, coral and jellyfish. CH is an ideal polymer
for biomedical application due to its biocompatible and
bio-degradation properties along with osteoconduction
and intrinsic antibacterial nature. CH has been applied in
cartilage tissue engineering26,27, wound healing28 and
bone or orthopaedic applications29,30.
In this study, we report fabrication of chitosan–
hydroxyapatite (CH–HA) macroporous interconnected
structure along with the distribution of polymers, chemical bonding, rheological properties of the material, cell
proliferation and alkaline phosphatase activity of the
macroporous scaffold designed in simple two-step process. The freeze-drying technique for scaffold fabrication
has resulted in macroporous, interconnected network of
polymer matrix that supports human osteoblast attachment and proliferation and early onset of bone mineralization and subsequent extracellular matrix deposition.

Material and methods
CH, HA, Dulbecco’s modified Eagle’s medium (DMEM),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), glutaraldehyde (50%), trypsin–EDTA, foetal
bovine serum, penicillin–streptomycin, nystatin and DAPI
were purchased from Sigma Aldrich (St Louis, Mo,
USA), NaOH from Duksan Pvt Ltd (South Korea).
Human osteoblast cells (hFOB) were purchased from
ATCC (Manassas, VA, USA). Alkaline phosphatase Kit
(AbCAM, USA) and Live/Dead viability/cytotoxicity Kit
were purchased from Life Technology, Invitrogen, USA.
All the other chemicals used were of analytical grade.

Optimizing polymer concentration for scaffold
fabrication
CH (200 mg) was weighed and dissolved in 10 ml of 1%
acetic acid solution at high temperature (~ 80°C) to comCURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012

pletely dissolve the polymer. Under continuous stirring,
1% HA was added to the polymer solution and incubated
at –20°C for 24 h. Following incubation, the scaffold was
dipped into 10% NaOH solution for 8 h. Scaffolds are
washed with double distilled (DD) H2O until neutralized
and dried until further used.

Microstructure and elemental analysis
Morphology of the scaffold was studied using scanning
electron microscopy (SEM, Hitachi S-4100). CH–HA
scaffold was coated with platinum using ion sputter
coater (Hitachi E-1030). SEM was operated under high
vacuum at 15 kV with sample spot size of 5 mm to image
the samples. EMAX (Horiba) SEM-associated software
(microanalysis suite) was further used for elemental
analysis of scanned samples choosing random regions of
CH–HA scaffold. Along with average pore size, interconnectivity and pore-diameter, distribution of CH and
HA in a 3-D system was determined by this procedure.

Chemical interaction by FTIR
FTIR (PerkinElmer Spectrum 100 – USA) was used for
obtaining infrared spectrum of the CH–HA scaffold.
Briefly, 2 mm section of the scaffold was used for
the analysis and peaks were further plotted after obtaining
the spectra.

Rheology of CH–HA scaffold
Rheology analysis is used to measure visco-elastic
property of the material and deformation under given
conditions5. Device (Rheometric scientific serial no:
4X841702PCE) was used for characterization of CH–HA
scaffold. All polymeric materials display characteristic
behaviour under stress and different temperatures.
CH–HA scaffold sections were cut and placed on sample
holder with gap width of 150 μm and force applied was
1 N per second at constant temperature. Graph was plotted with loss modulus (G′), storage modulus (G″) and
phase angle.

Human osteoblast responses to CH–HA matrix
CH–HA scaffold was treated with gradient ethanol for
sterilization. CH–HA 5 mm sections were cut and preequilibrated with phosphate buffer saline (PBS) (0.1 M,
pH 7.4) followed by DMEM cell-culture media. Human
osteoblast cells (hFOB) were seeded on to CH–HA with
cell seeding density of 1 × 104 cells/well/scaffold. Experiment was set up in triplicate with two-dimensional
(2-D) cell culture treated 24-well plate as control. 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
1439
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(MTT) assay was performed on every 5th day of the
experiment to check for metabolic activity of the cells.
MTT is an indirect assay for checking cell growth, proliferation and metabolic activity of cells. The mitochondrial enzyme of metabolically active cells oxidizes MTT
resulting in development of a purple or dark violet colour
product. Briefly, MTT was dissolved in DMEM (without
foetal bovine serum (FBS)) and added to the scaffold and
2-D system and incubated for 4 h. After incubation, MTT
was gently aspirated out and dimethyl sulphoxide
(DMSO) (1 : 3) added to each test to dissolve intraformazan crystals and obtain the end product, which can
be read spectrophotometrically at 490 nm.

Cell–matrix interaction
Scaffold seeded with hFOB was fixed with 2.5% glutaraldehyde after completely removing the media. Live–
dead staining kit was used to evaluate the cell–matrix
interaction. Ethidium bromide (2 mM) was diluted in 10 ml
distilled tissue culture grade PBS in combination with
4 μm of calcein acetomethoxy (calcein AM) from stock
solution. The working solution of the stain 100–150 μl
was added and incubated for 30 min and labelled cells
were observed under Nikon fluorescent microscope.

Functionality assay: alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was evaluated by a
functionality assay using ρ-nitrophenyl phosphatase
as substrate (AbCAM protocol). Absorbance was read
spectrophotometrically at 405 nm. ALP was directly converted from the absorbance plotted using standard curve
(serum albumin) with concentration varying from 0.1 to
1.0 mg/mol.

Statistical analysis
Statistical analysis of all the chemical and biological
experiments on the scaffold was performed in triplicates.
All the experimental values were expressed in the form of
mean ± standard deviation. The results were statistically
compared using SPSS 20 for independent t-tests and the
values of p < 0.05 were considered as statistically significant.

Results and discussion
Scaffold fabrication and mechanical strength
A number of composites have been synthesized using
CH and HA31,32 using co-precipitation13 or sintering
methods33. However, this is the first time we report a
macroporous scaffold with interconnected pores, ideal
1440

mechanical strength with high osteoblastic activity synthesized in a two-step process using freeze-drying technique. Series of scaffolds were fabricated by using
freeze-drying technique (Figure 1) with different concentrations of CH and HA to obtain a scaffold with ideal
physico-chemical properties to suit the desired application. Porous 3-D scaffold is considered to be most suitable for tissue engineering, considering this the final
concentration of polymers was found to be 2 : 1. SEM
image revealed interconnected porous network of polymers (Figure 2) with pore size ranging from 50 to
110 μm; average pore size being 85 μm, which is most
suitable for bone tissue engineering. CH–HA scaffold has
been synthesized as a membrane using co-precipitation
process and the pore size of this composite was found to
be approximately 50 μm (ref. 13). The freeze-drying
process for CH–HA scaffold fabrication is simple, easier
and controlled porous structure could be obtained by
manipulating the polymer concentration and freezing
temperature.

Elemental analysis of the scaffold by EMAX
SEM-associated EMAX software was used to check for
elemental distribution. Five scaffold sections of 2 mm
were dried, platinum-coated and random regions were
scanned for examining the distribution and interaction of
CH and HA. EMAX software revealed peaks of sodium
(Na), phosphorus (P), calcium (Ca), oxygen (O) and
nitrogen (N) along the length of the scaffold. These
elements were present in all random regions of the five
samples (Figure 3). HA is a natural mineral component
composed of calcium apatite with phosphorus and
calcium as monomers. Distribution of CH–HA indicates
homogenous mixing and interaction of both polymers
was achieved using freeze-drying technique.

Chemical interaction of CH–HA: FTIR
FTIR was performed to identify important interactions
between natural polymer CH and bioactive component
HA. FTIR examination reveals peaks at 1463 and 1558 cm–1
revealing C=O stretching and strong peak at 2848 and
2916 cm–1 which belongs to C–H stretching region and
small peaks between 2160 and 2255 cm–1 corresponding
to C=C along with peaks at 1084 and 2848 cm–1 indicating amide II band. Peaks at 1073 and 1117 cm–1 are typically PO4 corresponding to different vibration modes of
phosphate group in HA (Figure 4). HA also contains carbonate ions which can be clearly observed during FTIR
analysis. Peaks seen at 1654, 1598 and 1550 cm–1 are
assigned to amide I (C=O), amino (–NH2) and amide II
(–NH) respectively. FTIR results clearly indicate the
strong bonding between the CH and HA moiety, achieved
by a simple two-step scaffold fabrication process.
CURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012
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Figure 1.

Figure 2.

Schematic representation of steps involved in fabrication of CH–HA macroporous scaffold.

Scanning electron micrograph image showing porous and interconnected network of CH–HA scaffold.

Rheology of CH–HA scaffold
Rheology is simply defined as study of the deformation
and flow of material. It has been used to understand the
complex structure of various materials such as polymers,
suspension and body-fluid. Briefly, rheology can be
defined as a relationship between deformation/flow,
internal structure and performance of the material which
cannot be defined in terms of a single value of classic
fluid mechanics. When a material is subjected to different
stresses, each material responds in various ways
expressed as either elasticity or viscosity of the material;
however, between these two, lies a third property whose
dual nature is known as visco-elastic behaviour of the
material. The solid behaviour of the material is termed as
storage modulus (G′), liquid behaviour is depicted as loss
modulus (G″), which is derived with the equation given
below5.
G′ =

In-phase stress ⎫
⎬ Storage modulus,
Maximum strain ⎭
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G ′′ =

Out of phase stress ⎫
⎬ Loss modulus.
Maximum strain ⎭

Rheology study of CH–HA scaffold confirmed the stable
nature of the material when subjected to different stresses
and temperatures. CH–HA scaffolds were able to bear
increased stress without deforming and with increasing
temperature, no significant change in the values of G′ and
G″ was observed. G′ value was found to be stable around
103 (Figure 5). This study shows the ability of the scaffold to bear stress without deforming, showing the
mechanical stability and stiffness of the material which
could be ideal for bone and cartilage tissues.

Solvent adsorption and swelling kinetics
Interconnected porous network is needed for nutrient and
mass transport during cell culture set-up34 and to understand the complex architecture of the scaffold pores
solvent adsorption study was performed on four samples.
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Figure 3. Elemental analysis using EMAX software of different areas of CH–HA scaffold shows presence of sodium
(Na), phosphorus (P), calcium (Ca) with oxygen (O) and nitrogen (N).

Lyophilized dried gels used for swelling kinetics were
saturated with DD H2O at room temperature. CH–HA
scaffold swelled up to 80% from its original weight
within 90 sec and attained equilibrium at 120 sec with
swelling of 94% (Figure 6). Four samples were used for
the experiment to obtain concurrent reading with average
swelling ratio of 8.5 ± 0.32. High water uptake capacity
and swelling ratio of CH–HA suggested a large-pores
scaffold with interconnected porous architecture.
1442

Human osteoblast response to CH–HA matrix
In vitro cellular response to the matrix was evaluated by
seeding human osteoblast cells. CH–HA scaffolds were
pre-equilibrated with cell-culture media and 1 × 104 cells/
well/scaffolds was seeded on to a 5 mm section. The
experiment was set up for 30 days with 2-D as control
and metabolic activities were monitored using MTT assay
and functional activity using ALP levels. ALP is a known
CURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012
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Figure 4. Fourier’s transmission infrared spectroscopy examination
reveals corresponding peaks to different vibration modes of phosphate
group in HA and CH.

Figure 6. Swelling kinetics of the CH scaffold was performed on four
samples repeatedly dried and swelled in PBS. The swelling kinetics
showed high water uptake capacity and scaffolds swelled up to 93%
from the original weight within 120 sec. The experiment was performed in quadruplets and ‘p’ value was < 0.05.

Figure 7. MTT assay performed on regular time interval shows
steady increase in metabolic activity of osteoblast seeded on CH–HA
scaffold compared to 2-D system.

Figure 5. Rheology performed to check the visco-elastic property of
the CH–HA scaffold showed no significant change in loss modulus
(G″), storage modulus (G′) and phase angle.
CURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012

Figure 8. The functional assay was performed by checking ALP level
at regular intervals for 25 days. The osteoblast seeded on CH–HA scaffold shows elevated levels of ALP activity for 10th day onwards.
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Figure 9. Fluorescent image of osteoblast interaction with CH–HA scaffold. a, b, Live/dead staining performed on 1st
and 10th days respectively. c, DAPI nuclei staining shows cell attachment on CH–HA scaffold on 15th day. d, Phalloidin
staining was performed for cytoskeletal stain showing high osteoblast proliferation on CH–HA scaffold on 25th day.

marker used for differentiation of osteoblast cells at a
relatively early bone formation stage35 during mineralization and matrix protein formation and has been a widely
accepted marker for evaluating the performance of biomaterials, especially designed for bone tissue engineering. MTT assay performed on every 5th day of the
experiment shows slow increase in metabolic activity
of osteoblasts which is mainly attributed to the fact that
osteoblasts are slow proliferating cells by nature. Steady
increase in the absorbance was found to be indirectly
related to the higher rate of cell proliferation; however in
the 2-D system, osteoblast showed increasing trend
during first half of the experiment set-up and later the
rate was seen to decline (Figure 7).

Functionality assay: ALP and live/dead analysis
ALP activity showed upward trend from 10th to 20th
days of the culture (Figure 8). CH–HA with mechanical
stability and compression modulus similar to bone tissue
were found to be ideal for cell attachment and proliferation and ALP levels suggested that matrix was more
1444

favourable for differentiation of osteoblast during culture
resulting in increased level of ALP in the cells of the
scaffold, in comparison to the 2-D system. Live cells possess ubiquitous intercellular esterase activity, which is
determined by the ability to convert cell permeate nonfluorescent calcein AM into intensely fluorescent calcein.
Polyanionic calcein dye is retained within live cells, producing intense green fluorescence at ~ 495/515 nm,
whereas ethidium bromide can penetrate only dead or
damaged cells and undergoes ~ 40-fold increment in
fluorescent intensity upon binding to nucleic acid which
results in red fluorescence in dead cells. Cell viability/
cytotoxicity examined on 1st and 10th days using
live/dead staining kit, showed high number of cell viable
green cells (Figure 9 a and b). DAPI and cell tracker used
to stain the nuclei and cytoskeleton of cells respectively,
showed higher number of proliferating cells on 15th and
25th days of culture (Figure 9 c and d), the cells were
polygonal and did not exhibit the flattened morphology
generally seen in dedifferentiated osteoblasts. Metabolic
and functional activity expressed by osteoblast seeded on
CH–HA scaffold indicated that these cell–matrix interactions have strong-bone forming ability in less time,
CURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012
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thereby shortening the healing time and improving the
effectiveness of the approach towards bone tissue regeneration therapy.

Discussion
CH and HA composites have been synthesized using coprecipitation by Yamaguchi et al.36, by one-step dropping
of CH solution into calcium hydroxide suspension; however, these scaffolds were not macroporous, which is a
requisite for tissue engineering. Few other research
groups have fabricated CH–HA scaffold in the form of
membranes, multilayered or microspheres37; however,
these scaffolds need further modifications to be applied
for bone tissue. We have synthesized macroporous scaffold using freeze-drying technique to obtain macroporous
interconnected network in a simple two-step process.
Using freeze-drying technique for fabrication of CH–HA,
no further modification was needed for the scaffold as the
high affinity of CH for HA with hydrophilic entity facilitates homogenous distribution of HA in aqueous solution
along with facilitating the cell attachment and proliferation38 and in vitro biocompatibility showed potential use
of the scaffold in bone regeneration. Surface energy and
hydroxyl group of HA further promotes cell attachment
and proliferation, which in turn increases the DNA content of the cells during long-term culture and enhanced
osteogenic differentiation; however, in case of nanoparticle or coating, the HA tends to leach, out of the scaffold, thereby reducing the effect during long-term culture.
This study underscores the effect of cross-linking CH and
HA and could be a potential approach to increase the
mechanical strength and improve functionality of the
osteoblast, thereby enhancing the mineralization process
by providing the microenvironment and simultaneously
preventing the dedifferentiation of cells. The challenges
of tissue engineering are primarily the physicochemical
properties of the scaffold, surface chemistry and biological adaptation for cell culture along with in vivo implantation. In line with these 3-D cross-linked CH–HA
scaffold are promising substrate for bone regeneration
with relatively easier for fabrication making it an ideal
tissue engineering matrix.

Conclusion
In this study, we have fabricated CH–HA scaffolds of different concentrations and optimized a ratio that
resulted in a mechanically stable matrix. Cross-linking
using NaOH which is non-toxic and easily neutralized
from the matrix results in ideal scaffold fabrication by
freeze-drying technique in a simple two-step process.
FTIR revealed the bonding between CH and HA and
EMAX demonstrated uniform distribution of both the
polymers in 3-D system. SEM examination along with
CURRENT SCIENCE, VOL. 103, NO. 12, 25 DECEMBER 2012

swelling kinetics clearly shows that macroporous interconnected network of polymers could be achieved in two
steps. The mechanical, biological and physico-chemical
properties are the most important paradigm of biomaterials in tissue engineering as these matrices need to support unhindered nutrient transport, gaseous exchange with
convective flow. The metabolic and functional activities
tested by seeding osteoblast showed high metabolically
active cells, followed by high functional activity of cells
on these matrices, confirming potentiality of the CH–HA
scaffold in the field of bone tissue engineering.
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