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a b s t r a c t

A novel nanocomposite scaffold of chitosan (CS) and bioactive glass ceramic nanoparticles (nBGC) was
prepared by blending nBGC with chitosan solution followed by lyophilization technique. The particle size
of the prepared nBGC was found to be 100 nm. The prepared composite scaffolds were characterized
using techniques such as Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy
(FT-IR) and X-ray diffraction (XRD). The SEM studies showed that the bioactive nBGC were homogenously
distributed within the chitosan matrix. The swelling, density, degradation and in-vitro biomineralization
studies of the composite scaffolds were also studied. The composite scaffolds showed adequate swelling
and degradation properties. The in-vitro biomineralization studies confirmed the bioactivity nature of the
composite scaffolds. Cytocompatability of the composite scaffolds were assessed by MTT assay, direct
contact test and cell attachment studies. Results indicated no toxicity, and cells attached and spread
on the pore walls offered by the scaffolds. These results indicate that composite scaffolds developed using
nBGC disseminated chitosan matrix as potential scaffolds for tissue engineering applications.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Bone tissue engineering is gaining popularity as alternative
method for treatment of osseous defects. A number of biodegrad-
able polymers have been explored for tissue engineering purposes.
These include synthetic polymers like poly(caprolactone), poly(lac-
tic-co-glycolic acid), poly(ethylene glycol), poly(vinyl alcohol) and
natural polymers like alginate, collagen, gelatin, chitin, chitosan
etc. (Hirano et al., 1990). Chitosan is a biopolymer derived from
partial deacetylation of chitin. Chitosan is considered as an appro-
priate functional material for biomedical applications because of
its high biocompatibility, biodegradability, non-antigenicity and
protein adsorption properties (Gupta, Mahor, Khatri, Goyal, & Vyas,
2006; Jayakumar, Nwe, Tokura, & Tamura, 2007; Jayakumar, Pra-
baharan, Reis, & Mano, 2005; Jayakumar, Reis, & Mano, 2006;
Jayakumar, Selvamurugan, Nair, Tokura, & Tamura, 2008; Muzzar-
elli et al., 1988; Muzzarelli, 2009). CS favour cell adhesion due to its
chemical backbone, which resembles glycosaminoglycans, a major
component of bone and cartilage. However, continuous efforts are
being made to improve the bioactivity & compatibility of chitosan
along with better mechanical properties. Many inorganic materials
are in the literature, like hydroxyapatite (Jayakumar & Tamura,
ll rights reserved.

: +91 484 2802020.
jayakumar77@yahoo.com (R.
2006; Jiang, Nair, & Laurencen, 2006; Kong et al., 2005; Zhang
et al., 2008; Zhao, Grayson, Ma, Bunnell, & Lu, 2006), b-TCP (Takah-
ashi, Yamamoto, & Tabata, 2005; Yin et al., 2003) and montmoril-
lonite (Zheng et al., 2007), which are added to improve the
properties of chitosan.

Bioactive glass ceramic is a group of osteoconductive biomate-
rial used as bone repair materials. They are silicate glasses contain-
ing SiO2–CaO–P2O5 networks. This ceramic is known to bond to
hard and soft tissues by the formation of surface hydroxy carbon-
ate apatite (HCA) layer (Cao & Hench, 1996). Reports also suggest
that bioactive glass ceramic influences the cell adhesion, prolifera-
tion, differentiation and colonization on surface of implants (Boset-
ti & Cannas, 2005; Verrier, Blaker, Maquet, Hench & Boccaccinia,
2004; Xynos, Edgar, Buttery, Hench, & Polak, 2000). Bioactive glass
also allows the expression of peculiar osteoblast differentiation
marker, namely osteocalcin (Foppiano, Marshall, Marshall, Saiz, &
Tomsia, 2007; Oliva et al., 1998).

Nanosurface and nanoparticles are known to influence cell
behaviour including attachment & spreading (Dalby, McCloy,
Robertson, Wilkinson, & Oreffo, 2006; Lauer et al., 2001; Linez-
Bataillon, Monchau, Bigerelle, & Hildebrand, 2002). Significantly
enhanced cell–material interactions are reported on nanophase
ceramics compared to microphase ceramics (Webster, Ergun,
Doremus, Siegel, & Bizios, 2000). Therefore, continuous efforts
are being made to engineer biomaterials/particles in nanoscale
topography/size. Recently, bioactive glass ceramic has been synthesized
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as nanoparticles (nBGC) by sol–gel process (Xia & Chang, 2007).
Hence it is interesting to investigate the possibility of preparing a
scaffold using chitosan matrix disseminated with nBGC to evaluate
the influence of nBGC addition in scaffold properties for tissue
engineering applications. Therefore in this paper, we address the
preparation of chitosan/nBGC composite scaffolds and its proper-
ties relevant to tissue engineering applications.
2. Experimental

2.1. Materials

Chitosan (Degree of deacetylation – 85%) was purchased from
Koyo Chemical Co Ltd (Japan). Tetraethyl orthosilicate (TEOS), cal-
cium nitrate (Ca(NO3)2�4H2O), citric acid, ammonium dibasic phos-
phate, sodium borohydride, acetic acid, sodium hydroxide, Alpha
minimum essential medium (a-MEM), and 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide MTT, were purchased
from Sigma Aldrich Company. Glutaraldehyde and hen lysozyme
was purchased from Fluka. Trypsin–EDTA and fetal bovine serum
(FBS) were obtained from Gibco, Invitrogen Corporation.

2.2. Preparation of nanocomposite scaffolds

Two percentage (w/v) CS was dissolved in 1% acetic acid solu-
tion. Bioactive glass ceramic nanoparticles (nBGC) (size –
100 nm) were prepared as previously reported (Peter et al., in
press). Then 1 wt.% of nBGC was added into chitosan solution
and stirred for 24 h. Resultant solution was subjected to ultrason-
ication to reduce particle size and fine dispersion. To this solution,
0.25% glutaraldehyde was added as cross linker. The resultant solu-
tion was transferred into 12 well plates (BD Biosciences) and pre-
freezed at �20 �C for 12 h followed by freeze-drying (Christ alpha
LD plus) at �80 �C for 48 h. After that, the composite scaffolds were
neutralized by 2% NaOH & 5% NaBr for 2 h and washed with deion-
ised water. The resultant scaffolds were freeze-dried and stored for
further use.

2.3. Characterizations

2.3.1. Electron microscopy studies
The structural morphology of the composite scaffolds were

examined using scanning electron microscope (SEM). Composite
scaffold samples were prepared by taking thin sections with a ra-
Fig. 1. FT-IR spectra (A) & XRD pattern (B) of n
zor blade. The sections were platinum sputtered in vacuum (JEOL,
JFC-1600, Japan), and examined using scanning electron micro-
scope (JEOL, JSM-6490LA, Japan). The average pore size was deter-
mined by measuring the size of randomly selected 30 pores.

2.3.2. FT-IR studies
FT-IR spectra of composite scaffolds were characterized using a

FTIR spectrometer (Perkin–Elmer RX1). Dried composite scaffolds
were ground and mixed thoroughly with potassium bromide at a
ratio of 1:5 (Sample: KBr). The IR spectra were then analyzed using
Perkin–Elmer RX1 operating at range of 400–4000 cm�1.

2.3.3. XRD studies
XRD patterns of composites scaffolds were obtained at room

temperature using a Panalytical XPERT PRO powder diffractometer
(Cu Ka radiation) operating at a voltage of 40 kV. XRD was taken at
2h angle range of 5–60� and the process parameters were: scan
step size 0.02 (2h) and scan step time 0.05 s.

2.4. Swelling studies

The swelling studies were performed in PBS at pH 7.4 at 37 �C.
The dry weight of the scaffold was noted (Wo). Scaffolds were
placed in PBS buffer solution at pH 7.4 for 1 h and removed. The
surface adsorbed water was removed by filter paper and wet
weight was recorded (Ww). The ratio of swelling was determined
by the following formula.

Swelling Ratio ¼Ww �Wo=Wo
2.5. Density studies

To determine the density of scaffold, three scaffolds were se-
lected and measurement was performed on an analytical balance
equipped with a density determination kit (Sartorius YDK 01).
Density measurements were done with ethanol as the displace-
ment medium. Ethanol did not cause a change in pore size hence
used as displacement medium.

2.6. In-vitro degradation studies

Degradation of the composite scaffold was studied in PBS med-
ium containing lysozyme at 37 �C. Three scaffolds were immersed
in lysozyme (10,000 U/ml) containing medium and incubated at
BGC (a), CS (b) and CS/nBGC (c) scaffolds.
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37 �C for 7 days. Initial weight of the scaffold was noted as Wo and
after 7 days the scaffold was washed in deionised water to remove
ions adsorbed on surface and freezed dried. The dry weight was
noted as Wt. The degradation of scaffold was calculated using the
following formula.

Degradation % ¼Wo �W t=Wo � 100
Fig. 3. (a) Density of the CS (1) and composite scaffolds (2 & 3) compared to CS
scaffolds. (b) Swelling behaviour of the scaffolds, which showed that addition of
nBGC, decreased the swelling in composite scaffolds compared to CS scaffolds.
*p < 0.05. (c) In-vitro degradation studies in lysozyme, which showed significant,
decrease in degradation rate in composite scaffolds compared CS scaffolds.
*p < 0.05.
2.7. In-vitro biomineralization studies

Three composite scaffolds of equal weight and shape was im-
mersed in 1� simulated body fluid (SBF) (Kokubo & Takadama,
2006) solution and then incubated at 37 �C in closed falcon tube
for 7 days. After specified time, scaffolds were removed and
washed three times with deionised water to remove adsorbed min-
erals. Then the scaffolds were lyophilized, sectioned and viewed
using SEM for mineralization.

2.8. Cell culture studies

Cell studies were conducted using osteoblast like cells (MG-63).
Cell lines were maintained in the cell culture facility in MEM with
10% FBS and 100 U/ml penicillin–streptomycin. Cells were de-
tached from the culture plate at 80–85% confluency and used for
seeding on the scaffolds for investigating the cytocompatability
of composite scaffolds. Prior to cell seeding, scaffolds were steril-
ized using ethanol/UV treatment and incubated with culture med-
ium for 1 h at 37 �C in a humidified incubator with 5% CO2 and 85%
humidity. Cells were seeded drop wise onto the top of the scaffolds
(1 � 105 cells/100 ll of medium/scaffold), which fully absorbed the
media, allowing cells to distribute throughout the scaffolds. Subse-
quently, the cell-seeded scaffolds were kept at 37 �C in a humidi-
fied incubator under standard culturing conditions for 4 h in
order to allow the cells to attach to the scaffolds. After 4 h, scaffolds
were fed with additional culture medium.

2.8.1. Cytocompatability of the scaffolds
The viability of cells grown on the scaffolds was determined

using the colorimetric MTT assay. MTT assay measures the reduc-
tion of the tetrazolium component MTT by viable cells. Therefore,
the level of reduction in MTT into formazan can reflect the level
of cell metabolism. For the assay, cells were seeded on 96 well
plates at a density of 104 cells/well and were incubated under stan-
dard culturing conditions. Extract from the scaffolds were prepared
by incubating the pre-sterilized scaffolds incubated in culture
medium as per ISO specification 10993-5 (i.e. 60 cm2 per 20 ml
of medium for 24 h at 37 �C with agitation) and the medium with
Fig. 2. (a) SEM images showing the macro porous microstructure of composite scaffo
matrix (b).
leachables was collected in a falcon tube. Culture media of the
seeded cells were replaced after 24 h by the extract (media with
the leachables). Cells were incubated on the extract for 24 h. After
the incubation period, the extract was replaced by fresh media
containing 10% of MTT solution. After that, plate was incubated
at 37 �C in humidified atmosphere for 4 h. Then the medium was
removed, 100 ll of solubilization buffer (Triton-X100, 0.1 N HCl
and isopropanol) was added to each well to dissolve the formazan
ld. Pore size ranged from 150 to 300 lm & nBGC particles were on the chitosan
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crystals. The absorbance of the lysate was measured in a micro-
plate reader (biotek) at a wavelength of 570 nm.

Direct contact test was performed to show cytocompatability of
the scaffolds placed in direct contact with cells. Cells were grown
as monolayer on culture dishes and pre-sterilized scaffolds were
placed and incubated for 24 h in direct contact to monolayer of
cells. After the incubation period, scaffolds were removed from
the monolayer of cells and images of the monolayer of cells were
acquired with an inverted microscope (Leica) attached with a
CCD camera.

2.8.2. Cell morphology on the scaffolds
Morphology and spreading pattern of cells on the scaffolds were

evaluated 12 and 24 h after seeding using SEM. For SEM analysis,
cell-seeded scaffolds were fixed with 2.5% glutaraldehyde, rinsed
with PBS and dehydrated using graded series of ethanol (25–
100%). The samples were coated with platinum and examined un-
der SEM.

2.9. Statistical analysis

All quantitative results were obtained from triplicate samples.
Data was expressed as Mean ± SD (n = 3). Statistical analysis was
carried out using Student’s two-tailed t test. A value of p < 0.05
was considered to be statistically significant.

3. Results and discussion

3.1. Characterizations

3.1.1. FT-IR studies
FT-IR spectra of CS/nBGC (Fig. 1A) showed a peak at 1649 cm�1,

which corresponds to the primary amine groups of chitosan. The
peak at 1030 cm�1, which is attributed to phosphate groups, was
Fig. 4. In-vitro biomineralization studies on the composite scaffolds after 7
also present in CS/nBGC scaffolds. In comparison to CS, CS/nBGC
scaffolds were characterized by three absorption bands at 602
and 564 cm�1, corresponding to the stretching vibration bands of
P–O from PO3�

4 and 467 cm�1 assigned to Si–O–Si bending mode.

3.1.2. XRD studies
The XRD analysis of the composite scaffolds (Fig. 1B) showed a

peak at 21�, which is attributed to CS in the scaffold. This con-
firmed that the calcined glass generally existed in amorphous state
and no diffraction peaks could be observed except a broad band be-
tween 15� and 40� (2h) (Xia & Chang, 2007).

3.1.3. SEM and density studies
SEM micrograph of composite scaffolds (Fig. 2) showed that

scaffolds were macro porous in nature. Pore size of CS/nBGC scaf-
fold varied from 150–300 lm as measure by SEM. Pores are neces-
sary in bone tissue engineering for the migration and proliferation
of osteoblasts and mesenchymal cells, as well as vascularization.
Compared to CS scaffolds, density of the composite scaffolds de-
creased with the addition of nBGC (Fig. 3a). This may be due to
the increase in porosity of the composite scaffolds due to the addi-
tion of nanoparticles.

3.2. Swelling studies

Swelling behaviour of the scaffolds was as shown in (Fig. 3b).
The composite scaffolds showed significantly decreased swelling
ratio compared to CS scaffolds. Swelling causes an increase in the
pore size and porosity, which aids in the supply of nutrients and
oxygen to the interior regions of the composite scaffolds. However,
scaffold’s uncontrolled swelling can be detrimental for tissue engi-
neering applications. Our results suggest that, by adding nBGC to
CS scaffolds it is possible to control the swelling behaviour of CS
scaffolds.
days. (a) CS/nBGC and (b–d), mineralized CS/nBGC composite scaffolds.



Fig. 5. XRD spectra of (a) nBGC, (b) CS/nBGC and (c) CS/nBGC composite scaffold
after soaking 7 days in SBF solution.
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3.3. Biodegradation studies

The in-vitro biodegradation of scaffolds after 1 week of immer-
sion in PBS showed significant difference in the degradation rate of
nanocomposite scaffolds compared to CS scaffolds (Fig. 3c). CS/
nBGC composite scaffolds showed significant decline in the degra-
dation rate compared to pristine chitosan scaffolds. Degradation of
chitosan can results in acidic degradation products, which may be
neutralized by alkali groups leaching out from bioglass thus reduc-
ing the degradation rate. Moreover the activity of lysozyme is
quicker at acidic pH (Nordtveit, Varum, & Smidsrod, 1996).

3.4. In-vitro biomineralization studies

In-vitro biominearlization studies showed the deposition of
minerals on the surface of composite scaffolds after 7 days incuba-
tion in SBF solution (Fig. 4). The XRD study also confirms the min-
Fig. 6. (a) MTT assay showing biocompatibility of the composite scaffolds.

Fig. 7. The SEM image of MG-63 cells attached to composite scaffolds. (a) Cells attached
signs of cell spreading 12 and (c) 24 h.
eral deposition on scaffolds, which reflected as a sharp peak at
31.7� attributed to hydroxyapatite (Jayakumar et al., 2009; Madhu-
mathi et al., 2009a, 2009b, 2009c) (Fig. 5). These results confirm
the bioactive nature of the composite scaffolds.

3.5. Cell studies

The MTT assay results showed that there was no significant de-
crease in the optical density (OD) values in cells treated with ex-
tract (Fig. 6a). This suggests that the developed scaffolds have no
cytotoxic leachables therefore it is cytocompatible. The direct con-
tact test results showed that, cells retained characteristic morphol-
ogy of MG-63 cell line when cultured in direct contact with
composite scaffolds (Fig. 6b). This result also suggests that the
composite scaffolds are cytocompatible and can be used for tissue
engineering applications.

SEM was used to study the attachment and spreading of cells to
the scaffolds. Cells were found to be attached to the pore walls of-
fered by the composite scaffolds after 12 h and became spread
after 24 h (Fig. 7). These results suggest that cells could attach
and spread well on the composite scaffolds.

4. Conclusions

Nanocomposite scaffolds were prepared using nBGC dissemi-
nated chitosan matrix by lyophilization technique. The prepared
composite scaffolds were characterized using FT-IR, SEM, XRD
and EDS studies. In addition, swelling, density, degradation, bioac-
tivity, cytotoxicity and cell attachment studies of the composite
scaffolds were also performed. The macro porous scaffolds showed
interconnected pores (150–300 lm) in the nanoparticles dispersed
chitosan matrix. The developed composite scaffolds showed con-
trolled swelling and degradation by the addition of nBGC. Bioactiv-
ity studies showed that the prepared composite scaffolds were
bioactive. Cells seeded on the composite scaffolds attached to the
pore walls of the scaffolds and spread overtime. The scaffolds were
also found to be cytocompatible in MTT assay and no morphological
(b) The morphology of cells grown in direct with composite scaffolds.

to the pore walls at 12 h (arrows). (b) Higher magnification image showing initial
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changes were observed to cells grown in direct contact with the
scaffolds. Therefore we concluded that the CS/nBGC nanocomposite
scaffolds are potential scaffolds for tissue engineering applications.
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