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Bioactive glass ceramic nanoparticles (nBGC) were synthesized by sol–gel process and characterized
using FTIR, TEM and XRD. Composite scaffolds of chitosan (CS)–gelatin (CG) with nBGC were prepared
by blending of chitosan and gelatin with nBGC. The prepared CG/nBGC nano-composite scaffolds were
characterized using FTIR, SEM and XRD. The effect of nBGC in the scaffold matrix was evaluated in terms
of scaffold properties and biocompatibility. Our results showed macroporous internal morphology in the
hitosan
elatin
ioactive glass ceramic nanoparticles
ano-composite scaffolds
lveolar bone tissue engineering

scaffold with pore size ranging from 150 to 300 �m. Degradation and swelling behavior of the nano-
composite scaffolds were decreased, while protein adsorption was increased with the addition of nBGC.
Biomineralization studies showed higher amount of mineral deposits on the nano-composite scaffold,
which increases with increasing time of incubation. MTT assay, direct contact test, and cell attachment
studies indicated that, the nano-composite scaffolds are better in scaffold properties and it provides a
healthier environment for cell attachment and spreading. So, the developed nano-composite scaffolds

for al
are a potential candidate

. Introduction

Alveolar bone loss is a common finding associated with peri-
dontal degeneration [1]. Various treatment modalities have been
sed to regenerate or fill bony defects using different biomateri-
ls like bioglass and hydroxyapatite. Guided tissue regeneration is
ne of the most commonly used clinical techniques to regenerate
eriodontal tissue. However the success rate of this technique is
ariable because of high susceptibility to infection which results
n limited clinical improvement [2]. Cell based tissue engineering
herapies are gaining more acceptance for regeneration of tissues.
he goal of tissue engineering is reconstruction of living tissues
ith help of a biodegradable scaffolds for the purpose of replace-
ent of damaged or lost tissue [3]. Tissue engineering requires

he cells to have regenerative potential when seeded on three-
imensional networks that are implanted into the defect. Various
ynthetic and other biopolymers are used to construct scaffolds for

issue engineering applications [3]. Biopolymers have an advan-
age of being biodegradable and these materials contain structural
roups similar to natural extracellular components.

∗ Corresponding author. Tel.: +91 484 2801234; fax: +91 484 2802020.
E-mail addresses: rjayakumar@aims.amrita.edu,

ayakumar77@yahoo.com (R. Jayakumar).
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veolar bone regeneration applications.
© 2010 Elsevier B.V. All rights reserved.

Chitosan is a biopolymer derived from partial deacetylation of
chitin. Chitosan is considered as an appropriate functional material
for biomedical applications because of its high biocompatibility,
biodegradability, non-antigenicity, antibacterial and blood coagu-
lation properties [4–8]. The antibacterial properties [9] of chitosan
makes it a suitable material for designing scaffolds for regenera-
tion of alveolar bone since these areas are highly susceptible to
bacterial infection. The ability of chitosan to support cell attach-
ment and proliferation is attributed to its chemical properties. The
polysaccharide backbone of chitosan is structurally similar to gly-
cosaminoglycans, the major component of the extracellular matrix
of bone and cartilage. Current attempts are focused on improv-
ing the mechanical and biological properties of chitosan scaffolds
through the incorporation of bioceramics such as hydroxyapatite
(HA) [10–12], �-tricalcium phosphate [13] and calcium phosphate
[14], biomaterials like gelatin [15], alginate [16] or inorganic mate-
rial such as montmorillonite [17]. The addition of bioceramics has
been known to decrease resorption kinetics of the chitosan scaf-
folds [17]. The mechanical property increases with the addition of
bioceramics in chitosan scaffolds.

Gelatin is a partial derivative of collagen and has been pro-

cessed into composites by blending with other materials, such
as chitosan, �-tricalcium phosphate (�-TCP) and hydroxyapatite
(HA), for promoting cell attachment, migration, differentiation and
proliferation. Gelatin is composed of a unique sequence of amino
such as glycine, proline and hydroxyproline which promotes cell

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rjayakumar@aims.amrita.edu
mailto:jayakumar77@yahoo.com
dx.doi.org/10.1016/j.cej.2010.02.003
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dhesion [18]. Gelatin concentration is known to influence the
roperties of the scaffold.

Bioactive glasses are osteoconductive and biodegradable bio-
aterials used for bone repair. It was developed by Hench [19] as
bone repair material. Recent studies have showed that degrada-

ion products of bioactive glasses could stimulate the production
f growth factors, cell proliferation and activate the gene expres-
ion of osteoblast [20–25]. Bioactive glass can also bond to hard
nd soft tissues [26,27]. The bone bonding ability of the glasses
as been attributed to their ability to form a surface layer of
ydroxycarbonate apatite (HCA) [28]. Other studies showed that
ioactive glasses are superior to hydroxyapatite coating on surface
f implants [29]. Results of in vivo implantation show that these
ompositions produce no local or systemic toxicity, no inflamma-
ion, and no foreign-body response [30].

Sol–gel derived bioactive glasses tend to have more simple
ompositions than the melt-derived bioactive glasses and exhibit
nhanced bioactivity and resorbability, due to a mesoporous tex-
ure inherent to the sol–gel process. Recently nano-bioactive glass
eramic has been synthesized by sol–gel process [31]. Webster et
l. [32] revealed that the biomaterials in nano-scale could stim-
late the reaction between materials and cells. Hence it would be

nteresting to study the effect of nBGC in nano-composite scaffolds,
hich has so far not been studied. This investigation focuses on

he characterization of novel CG/nBGC nano-composite scaffolds
or alveolar bone tissue engineering.

. Materials and methods

.1. Materials

Chitosan (Mw 100–150 kDa, degree of deacetylation-85%) was
urchased from Koyo Chemical Co. Ltd. (Japan). Cow bone
elatin (Cat. No. 076-02765) was purchased from Wako Pure

hemical Industries, Ltd. (Osaka, Japan). Tetraethyl orthosilicate
TEOS), calcium nitrate (Ca(NO3)2·4H2O), citric acid, diammo-
ium hydrogen phosphate, sodium borohydride, acetic acid,
odium hydroxide, bicinchoninic acid (BCA) reagents, mini-
um essential medium (MEM), 3-(4,5-dimethylthiazol-2-yl)-

Fig. 1. (a) Flow chart showing the steps in the synthesis of nBGC nanopar
g Journal 158 (2010) 353–361

2,5-diphenyltetrazolium bromide MTT, Triton-X 100 HCl and
isopropanol was purchased from Sigma–Aldrich Company. Glu-
taraldehyde (25% in water) and hen lysozyme were purchased from
Fluka. Trypsin–EDTA (ethylenediaminetetraacetic acid) and fetal
bovine serum (FBS) were obtained from Gibco, Invitrogen Corpo-
ration.

2.2. Preparation of bioactive glass ceramic nanoparticles (nBGC)

The procedure for preparing nBGC nanoparticles (SiO2:CaO:
P2O5 (mol%) ∼ 55:40:5) is briefly described as follows: mixture A
was prepared by adding 7.639 g of calcium nitrate to 9.84 ml of
TEOS. This mixture A was then dispersed in a mixture containing
ethanol and water (1:2 (mol)). The pH of mixture was adjusted in
the range of 1–2 by adding citric acid and the mixture was stirred
until a transparent mixture B was obtained. A second mixture C was
prepared by adding 1.078 g of diammonium hydrogen phosphate
and 15 g of poly(ethylene glycol) (PEG Mw 20,000) into 1500 ml
deionised water and then the pH of the mixture was adjusted to 10
with ammonium water. Mixture B was then dropped into mixture
C under vigorous stirring and the reaction mixture were aged for
24 h at room temperature to obtain a white gel precipitate. This pre-
cipitate was washed and filtered. The filtrate was then lyophilized
to obtain a fine powder, which was calcinated at 700 ◦C to obtain
nBGC nanoparticles (Fig. 1a).

2.3. Preparation of nano-composite scaffolds

Chitosan 2% (w/v) was dissolved in 1% acetic acid solution.
Gelatin was added into chitosan solution and stirred for 12 h at
37 ◦C. Then nBGC (1 wt.%) was added into chitosan–gelatin (CG)
mixture and stirred for 24 h. Resultant mixture was subjected to
ultrasonication (Vibra cell VC 505) to further disperse and reduce
particle size. 0.25% glutaraldehyde was added as a crosslinker. The

resultant mixture was transferred into 12 well culture plates and
pre-freezed at −20 ◦C for 12 h followed by freeze-drying (Christ
alpha LD plus) at −80 ◦C for 48 h. Then the scaffolds were neu-
tralized by 2% NaOH and 5% NaBr for 2 h and further washed with
deionised water. Finally the scaffolds were freeze-dried and stored

ticles and (b) shows the steps in preparation of composite scaffolds.
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or further use. Three different concentrations (0.5, 1 and 2%, w/w)
f CG mixture were prepared into which 1% nBGC was dispersed
nd then freezed dried to prepare the nano-composite scaffolds
Fig. 1b).

.4. Characterization studies

The morphology and size of nBGC was assessed using TEM.
BGC was dispersed in ethanol and TEM images were taken using

EOL-JEM2100F. The structural morphology of the nano-composite
caffolds was examined using scanning electron microscope (SEM).
caffolds were sectioned into thin section with razor blade. The
ection were placed on aluminium stub and coated with platinum
sing JEOL JFC 1600 for 2 min at 10 mA before imaging. The average
ore size was determined by measuring the size of 30 pores.

FTIR spectra of dried nBGC and nano-composite scaffolds were
haracterized using a FTIR spectrometer Perkin-Elmer RX1. Dried
BGC and nano-composite scaffolds were ground and mixed thor-
ughly with potassium bromide at a ratio of 1:5 (sample:KBr) and
elleted. The IR spectra of the pellets were then analyzed using
erkin-Elmer RX1 operating at range of 400–4000 cm−1. XRD pat-
erns of nano-composite scaffolds and nBGC were obtained at room
emperature using a Panalytical XPERT PRO powder diffractometer
Cu K� radiation) operating at a voltage of 40 kV. XRD were taken
t 2� angle range of 5–60◦ and the process parameters were scan
tep size 0.02 (2�) and scan step time 0.05 s. Energy-dispersive X-
ay spectroscopy (EDS) analysis was performed on JEOL JSM 6490
A. A drop of nBGC/ethanol was placed on carbon tape coated stub.
he sample was then platinum coated with JEOL JFC 1600 for 2 min
or 10 mA.

.5. Swelling studies

The swelling studies were performed in PBS (pH 7.4) at 37 ◦C. The
ry weight of the scaffold was noted as Wi. Scaffolds were placed

n PBS buffer solution (pH 7.4) at 37 ◦C for 1 h and then removed.
he surface adsorbed water was removed by filter paper and wet
eight was recorded WW. The ratio of swelling was determined
sing the Eq. (1):

welling ratio = Ww − Wi

Wi
(1)

welling ratio was expressed as mean ± SD (n = 3).

.6. Density studies

To determine the density of scaffold, three scaffolds from each
atch was selected and measurement was done on Sartorius ana-

ytical balanced equipped with density determination kit (Sartorius
DK 01). Density measurements were done with ethanol as the dis-
lacement medium. Ethanol does not cause swelling or change in
ore diameter hence ethanol was used as displacement medium.
ensity was recorded as mean ± SD (n = 3).

.7. In vitro degradation studies

The degradation of the scaffold was studied in PBS (pH
.4) medium containing lysozyme at 37 ◦C. Three scaffolds were
mmersed in lysozyme (10,000 U/ml) containing medium and incu-
ated at 37 ◦C for 7 days. Initial weight of the scaffold was noted
s Wi. After 7 days the scaffold was washed in deionised water to
emove ions adsorbed on surface and freezed dried. The dry weight
as noted as Wt. The degradation of scaffold was calculated using
Journal 158 (2010) 353–361 355

Eq. (2):

Degradation (%) = Wi − Wt

Wi
× 100 (2)

Degradation rate was recorded as mean ± SD (n = 3).

2.8. In vitro biomineralization studies

Three scaffolds of equal weight and shape was immersed in
1× simulated body fluid (SBF) [33] solution and then incubated
at 37 ◦C in closed Falcon tube for 7 and 14 days. After specified
time, the scaffolds were removed and washed three times with
deionised water to remove adsorbed minerals. Finally the scaffolds
were lyophilized, sectioned and viewed using SEM for mineraliza-
tion.

2.9. Protein adsorption studies

Scaffolds of same shape and weight were placed in 96 well plates
containing MEM + 10% FBS culture media. After 1 h incubation the
scaffolds were rinsed with PBS solution thrice. Total protein was
quantified using bicinchoninic acid (BCA) assay [34,35]. The prin-
ciple of BCA assay is based on the reduction of Cu2+ to Cu1+. The
amount of reduction is proportional to the protein present. BCA
reagent was added to each well and incubated for 30 min with
the extract at 37 ◦C and the absorbance was read at wavelength
of 562 nm. Scaffolds incubated in serum free medium were used as
blank. Protein adsorption was plotted in optical density (OD562 nm)
as mean ± SD (n = 3).

2.10. Cell 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
detached from the culture plate at 80–85% confluence and used
for seeding on the scaffolds for investigating the cytocompatibil-
ity of scaffolds. Prior to cell seeding, scaffolds were sterilized using
ethanol/UV treatment and incubated with culture medium for 1 h
at 37 ◦C in a humidified incubator with 5% CO2 and 85% humid-
ity. Then the culture medium was removed completely from the
scaffolds. Cells were seeded drop wise onto the top of the scaffolds
(1 × 105 cells/100 �l 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 humidified
incubator under standard culturing conditions for 4 h in order to
allow the cells to attach to the scaffolds. After 4 h, the scaffolds
were fed with additional culture medium.

2.11. Cytocompatability of the scaffolds

The viability of cells grown on the scaffolds was determined
using the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. MTT assay measures the
reduction of the tetrazolium component MTT by viable cells. There-
fore, the level of the reduction of MTT into formazan can reflect the
level of cell metabolism. For the assay, cells were then seeded on to
96 well plates at a density of 104 cells/well and were incubated
under standard 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 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 and 48 h.
After the incubation period, the extract was replaced by fresh media
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Fig. 2. FTIR spectra of (a) nBGC, (b) CG and (c) CG/nBGC scaffolds.
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ontaining 10% of MTT solution. Then the plates were incubated
t 37 ◦C in humidified atmosphere for 4 h. Then the medium was
emoved, 100 �l of solubilization buffer (Triton-X 100, 0.1N HCl
nd isopropanol) was added to each well to dissolve the formazan
rystals. The absorbance of the lysate was measured in a microplate
eader (biotek) at a wavelength of 570 nm. Leachables from CG scaf-
olds incubated in culture medium were used as negative control,
hile Triton-X 100 treated medium was used as positive control.

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

.12. Cell morphology on the scaffolds

Morphology and spreading pattern of cells on the scaffolds were
valuated using SEM after 48 h seeding. Scaffolds seeded with cells
ere fixed with 2.5% glutaraldehyde for 1 h, washed with PBS and
ehydrated using alcohol gradient. Then the samples were plat-

num sputtered in vaccum (JEOL, JFC-1600, Japan), and examined
sing SEM (JEOL, JSM-6490LA, Japan).

.13. Statistical analysis

All quantitative results were obtained from triplicate samples.
ata was expressed as the mean ± SD. Statistical analysis was car-

ied out using Student’s two-tailed t-test. A value of p < 0.05 was
onsidered to be statistically significant.

. Results

.1. Characterization

FTIR spectra of nBGC (Fig. 2) showed vibration bands at 467
nd a shoulder at 1200 cm−1 which are assigned to Si–O–Si bend-
ng mode. The vibration band at 1070 cm−1 and a double peak at
07 and 567 cm−1 are due to the stretching vibration of phosphate

roups [31]. The peaks at 2889 and 1637 cm−1 are attributed to CH
tretching and O–H (molecular water) bending vibration band of
EG. This indicates that the PEG is present on the surface of nBGC
anoparticle [36,37]. The FTIR spectrum of CG scaffolds shows a
eak at 1649 cm−1, which corresponds to the primary amide groups

Fig. 3. XRD pattern of (a) nBGC, (b) CG and (c) CG/nBGC scaffolds.

ig. 4. (a) TEM micrograph showing the rod shape of nBGC nanoparticles with an average particle size below 100 nm. (b) EDS spectra of nBGC showing the peaks of Si, Ca, P
nd O. The atomic ratio of Si:Ca:P:O was 43:34:6:17 as determined by EDS.
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Fig. 6. The density of the CG and composite scaffolds. The addition of nBGC decreases
the density of the scaffolds. *p < 0.05.
Fig. 5. SEM micrograph showing the macroporous microstructure of CG (a

f chitosan. The peak at 1030 cm−1, which is attributed to phos-
hate groups, was present in CG/nBGC scaffold while the peak at
070 cm−1 was observed in CG, which was absent in CG/nBGC,
nd was assigned to C–O stretching of chitosan [38]. Fig. 3 shows
he XRD pattern of nBGC calcined at 600 ◦C in air. The XRD stud-
es (Fig. 3) confirmed that the calcinated glass generally existed in
morphous state and no diffraction peaks could be observed except
broad band between 15 and 40◦ (2�) [31]. XRD of CG scaffold

howed a peak at 21.5◦, which is attributed to gelatin in the scaffold
17].

Fig. 4a shows the TEM micrograph of nBGC. The nBGC particles
re rod shaped and the size of the particles was around 100 nm.
he EDS spectrum (Fig. 4b) of nBGC shows the peaks of Ca, P, Si,
nd O. The atomic ratio of Si:Ca:P:O was found to be 43:34:6:17
s determined by EDS. EDS spectra of nano-composite scaffold also
howed the presence of Si, Ca, P and O. SEM images showed that CG
nd CG/nBGc scaffolds (Fig. 5) pores were well interconnected and
acroporous in nature. The nBGC particles were seen on the walls

f the nano-composite scaffold and were uniformly dispersed in
he matrix. Pore size of CG and CG/nBGC scaffold varied from 150
o 350 �m as measure by SEM. With the increasing concentration
f chitosan the pore size decreased, which is in accordance with
reviously literature [39].

.2. Density studies

Fig. 6 shows the density of the CG and CG/nBGC nano-composite
caffolds. The addition of nBGC decreases the density of the scaffold.
his could be due to an increase in the porosity or pore size of the
caffolds, which decreases the density of the scaffold. It was also
bserved that the density of the scaffolds increased with increasing
oncentration of chitosan as reported in earlier works [39].
.3. Swelling studies

Fig. 7 shows the swelling studies of CG and CG/nBGC nano-
omposite scaffolds. The incorporation of nBGC decreased the

Fig. 7. Swelling behavior of the scaffolds shows that addition of nBGC decreased the
swelling of the scaffolds. *p < 0.05.
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ig. 8. In vitro degradation studies in lysozyme shows that a composite scaffold
egrades more slowly than CG scaffolds. *p < 0.05.

welling ability of the nano-composite scaffolds [17]. The swelling
bility also decreased with increasing concentration of gelatin in
he nano-composite scaffolds.

.4. In vitro degradation studies

The in vitro biodegradation of the CG and CG/nBGC nano-
omposite scaffolds after 1 week of immersion in PBS containing
ysozyme is represented in Fig. 8. Significant difference could
e found in the degradation rate of the nano-composite scaf-
olds compared to CG scaffolds. The addition of nBGC significantly
ecreased the degradation rate of the nano-composite scaffolds.
igher the concentration of gelatin in the nano-composite scaf-

olds also decreased the degradation rate. Similar results have been
eported earlier [17].

.5. Protein adsorption studies

The protein adsorption studies showed a significant increase in
rotein adsorption on nano-composite scaffolds compared to CG
caffolds (Fig. 9).
.6. In vitro biominerialization studies

The bioactivity studies of the CG/nBGC nano-composite scaf-
olds were performed in 1× SBF incubated for 7 and 14 days. Fig. 10a

ig. 10. (a and b) In vitro biomineralization studies on the composite scaffolds after 7 day
atio was 1.64.
Fig. 9. Protein adsorption studies show that the composite scaffolds show a higher
degree of protein adsorption compare to CG scaffolds.

and b shows the SEM micrograph of an apatite like layer on the
surface of CG/nBGC after 7 days and Fig. 10c and d shows the SEM
micrograph of an apatite like layer on the surface of CG/nBGC after
14 days. EDS spectra of mineralization showed the Ca/P ratio of
1.64 (Fig. 10e). This result shows the bioactive nature of the nano-
composite scaffolds. The FTIR studies show a sharpening of peaks
at 603 and 567 cm−1 corresponding to stretching vibration bands
of phosphate group (Fig. 11a). XRD shows an increase in intensity
of peak at 31.7◦ corresponding to hydroxyapatite (Fig. 11b).

3.7. Cytocompatability studies

Cytocompatibility of the CG and CG/nBGC nano-composite scaf-
folds were assessed using MTT assay and direct contact test. The OD
values from the scaffolds did not show any decrease compared to
the OD values from the negative control, after 24 and 48 h of incuba-
tion of the cells with the extract containing the leachables (Fig. 12a).
This result suggests that there are no significant toxic leachables in
the CG/nBGC composite scaffolds compared to CG scaffolds. Cells
retained their characteristic cell morphology after 24 h of incuba-
tion in direct contact with the composite scaffolds (Fig. 12b). This
result also supports the finding that nano-composite scaffolds are
biocompatible.
3.8. Cell attachment studies

SEM micrographs was used to study the attachment, morphol-
ogy and spreading of cells on the scaffolds. SEM images of cells

s and (c and d) after 14 days. (e) EDS spectra of apatite formed shows that the Ca/P
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Fig. 11. (a) FTIR showing increases in intensity of phosphate peaks at 603 and 567 cm−1 after (a) control, (b) 7 days and (c) 14 days in SBF. (b) XRD showing an increase in
intensity of HA peak at 31.7◦ after (a) control, (b) 7 days and (c) 14 days in SBF.

Fig. 12. (a) MTT assay showing biocompatibility of the composite scaffolds. (b) The morphology of cells grown in direct contact with cells.

Fig. 13. The SEM image of MG-63 cells on the scaffolds after 48 h of incubation. Cells remained in a more or less round morphology (a–c) on CG scaffolds. However cells on
the CG/nBGC nano-composite scaffolds (d–f, white arrows) showed well spread morphology.
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ncubated for 48 h on the scaffolds showed that cells attached and
pread within the pore walls offered by the scaffolds. However,
here were significant difference in morphology and spreading in a

aterial dependent manner. After 48 h of incubation cells on the CG
caffolds remained in more or less round morphology (Fig. 13a–c).
n contrast, cells on the nano-composite scaffolds exhibited a well
pread morphology after the same period of incubation (Fig. 13d–f).

. Discussions

FTIR studies showed the strong interaction between nBGC and
G network. In comparison to CG, CG/nBGC nano-composite scaf-

olds are characterized by three new absorption bands at 602 and
64 cm−1 which corresponds to the stretching vibration bands of
–O from PO3−

4 and 467 cm−1 assigned to Si–O–Si bending mode as
eported earlier [31]. The COOH group of gelatin in the scaffold may
xist in the form of COO− and an ionic or polar interaction could
xist between COO− and Ca2+ and also hydrogen bonds could also
xist between –NH2 and nBGC.

The pore size of the nano-composite scaffolds varied from
50 to 300 �m, which is adequate for cell migration into the

nterior regions of the scaffolds. Pores are necessary in bone tis-
ue engineering for the migration and proliferation of osteoblasts
nd mesenchymal cells, as well as vascularization. The min-
mum recommended pore size for a scaffold is 100 �m as
er reported literature [40]. But subsequent studies have been
hown better osteogenesis for implants with pores >300 �m [40].
elatively larger pores favour direct osteogenesis, since they
llow vascularization and high oxygenation, while smaller pores
esult in osteochondral ossification, although the type of bone
ngrowths depends on the biomaterial and the geometry of the
ores.

Swelling studies showed a decrease in swelling rate with the
ddition of nBGC, which may be due to the strong interaction
etween nBGC and CG network. The hydrophilic groups of gelatin
ay be bonded with nBGC, which results in a reduction of the total

umber of hydrophilic groups. Swelling facilitate the infiltration
f cells into the scaffolds in a three-dimensional fashion, during

n vitro cell culture. Increase in the pore size allows cells to avail
he maximum internal surface of the scaffolds. Samples showing
igher degree of swelling will have a larger surface area/volume
atio thus allowing the samples to have the maximum probabil-
ty of cell growth in a three-dimensional fashion. The increase
n swelling also allows the samples to avail nutrients from cul-
ure media more effectively. However increase in swelling will
lso decrease the mechanical properties of the scaffold. Hence
ontrolled swelling will be ideal for tissue engineering applica-
ions.

Degradation of the scaffolds is very important parameter in tis-
ue engineering. Ideally the scaffolds should degrade as new tissue
ormation takes place. The �-1, 4 N-acetyl-glucosamine groups of
hitosan chains can be hydrolyzed by lysozyme. Its degradation
eads to the release of aminosugars, which can be incorporated
nto glycosaminoglycans and glycoprotein metabolic pathways, or
xcreted. The degradation rate was significantly decreased with the
ddition nBGC which may be due to neutralization of the acidic
egradation products of chitosan by the alkali groups leaching from
BGC, thus reducing the degradation rate of the scaffold. The leach
ble products of bioactive glass systems are known to be alkaline in
ature [41]. Nano-composite scaffolds with higher concentration of

elatin degrade faster. Gelatin being a hydrophilic polymer (pres-
nce of amide and carboxyl groups), the macromolecular chains of
elatin polymer hydrolyses quickly with the existence of water.

The BCA assay, which was used to determine protein adsorption,
s one of the sensitive and applicable methods. The main advantages
g Journal 158 (2010) 353–361

of BCA assay over other protein determination techniques include
the easiness to use, the formation of a stable color complex, the less
susceptibility to detergents and its application over a broad range
of protein concentrations. Protein adsorption is known to influ-
ence the cell adhesion by adsorption of key adhesion molecules
like fibronectin or vitronectin [42]. The increase in protein adsorp-
tion on the CG/nBGC nano-composite scaffolds can be due to the
exposed nBGC on the scaffold surfaces, which increases the binding
sites on the material surface for proteins, or promote an electro-
static interaction between the proteins and material surface and
enhance adsorption of proteins [43].

The bioactivity studies showed in vitro mineralization ability of
the nano-composite scaffolds. The mineral deposits were seen to
increase with time of incubation. After 14 days the deposit uni-
formly forms a layer on the surface. The EDS studies showed that the
surface deposition was apatite with Ca/P ratio of 1.64. It is close to
the theoretical value of 1.67. The bioactivity of the nano-composite
scaffolds allows for the formation of apatite layer, which results in
a direct bonding of the implant with the bony defect. These results
suggested that the nano-composite scaffolds are a suitable material
for tissue engineering applications.

The cell cytotoxicity was assessed by MTT assay and the results
showed no significant cytotoxicity compared to the control used
as reference. These results suggest that cell viability is not affected
by addition of nBGC nanoparticles. nBGC nanoparticles can cause
alkalization of culture medium due to the leachable products from
nBGC. This may cause an increase in Ca2+ ions in culture medium.
The increased intracellular Ca2+ ions level may induce apoptosis
of the cells. However the results show no significant change in
cytotoxicity between the controls and samples indicating that com-
posite scaffolds are biocompatible.

Cell attachment studies showed that the CG/nBGC nano-
composite scaffold significantly increased the cell attachment
when compared to CG scaffolds. The SEM micrographs show
flatened morphology of MG-63 cells and forming bridges between
pores. Previous works by Blaker et al. [44] have shown similar
results with MG-63 cell line. The result indicates that the nano-
composite scaffolds might be suitable for alveolar bone tissue
engineering. The higher attachment on nano-composite scaffolds
may be due increase in surface area and roughness of the surface. It
is known that surface topology could play a role in cell attachment
on implants [45–47]. An increase in surface area allows maximum
area for cell attachment and nano-surfaces have larger surface area
to volume ratio. This larger surface area may play a role in increas-
ing protein adsorption especially adhesive proteins. Further studies
are needed to find out the specific protein adsorbed on the scaffold
surface and their role cell attachment on nano-composite scaffold.

5. Conclusions

Porous biodegradable CG/nBGC nano-composite scaffolds with
sufficient microporosity for cell infiltration can be obtained through
freezing and lyophilization technique. The swelling and degrada-
tion rate of the nano-composite scaffolds decreased with addition
of nBGC and protein adsorption increased. The nano-composite
scaffolds shows good bioactivity and better cell attachment and
spreading compared to CG scaffolds. Therefore we concluded that
CG/nBGC nano-composite scaffolds appear to be a promising nano-
composite material for alveolar bone tissue engineering.
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