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a b s t r a c t

Porous, biodegradable and biocompatible chitosan, chitosan with natural hydroxyapatite derived from
Thunnus Obesus bone (chitosan/HAp) and chitosan grafted with functionalized multiwalled carbon nan-
otube in addition to HAp (f-MWCNT-g-chitosan/HAp) scaffolds were prepared for the first time via
freeze-drying method and physiochemically characterized as bone graft substitutes. The cross-linkages
in the novel f-MWCNT-g-chitosan/HAp scaffold were observed by FT-IR spectroscopy. The water uptake,
eywords:
ydroxyapatite
hitosan
unctionalized multiwalled carbon
anotube
caffolds

retention ability and degradation of composite scaffolds decreased whereas thermal stability increased
with an addition of HAp and f-MWCNT. Uniform dispersion of HAp and f-MWCNT in chitosan matrix with
interconnected porosity of 70–200 �m (chitosan/HAp) and 46–200 �m (f-MWCNT-g-chitosan/HAp) was
observed by X-ray diffraction, scanning electron microscopy and optical microscopy. Cell proliferation in
composite scaffolds was twice than in pure chitosan when checked in vitro using MG-63 cell line. These
observations suggest that the novel chitosan/HAp and f-MWCNT-g-chitosan/HAp composite scaffolds are

r bon
one tissue engineering promising biomaterials fo

. Introduction

Over the last four decades, there is a growing interest in the field
f artificial organ material preparation, transplantation, surgical
econstruction and the use of artificial prostheses to treat the loss or
ailure of an organ or tissue. Autograft and allograft are considered
ltimate for bone grafting procedure providing osteoconductive
nd osteoinductive growth factors. However, limitations in donor
ite, additional surgery, disease transmission and expenditure (Cole
t al., 2005; Giannoudis, Dinopoulos, & Tsiridis, 2005) poses a need
o develop alternatives to autograft and allograft.

Chitosan, a linear polysaccharide derived from partial deacety-
ation of chitin, commonly found in shells of marine crustaceans,

nsects and cell walls of fungi, has been considerably employed
n orthopedic applications due to its high biocompatibility,
iodegradability, porous structure, suitability for cell ingrowth,
steoconduction and intrinsic antibacterial nature (Di Martino,

∗ Corresponding author at: Department of Chemistry, Pukyong National Univer-
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Sittinger, & Risbud, 2005). The advantage of degradable polymeric
implants eliminates the need for a second operation and accelerates
new bone growth (Hu, Li, Wang, & Shen, 2004). Low interconnected
porosity for cell attachment and mechanical strength of chitosan-
based composite biomaterials needs to be improved. However,
single component system cannot assist and mimic all the prop-
erties of bone and hence developing multicomponent system as an
alternative for bone repair becomes mandatory.

Calcium phosphate mineral, hydroxyapatite [Ca10(PO4)6(OH)2]
(HAp) is considered to play a vital role in various fields includ-
ing spinal fusion, craniomaxillofacial reconstruction, bone defects,
fracture treatment, total joint replacement (bone augmentation)
and revision surgery (Best, Porter, Thian, & Huang, 2008; Palmer,
Newcomb, Kaltz, Spoerke, & Stupp, 2008). Several authors reported
that carbonated HAp has higher osteoconduction, bioresorption
and biocompatibility (Landi, Celotti, Logroscino, & Tampieri, 2003;
Orr, Villars, Mitchell, Hsu, & Spector, 2001) as compared to synthetic
HAp. When compared to natural HAp, the composite of chitosan

with synthetic HAp is more widely used as a bone graft substi-
tute (Thein-Han & Misra, 2009). Natural HAp derived from pig bone
combined with chitosan has been investigated by some researchers
for bone regeneration (Tang et al., 2008; Yuan, Chen, Lü, & Zheng,
2008), no marine source of HAp has been explored so far.

dx.doi.org/10.1016/j.carbpol.2010.08.019
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sknkim@pknu.ac.kr
dx.doi.org/10.1016/j.carbpol.2010.08.019
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Recently some tricomponent systems have also been devel-
ped with improved cell proliferation on the composite scaffolds
s compared to chitosan scaffold. Several authors have addressed
he use of tricomponent system for bone tissue engineering includ-
ng poly(methyl methacrylate) (Kim et al., 2004), gelatin (Li, Chen,
in, Yao, & Yao, 2007), collagen (Zhang, Tang, Zhang, Xu, & Wang,
010), poly (l-lactide acid) (Niu, Feng, Wang, Guo, & Zheng, 2009),
olycaprolactone (Xiao, Liu, Huang, & Ding, 2009), carboxymethyl
ellulose (Jiang, Li, & Xiong, 2009), polyamide 66 (Mu et al., 2006)
nd montmorillonite (Katti, Katti, & Dash, 2008) with chitosan/HAp.

Despite high mechanical properties for bone tissue growth, col-
agen formation and biocompatibility (Nien & Huang, 2010), to the
est of our knowledge, there are no reports on chitosan grafted
ith CNT in additon to natural HAp for improved biocompatibility

nd cell growth for bone tissue engineering which may be because
f cytotoxicity issues (Spear & Cameron, 2008). This study aims
t incorporating carbonated natural HAp (derived from Thunnus
besus bone) and f-MWCNT with chitosan matrix, and to use it as
potential approach to enhance the interconnected porosity and

hermal stability, increase the cell proliferation and controllable
egradation rate.

. Materials and methods

Chitosan powder (degree of deacetylation 70–90%, with molec-
lar weight 500 kDa) was purchased from Wako Pure Chemical

ndustries Ltd., Japan. Hydroxyapatite was isolated from Thunnus
besus bone with thermal calcination method (Lee, Choi, Jeon,
yun, & Kim, 1997). Multiwalled carbon nanotube (outer diameter
8 nm, length 10–30 �m) was purchased from cheap tubes.com,
SA. Human osteosarcoma (MG-63) cell line was obtained from
merican Type of Culture Collection (Manassas, VA, USA). Dul-
ecco’s Modified Eagle’s Medium (DMEM) was obtained from
ibco BRL, Life Technology (USA). MTT (3-(4,5-dimethyl-2-yl)-
,5-diphenyltetrazolium bromide) was purchased from molecular
robes (Eugene, OR, USA). Other reagents used in this experiment
ere all of analytical grade.

.1. Isolation of HAp from Thunnus Obesus

The tuna bone was washed with hot water for 2 days to remove
he traces of meat and skin. The washed bones were mixed with
.0% sodium hydroxide and acetone to remove protein, lipids,
ils and other organic impurities (bone and sodium hydroxide
olid/liquid ratio was 1:50). After thorough washing the bones were
round in a mortar pestle and then dried at 60 ◦C for 24 h. In thermal
alcination method, 2 g of tuna bone was placed in a silica crucible
nd subjected to a temperature of 900 ◦C in an electrical muffle
urnace for 5 h (Lee et al., 1997).

.2. Functionalization and purification of carbon nanotubes
CNTs)

Functionalization of the CNTs was carried out the procedure
escribed by An, Nam, Tan, and Hong (2007).

.3. Preparation of scaffold materials

.3.1. Chitosan scaffold preparation
1.74 g of high molecular weight chitosan was dissolved in 250 ml

f 2% acetic acid solution. The solution was stirred for 6 h on a

echanical stirrer (RW 20.n Labortechik) and sonicated for 1 h to

emove the bubbles. This solution was then transferred to appro-
riate 12 well and 6 well plates with 3 g and 5 g of solution/well,
espectively. The samples were further freezed at −80 ◦C for 5 h
nd lyophilized with freeze dryer to form scaffolds. The scaffolds
olymers 83 (2011) 569–577

were immersed in 10% NaOH solution for 1 day. After 1 day, scaf-
folds were washed with excess amount of water till the pH became
neutral and lyophilized again.

2.3.2. Chitosan/hydroxyapatite (chitosan/HAp) scaffold
1.8 g of high molecular weight chitosan was dissolved in 250 ml

of 2% acetic acid solution. The solution was stirred for 6 h and soni-
cated for 1 h to remove the bubbles. 4.2 g of naturally derived HAp
was suspended in 50 ml of water and carefully transferred into
the chitosan solution with the help of dropper. The solution was
mechanically stirred for 48 h to disperse the HAp particle in the
polymer matrix in homogeneous manner. The milky white resul-
tant solution was then transferred to appropriate 12 well and 6 well
plates with 3 g and 5 g of solution/well, respectively, and followed
by the same procedure as for the chitosan scaffold.

2.3.3. Carbon nanotube-g-chitosan/hydroxyapatite
(f-MWCNT-g-chitosan/HAp) scaffold

1.74 g of high molecular weight chitosan was dissolved in 220 ml
of 2% acetic acid solution. The solution was stirred for 6 h and soni-
cated for 1 h to remove the bubbles. Simultaneously, f-MWCNT was
dispersed in water and sonicated for 30 m. The dispersed f-MWCNT
was slowly added to the stirring chitosan solution and the mixture
was stirred for 6 h. At the same time, naturally derived HAp was sep-
arately dispersed in minimum amount of water. This HAp-water
suspension was added slowly to the chitosan/f-MWCNT mixture
and mechanically stirred for 48 h. Finally, this black colored mix-
ture was transferred to appropriate 12 well and 6 well plates with
3 g and 5 g of solution/well, respectively and followed by the same
procedure as for the chitosan scaffold.

2.4. General characterization

2.4.1. Porosity measurement
The total porosity was determined by the liquid displacement

method (Zhang & Zhang, 2001). The procedure was as follows: first,
the volume and weight of the scaffolds were measured, noted as
V0 and W0, respectively. Secondly, the sample was immersed into
the dehydrated alcohol for 48 h until it was saturated by absorbing
dehydrated alcohol, and the sample was weighed again and noted
as W1.

Finally, the porosity of the sample was calculated based on the
following formula

P = W1 − W0

�V0

where ‘�’ represents the density of dehydrated alcohol, three par-
allel sets were analyzed for every scaffold and the mean value of
the porosities of different scaffolds was achieved.

2.4.2. Water uptake and retention abilities
The water uptake and retention ability of scaffold was stud-

ied using the following procedure. Dry scaffolds were weighed
(Wdry) and immersed in distilled water for 24 h. Then the scaffolds
were gently removed from the beaker after 24 h and placed on a
wire mesh rack. Excessive water was drained and scaffolds were
weighed (Wwet) after 5 m to determine water uptake. To measure
the water retention ability, the wet scaffolds were transferred to

centrifuge tubes with filter paper at the bottom, centrifuged (Combi
514-Hanil Science Industrial) at 500 rpm for 3 m and weighed
immediately (W ′

wet). The percentage of water absorption (EA) and
water retention (ER) of the scaffolds at equilibrium were calculated
using following equation (Hu et al., 2004; Thein-Han & Misra, 2009)
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Fig. 1. Scheme of the possible int

EA =
[

Wwet − Wdry

Wdry

]
× 100

ER =
[

W ′
wet − Wdry

Wdry

]
× 100

.4.3. In vitro degradation with PBS
The degradation of composite scaffolds was investigated by

hosphate buffer solution (PBS), 0.1 M PBS has been prepared with

odium phosphate monobasic and sodium phosphate dibasic hep-
ahydrate and pH adjusted 7.2. The samples were immersed in tube
ontaining 10 ml of PBS, kept oscillating at 37.0 ± 0.5 ◦C. After soak-
ng for 5, 10, 15, 20, 25 and 30 days, the samples was withdrawn,
insed with deionized water, freeze dried and weighed again. The
on: chitosan, f-MWCNT and HAp.

weight loss (WL) was calculated according to the formula of

WL = W0 − W1

W0
× 100%

where W0 and W1 denote the weights of sample before and after
soaking, respectively. Three parallel samples of the chitosan and
their composite scaffolds were used (Jiang et al., 2009)

2.4.4. Thermogravimmetric analysis
Thermogravimmetric analysis was achieved by the use of Pyris

7 TGA analyzer (Perkin-Elmer Inc., USA) with scan range from 50 ◦C
to 900 ◦C at constant heating rate of 10 ◦C min−1 with continuous
nitrogen flow.
2.4.5. FT-IR spectrometry
The stretching frequencies of samples were examined by Fourier

Transform Infrared Spectroscopy (Perkin-Elmer, USA) and spec-
trum GX spectrometer within the range of 600–4000 cm−1.
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Fig. 2. (b) Water uptakes and water retention ability of chitosan scaffold, chitosan/HAp scaffold and f-MWCNT-g-chitosan/HAp scaffolds after 24 h. The value is mean standard
deviation (n = 3).
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ig. 3. Infra red spectroscopy images of (a) hydroxyapatite (b) functionalized
ultiwalled carbon nanotube (c) chitosan scaffold, (d) chitosan/HAp scaffold, (e)

-MWCNT-g-chitosan/HAp scaffold.
.4.6. X-ray diffraction analysis
The phase and crystallinity were evaluated using X-ray diffrac-

ometer (PHILIPS X’Pert-MPD diffractometer, Netherland) and Cu

Fig. 4. XRD spectrums of chitosan, HAp, f-MWCNT, chitosan/HAp scaffold, f-
MWCNT-g-chitosan/HAp scaffold.
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Fig. 5. SEM images of (a) chitosan scaffold (b) chitosan/HAp scaffold (c) f-MW

� radiation (1.5405 Å) over a range of 5–80◦ angle, step size 0.02,
can speed 4◦/min at 40 kV and 30 mA.

.4.7. Scanning electron microscopy and optical microscopy
nalysis

Porosity and morphology of scaffolds were studied by scanning
lectron microscopy (SEM HITACHI S-2400, Japan). Optical image of
he scaffolds were obtained using optical microscope (Leica, Leica

icrosystems Ltd. made in Germany).
.4.8. In vitro cytotoxicity assay
MG-63 cells (human osteosarcoma cell line) were cultured in

MEM medium supplemented with 5% fetal bovine serum, 2 mM
-chitosan/HAp scaffold and (d) dispersion of HAp particles in chitosan matrix.

glutamine and 100 �g/ml penicillin–streptomycin and incubated
at 37 ◦C, humidified atmosphere with 5% CO2. The in vitro effects of
scaffolds on MG-63 cytotoxicity and cell proliferation were deter-
mined by measuring MTT dye absorbance by living cells.

The cells were grown at a concentration of 3 × 105 cells/wells
in 6 well plates. After 24 h, cells were washed with fresh medium
and were treated with two different concentrations (10 and
20 mg ml−1) of scaffold materials. The cells without the addition
of scaffold material were taken as control. After 48 h incubation,

cells were rewashed and 100 �l of MTT (1 mg ml−1) was added
and further incubated for 4 h. Finally dimethyl sulfoxide was added
to solubilize the formazan salt formed and the amount of for-
mazan salt was determined by measuring the OD at 540 nm using
aGENios® microplate reader (Tecan Austria GmbH, Austria). The
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geneous distribution of an aqueous solution containing HAp and
f-MWCNT. The hydrophilic nature of chitosan and HAp also facili-
tates cell adhesion, proliferation and differentiation (Thein-Han &
Misra, 2009).
Fig. 6. Optical microscopy images of (a) chitosan scaffold, (

elative cell viability was determined by the amount of MTT con-
erted into formazan salt. Viability of cells was quantified as a
ercentage compared to that of control.

For cell proliferation on the scaffolds, three replicates of each
caffold were placed into 24 well cell culture plates, and 3.7 × 104

ells/well cell suspension were seeded drop wise on the scaf-
olds. Then the scaffolds were incubated at 37 ◦C for 4 h to allow
he cells to attach on the materials, 1.5 ml of fresh media was
ubsequently added in each well. Cell culture without the sam-
le was taken as control. After 1, 2 and 3 days of culture, media
as removed and cytotoxicity assay was performed via MTT

ssay.

. Results and discussion

.1. Material selection and scaffold preparation

In this study, we have used three raw materials like chi-
osan, HAp, f-MWCNT which can mimic the all qualities of
xtracellular matrix of bone such as biocompatibility, biodegrad-
bility, and bioactivity. HAp was used as the major component
f the scaffolds which was obtained from the by-products of
rocessed Thunnus Obesus (Tuna) bone. It was chosen, as the
rocessed wastes of tuna bone increases selectivity to isolate car-
onated HAp and also decreases the environmental pollution.
s already mentioned carbonated HAp has higher osteocon-
uction, bioresorption and biocompatibility (Landi et al., 2003;
rr et al., 2001). CNT was used to increase the mechani-
al strength but pristine CNT is reported to be toxic to cells,

herefore functionalization of CNT is important for reduction of
oxicity (Abarrategi et al., 2008). Addition of COOH, dispersion
ncreases in the aqueous phase thereby making it suitable for
caffold preparation by possible interactions with other cationic
olecules.
tosan/HAp scaffold, (c) f-MWCNT-g-chitosan/HAp scaffold.

To mimic the properties of natural bone, 70% of HAp, 29.9–30%
of chitosan and 0.1% of f-MWCNT was used as content in the scaf-
folds. In the basis for the selection of this percentage was the fact
that natural bone contains 70% HAp and ∼30% of collagen which is
a connective protein. Therefore the scaffolds prepared in this study
may be more efficient than those previously described. The basis
to choose chitosan as the extracellular matrix is its high affinity
for HAp and the hydrophilic character which facilitates homo-
Fig. 7. Cell proliferation of MG-63 cells on scaffold as a function of time, measured
by MTT assay which represents active mitochondrial activity of living cells. Optical
density was significantly higher on the composite scaffold on day 3 compare to pure
chitosan scaffold.
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.2. Gross examination of the scaffolds

The visual examination of lyophilized raw chitosan and their
omposite scaffolds showed that they are stiff and inelastic. It
as observed that the chitosan scaffold swelled rapidly and
as more flexible as compared to chitosan/HAp and f-MWCNT-

-chitosan/HAp scaffolds whereas the composite scaffolds were
ound to be more rigid. This property is assumed to be due to
ncorporated HAp and f-MWCNT. The chemical basis may be the
ntermolecular hydrogen bonding interaction between the car-
oxylic groups present in the f-MWCNT’s and the NH2 group of
hitosan and OH group of HAp, as shown in Fig. 1. Chitosan and
hitosan/HAp scaffolds were obtained in colorless state whereas f-
WCNT-g-chitosan/HAp was deeply black in color; it may be due

o dispersion of the f-MWCNT in the polymer and ceramic matrix.
urthermore, all the scaffold materials were found to be very sta-
le in water, they retained their original morphologic arrangement
nd no degradation was observed initially.

.3. Porosity measurement

The total porosity of the scaffold was estimated using liquid
isplacement method; porosity of chitosan scaffold was higher
92.9%) as compared to chitosan/HAp (90.2%) and f-MWCNT-g-
hitosan/HAp (86.74%) scaffolds. In chitosan/HAp scaffold, some
hemical interaction may occur between the NH2 group of chitosan
nd OH group of HAp which decreases the porosity. Similar rea-
on may be assigned to the further reduced total porosity of the
-MWCNT-g-chitosan/HAp scaffold; this might be due to interac-
ion between NH2 groups of chitosan, COOH group of f-MWCNT and
ome additional coordination interactions with the calcium ions of
Ap.

.4. Water uptake and retention abilities

The prepared scaffolds have been shown in Fig. 2a. Since the
ynthesized chitosan, chitosan/HAp and f-MWCNT-g-chitosan/HAp
omposite scaffolds were aimed for bone tissue engineering. The
ater uptake and water retention ability of chitosan scaffold
as higher when compared to chitosan/HAp and f-MWCNT-g-

hitosan/HAp scaffolds (Fig. 2b). As evident from the results,
ddition of HAp and f-MWCNT to pure chitosan leads to a decrease
n the degree of water absorption. Furthermore, the water retention
bility of chitosan/HAp and f-MWCNT-g-chitosan/HAp scaffolds
ere comparable with slight difference but were much less when

ompared to the pure chitosan scaffold. This might be partially due
o the addition of ceramic and hydrophobic character of f-MWCNT.
imilar trends of decreases in water absorption with increases in
he content of HAp have been previously reported (Thein-Han &

isra, 2009). Since HAp is a prominent component of natural bone
nd we have used similar percentage of HAp (70%) for scaffold
reparations, the low values of water retention by the chitosan/HAp
nd f-MWCNT-g-chitosan/HAp scaffolds can be justified and these
caffolds can still be used for bone tissue engineering.

.5. In vitro degradation with PBS

Chitosan has been shown to be degraded by PBS solution (Jiang
t al., 2009), which mimics the exact intracellular environment
n human body fluids and tissues. In this study, we have cho-
en 0.1 M PBS as soaking solution; a suitable and reliable medium

o investigate the degradation and structural stability. The degra-
ation of chitosan, chitosan/HAp and f-MWCNT-g-chitosan/HAp
caffolds, after soaking in 0.1 M PBS for 30 days, we found that
hitosan scaffold was degraded to around 30% of its original
eight in 30 days; whereas the degradation rate was slower in
olymers 83 (2011) 569–577 575

chitosan/HAp and f-MWCNT-g-chitosan/HAp (around 10% degra-
dation in 30 days). The lower degradation of the chitosan/HAp and
f-MWCNT-g-chitosan/HAp scaffold might be due to addition of HAp
and f-MWCNT into the scaffold materials.

In case of f-MWCNT-g-chitosan/HAp scaffold, it is assumed
that water penetrates into the scaffolds and breaks the linkage
between f-MWCNT-g-chitosan thereby increasing the degradation
by producing short polymeric chain from the high polymeric chain.
Pompeo and Resasco (2002) proved that amine functionalization of
CNT leads to solubilization of CNT in the aqueous media. Solubiliza-
tion of CNT is an important factor to reduce its toxicity in the cellular
environment.

3.6. Thermal stability of the scaffolds

The thermal stability of scaffolds was assessed by TGA analysis.
From the TGA and DTG curves, chitosan weight loss was observed
at 304 ◦C which corresponds to chitosan moieties. For compos-
ite chitosan/HAp and f-MWCNT-g-chitosan/HAp scaffolds, weight
loss of around 17.8% and 17.12% was observed at 304.12 ◦C and
302.08 ◦C, respectively and was attributed to chitosan moieties.
The slight temperature difference observed for the f-MWCNT-g-
chitosan/HAp scaffold might be due to some covalent interactions
between f-MWCNT and chitosan. At temperature as high as 900 ◦C,
chitosan scaffolds lost all the weight whereas no weight loss was
observed in the chitosan/HAp and f-MWCNT-g-chitosan/HAp scaf-
folds indicative of high thermal stability of HAp. Our results prove
that the composite scaffold materials are highly stable at higher
temperature.

3.7. Stretching frequency of the scaffolds

In order to illustrate intermolecular interactions between com-
ponents in the scaffolds, FT-IR spectrum was taken. Fig. 3 shows
the FT-IR spectra of HAp, f-MWCNT, chitosan, chitosan/HAp and
CNT-g-chitosan/HAp scaffolds. For HAp, the spectrum showed the
characteristic absorption bands of natural HAp reported (Markovic,
Fowler, & Tung, 2004). Those bands were �3(PO4

3−) stretching at
1031–1089 cm−1, �1(PO4

3−) at 962 cm−1, �4(PO4
3−) asymmetric

bending stretching at 570 cm−1, �3(CO3
2−) at 1412–1415 cm−1 and

�2(CO3
2−) at 872 cm−1. For chitosan scaffold, the spectrum showed

the typical characteristic absorption bands of chitosan as reported
earlier (Thein-Han & Misra, 2009); which are carbonyl group (C O)
at 1736 cm−1, C–H stretching of rock and bending at 1418 cm−1 and
1377 cm−1, respectively and amine stretching frequency �s(N–H),
pyranose �3 (C–O–C) stretching mode at 1145 cm−1, 1077 cm−1

and 1030 cm−1, respectively. Moreover, the characteristic stretch-
ing frequency of f-MWCNT was observed at �(COOH) at 1738 cm−1

and OH stretching frequency was observed at 3500 cm−1. CH rock
mode of vibration was observed at 1365 cm−1.

FT-IR spectrum of composite chitosan/HAp and f-MWCNT-g-
chitosan/HAp scaffolds contains characteristic peaks of all the
raw materials like chitosan, HAp and f-MWCNT. FT-IR spec-
trum of f-MWCNT-g-chitosan/HAp scaffold depicted a new strong
absorbance at 1638 cm−1 (corresponding to amide group), indicat-
ing that the –COOH groups of f-MWCNT reacted with the –NH2
of chitosan and converts it to amide (–CONH–) group. This unique
band frequency clearly indicates the formation of graft (f-MWCNT-
g-chitosan) between chitosan and f-MWCNT.

3.8. X-ray diffraction studies
The diffraction patterns of chitosan, natural HAp, f-MWCNT, chi-
tosan/HAp and CNT-g-chitosan/HAp have been shown in Fig. 4.
In chitosan scaffold, three main peaks were observed at 10.5◦,
20.0◦ (maximum intensity) and 22.5◦, respectively corresponding
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o characteristic peaks of chitosan. This peak angle 20.0◦ was found
n all the three scaffolds confirming the presence of chitosan in
ll the three type of scaffolds. In chitosan/HAp composite scaffold,
iffraction peaks was observed at 25.4◦ and 31.4◦ which revealed
he presence of HAp. In case of f-MWCNT-g-chitosan/HAp scaffold,
trong absorption peaks were observed at 26.3◦, 32.3◦, 32.7◦, 33.4◦

nd 47.1◦ this indicated the poor crystallinity state of HAp particle
n f-MWCNT-g-chitosan/HAp scaffold.

.9. Morphology studies of the scaffolds

Fig. 5 shows the SEM images of low and high magnification
f (a) chitosan scaffold (b) chitosan/HAp scaffold (c) f-MWCNT-
-chitosan/HAp scaffold (d) dispersion of HAp in chitosan matrix.
he SEM images depicted that the composite scaffolds were three
imensional, with almost equal porous structures and with good

nterconnectivity. According to the SEM images, HAp particles
ere uniformly dispersed in the chitosan (Fig. 5d). Interconnected
orosity structures are found in the chitosan/HAp and f-MWCNT-g-
hitosan/HAp but absent in the chitosan scaffold. This might be the
asis of the flexible behavior of chitosan scaffold. Uniform distri-
ution of HAp particles and f-MWCNT in the polymer matrix was
bserved which may be due to the electrically charged nature of
hitosan network.

The pore size of the chitosan/HAp and f-MWCNT-g-
hitosan/HAp scaffold varied from 70 �m to 200 �m and 46 �m to
00 �m, respectively as measured by SEM. Reports suggest that
he cell migration and proliferation is higher in scaffolds with large
ore size (100 �m) (Thein-Han & Misra, 2009). We can conclude
rom the pattern of results that the addition of f-MWCNT in the
olymer and ceramic matrix leads to increases the interconnected
ore size.

.10. Optical microscopy analysis

The dispersion of HAp particles and f-MWCNTs in the chitosan
atrix was also observed by optical microscopy as shown in Fig. 6.

he incident light of optical microscope easily penetrates in the chi-
osan matrix, whereas HAp and f-MWCNT reflect incident light. The
ptical microscopic image of chitosan clearly indicated improper
ore structure whereas; addition of HAp and f-MWCNTs polymer
atrix improved the porosity. The optical microscopy images of

-MWCNT-g-chitosan/HAp shows the well-dispersed status of f-
WCNTs in the matrix with slight aggregation. This indicated that

he f-MWNTs are uniformly distributed within the chitosan matrix;
hese results were consistent with the SEM observations.

.11. In vitro cytotoxicity and cell proliferation

Scaffold for bone tissue engineering necessitates a highly porous
nd interconnected pore structure to ensure that the biological
nvironment is conductive to cell attachment, proliferation, tissue
rowth and adequate nutrient flow. The cytotoxicity effects and cell
roliferation of respective scaffold were investigated through MTT
ssay. The cytotoxicity of f-MWCNT-g-chitosan/HAp was found no
ytotoxicity in MG-63 cell line. The cell viability of scaffold higher
hen chitosan scaffold. This might due to addition of HAp crystals
n the scaffold. Moreover, the entire three scaffolds were found to
e non-toxic when tested with MG-63 cell line. The cell prolifera-
ion of MG-63 on scaffolds was observed to be twice in the case of
omposite scaffolds as compared to chitosan scaffold (Fig. 7).
. Conclusion

We have developed a novel f-MWCNT-g-chitosan/HAp compos-
te scaffold by freeze-drying method to mimic all the required
olymers 83 (2011) 569–577

properties of extracellular matrix of bone. Ions cross-linkage of
[NH3

+] of chitosan with [COO−] group of f-MWCNT and metal
interaction of HAp with chitosan in the f-MWCNT-g-chitosan/HAp
scaffold was clearly observed. Based on properties such as good
thermal stability, interconnected porosity, controlled in vitro
degradation and cell proliferation, we conclude that f-MWCNT-g-
chitosan/HAp scaffold is a novel composite scaffold that will have
great potential applications in the field of bone tissue engineering.
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