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a b s t r a c t

�-Chitin hydrogel/nano hydroxyapatite (nHAp) nanocomposite scaffolds were prepared by freeze-drying
approach from the mixture of �-chitin hydrogel and nHAp in different concentrations such as 0.5 and
1%, respectively. The prepared nHAp and nanocomposite scaffolds were characterized using various
modalities. Porosity, swelling ability, in vitro degradation, protein adsorption and biomineralization of
the prepared composite scaffolds were evaluated. The composite scaffolds were found to have 70–80%
porosity with well defined interconnected porous structure. The scaffolds also showed a swelling ratio
eywords:
-Chitin
ydroxyapatite
anocomposite
iomineralization
caffold

of 15–20, controlled biodegradation of about 30–40% with enhanced protein adsorption. In addition, the
cell viability, attachment and proliferation using MG 63, Vero, NIH3T3 and nHDF cells confirmed the
cytocompatibility nature of the nanocomposite scaffolds with well improved cell attachment and prolif-
eration. All these results essentially signify that this material can be a potential candidate for bone and
wound tissue engineering applications.
ell viability
issue engineering

. Introduction

Chitin is a natural biopolymer found in the shells of crustaceans.
t is the second most abundant polymer on earth after cellu-
ose. Chitin contains d-glucosamine and N-acetyl-d-glucosamine
nits. The monomers are inter-connected by �-glycosidic link-
ges (Rudall & Kenchington, 1973). There are different polymorphic
orms of chitin namely �, and �. Crabs and shrimps are the main
ource of �-chitin, whereas �-chitin is isolated from squid pen
nd �-chitin from loligo (Jang, Kong, Jeong, Lee, & Nah, 2004;
ashidova et al., 2004). They differ in the arrangement of polymeric
hains. In the case of �-chitin, the polymer chains run antiparal-
el to each other whereas they are arranged parallel in the case
f �-chitin (Blackwell, 1969). Chitin has numerous advantages
uch as biocompatibility, biodegradability, wound healing abil-
ty, etc. (Jayakumar, Prabaharan, Sudheesh, Nair, & Tamura, 2011;
uzzarelli, 2009; Nagahama et al., 2008; Sudheesh et al., 2010).
iterature has reported that chitin possesses the capability to form
omposites with polymers as well as ceramics (Muzzarelli, 2009;
udheesh et al., 2010).
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�-Chitin has been employed for various biomedical applications
like wound dressing, as scaffolds for tissue engineering applica-
tions, etc. (Jayakumar et al., 2011; Maeda, Jayakumar, Nagahama,
Furuike, & Tamura, 2008; Peesan, Rujiravanit, & Supaphol, 2003;
Sudheesh et al., 2010; Sugiyama, Boisset, & Hashimoto, 1999). This
material enhances the bioactivity and promotes tissue regener-
ation. The degradation product is d-glucosamine which further
enhances the deposition of collagen in the presence of a wound.
Intermolecular interactions in �-chitin are weaker than in �-chitin.
This is because of the polymer chain arrangement and thus enabling
�-chitin to be more susceptible to dissolution in numerous sol-
vents. Few reports exploited the composite forming ability of
the �-chitin with other polymers and ceramics. �-Chitin forms
hydrogen bonds with other polymers and ceramics and with this
capability �-chitin holds other polymers and ceramics intact to
serve as a better composite. This ultimately results in a more reac-
tive and versatile �-chitin (Lavall, Assis, & Filho, 2007; Madhumathi
et al., 2009; Maeda et al., 2008; Saito, Okano, Gaill, Chanzy, & Putaux,
2000).

Hydroxyapatite [(HAp), Ca10(PO4)6(OH)2]; is a major inorganic

ceramic material and an essential component of the bone. It has
numerous exceptional properties like bioactivity, osteoconductiv-
ity, osteoinductivity, slow biodegradability, non toxicity and easy
synthesizability (Chai, Nissan, Pyke, & Evans, 1995; Heise, Osborn,
& Duwe, 1990). HAp is being used for various applications like bone
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http://www.sciencedirect.com/science/journal/01448617
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issue engineering (Muzzarelli, 2011; Peter et al., 2010), dental fill-
ng material, etc. (Labella, Bradena, & Deb, 1994). nHAp offers high
urface area to volume ratio and a small concentration is suffi-
ient to enhance bioactivity and osseointegration (Liuyun, Yubao,

Chengdong, 2009; Peter et al., 2010). Many works have been
eported on composite materials containing nHAp in combina-
ion with natural and synthetic biopolymers for tissue engineering
pplications (Bonfield, Grynpas, Tully, & Bowman, 1981; Verheyen,
ewijn, van Blitterswijk, & de Groot, 1992; Wang et al., 2007; Wang,
i, Wei, & Groot, 2002).

Recently hydrogel based scaffolds are gaining attention in the
eld of tissue engineering (Nguyen and West, 2002; Tan and Marra,
010). The hydrogel scaffolds have an inherent ability to swell in
queous medium thus permitting the transportation of enzymes
nd nutrients to and through the scaffolds (Gkioni, Leeuwenburgh,
ouglas, Mikos, and Jansen (2010); Tamura, Furuike, Nair, &

ayakumar, 2011). In this work we synthesized �-chitin hydro-
el/nHAp nanocomposite scaffolds by incorporating nHAp into
-chitin hydrogel for tissue engineering applications. The syn-

hesized composite scaffolds were characterized and bioactivity
tudies were performed.

. Materials and methods

.1. Materials

�-Chitin (Degree of Acetylation-72.4%) was purchased from
oyo Chemical Co. Ltd., Japan. CaCl2 and methanol were purchased

rom Qualigens, India. Calcium nitrate, ammonia and ammonium
ihydrogen orthophosphate were obtained from Merck. Glu-
araldehyde and hen lysozyme were purchased from Fluka. DAPI,
lamar Blue, Trypsin–EDTA and Fetal Bovine Serum (FBS) were
btained from Gibco, Invitrogen Corporation. Minimum essential
edium (MEM) was purchased from Sigma–Aldrich Company. The
ero (epithelial cells), MG 63 (osteosarcoma cells) and NIH3T3

fibroblast cells) were provided by National Center for Cell Sciences,
une, India. HDF (normal human dermal fibroblast) cell was pur-
hased from Promocell, Germany. The chemicals were used without
urther purification.

.2. Methods

.2.1. Preparation of ˇ-chitin hydrogel
�-Chitin hydrogel was prepared according to the literature

Maeda et al., 2008; Sudheesh et al., 2010; Tamura, Nagahama,
Tokura, 2006). �-Chitin powder was added to saturated

aCl2/methanol solvent and stirred vigorously for 48 h at room
emperature. On attaining a transparent �-chitin solution, the solu-
ion was filtered to remove the undissolved traces. To this solution
xcess water was added and stirred vigorously for 2 h in order to
btain �-chitin hydrogel. The hydrogel was allowed to stand for
4 h and filtered using Whatman filter paper. The obtained hydro-
el was dialyzed against distilled water for two days to obtain pure
-chitin hydrogel.

.2.2. Preparation of nano hydroxyapatite (nHAp)
Nano hydroxyapatite (nHAp) was synthesized in aqueous solu-

ion as reported earlier (Wang et al., 2002). The pH value of the
olutions of Ca(NO3)2 and (NH4)H2PO4 was adjusted to more than
0 with ammonia. Then they were mixed in a stoichiometric ratio
f Ca to P (1.67). On completion of the reaction, the precipitate

as rinsed for several times with distilled water until the pH value
ropped to 7. Following which the precipitate was dried at 80 ◦C,
alcined at 400 ◦C and sintered at 800 ◦C to obtain crystalline HAp.
he HAp nanosuspension was prepared by bath sonication of HAp
n distilled water for 20 min.
te Polymers 85 (2011) 584–591 585

2.2.3. Preparation of ˇ-chitin hydrogel/nHAp composite scaffolds
The prepared HAp nanosuspension was mixed with �-chitin

hydrogel at concentrations of 0.5 and 1% (w/w). The whole system
was vigorously stirred for 30 min to get a homogenized mixture and
the obtained mixture was further freezed at −20 ◦C and lyophilized
to get microporous nanocomposite scaffolds.

2.3. Characterization

The particle size and size distribution of nHAp were analyzed
using dynamic light scattering measurements (DLS-ZP/Particle
Sizer NicompTM 380 ZLS, particle sizing system). Composite scaf-
folds and nHAp were characterized using FT-IR spectroscopy
(Spectrophotometer Perkin-Elmer RX1). Composite scaffolds and
nHAp were ground and mixed thoroughly with potassium bro-
mide and pelletized. The IR spectra were analyzed in the range of
400–4000 cm−1. The structural morphology of the nanocomposite
scaffolds and nHAp was examined using scanning electron micro-
scope (JEOL, JSM-6490LA, JAPAN). Nanocomposite scaffold samples
were prepared by taking a thin section of the scaffold using a
razor blade. The sections were then platinum sputter coated in vac-
uum (JEOL, JFC-1600, Japan), and examined using scanning electron
microscope. XRD pattern of the nanocomposite scaffolds and nHAp
was analyzed at room temperature using a Panalytical diffractome-
ter (XPERT PRO powder) (Cu K� radiations) operating at a voltage
of 40 kV. XRD was taken at a 2� angle range of 5–70◦ and the pro-
cess parameters were: scan step size 0.02 and scan step time 0.05 s.
Thermogravimetric analysis of the scaffolds and nHAp was carried
out using TG/DTA instrument (SII TG-DTA6200) at a temperature
range of 25–500 ◦C.

2.4. Porosity studies

The porosity of the prepared nanocomposite scaffolds was esti-
mated using the reported method (Liuyun et al., 2009). Briefly, the
scaffolds were immersed in absolute ethanol until saturated. The
weights of the scaffolds before and after immersion in alcohol were
noted. The porosity was calculated using the formula,

P = W2 − W1

�V1

where W1 and W2 indicate the weight of the scaffolds before and
after immersing, respectively, and V1 is the volume before immers-
ing, � is a constant density of ethanol. All samples were triplicated
in the experiment.

2.5. Swelling studies

Nanocomposite scaffolds were cut into small pieces having
equal weights and immersed in phosphate buffered saline (PBS,
pH 7.4, 37 ◦C). The scaffolds were removed at different time peri-
ods and water on the surface was gently blotted on a filter paper
and weighed (Wd).

DS = Ww − Wd

Wd

where DS is the degree of swelling and Ww & Wd are the wet and
dry weights of the scaffolds, respectively.

2.6. In vitro degradation studies
The degradation of the scaffolds was studied in PBS (pH 7.4)
medium containing lysozyme at 37 ◦C. Scaffolds were equally
weighed and immersed in lysozyme (10,000 U/ml) containing
medium and incubated at 37 ◦C for 28 days. Initial weight of
the scaffold was noted as Wi. The scaffolds were taken out from
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he medium at 7, 14, 21 and 28 days and washed in deionised
ater to remove ions adsorbed on surface. The scaffolds were then

reeze-dried and weighed. The final weight was noted as Wt. The
egradation was calculated using the formula

egradation(%) = Wi − Wt

Wi
× 100

.7. In vitro biomineralization studies

The scaffolds having equal weight and shape were immersed in
× simulated body fluid (SBF) (Kokubo & Takadama, 2006) solu-
ion and incubated at 37 ◦C in closed falcon tubes up to 28 days.
fter the specified time intervals, the scaffolds were removed from
BF solution and washed thrice with deionised water to remove
dsorbed minerals. Finally the scaffolds were freeze-dried, sec-
ioned and viewed using SEM for mineralization. The formation of

inerals was confirmed by analyzing the FT-IR and XRD spectra of
he scaffolds which were treated with SBF solution.

.8. Protein adsorption study

Nanocomposite scaffolds having equal weights were taken and
laced into a well plate preoccupied with MEM (supplemented
ith 10% FBS) culture media and incubated at 37 ◦C. After 2, 4
6 h of incubation, the scaffolds were rinsed with PBS solution

hrice to remove the proteins and ions which were not adsorbed
n the surface. Total protein concentration was quantified using
icinchoninic acid (BCA) assay (Binulal et al., 2010). The principle
f BCA assay is based on the reduction of Cu2+ to Cu1+. The amount
f reduction is proportional to the concentration of protein present.
CA reagent was added to each well and incubated for 30 min with
he extract at 37 ◦C and the absorbance was read at a wavelength
f 562 nm. Scaffolds incubated in serum free medium were used as
lank.

.9. Cell viability study

Cell viability of the prepared �-chitin hydrogel/nHAp composite
caffolds was evaluated by indirect cytotoxicity test using Alamar
lue assay (Binulal et al., 2010). The cytotoxicity test of composite
caffolds was done according to ISO 10993-5. The cytotoxic effect
f �-chitin control and �-chitin with different concentrations of
HAp was evaluated on human osteosarcoma (MG63), monkey
pithelial (Vero), mouse fibroblast (NIH3T3) and human dermal
broblast (HDF) cell lines. MG63, Vero, NIH3T3, and HDF cells were
ultured in MEM supplemented with 10% FBS, 50 IU/ml penicillin
nd 50 �g ml−1 streptomycin (Invitrogen, CA, USA). Scaffolds were
terilized by ethylene oxide gas and extraction ratio was 0.2 g/ml
sample/medium). The sterilized samples were incubated in serum
ontaining media for 24 h and 48 h at 37 ◦C. 100 �l of the sample
xtract was taken for the viability test. The cells were seeded onto a
6 well plate at a seeding density 1 × 104 cells/well and incubated
vernight at 37 ◦C. The media was replaced with the extract and
urther incubated for 24 h and 48 h. After the incubation period,
he extract was replaced with fresh media containing Alamar Blue
Invitrogen, USA) solution and again kept for incubation. After 4 h of
ncubation, the absorbance was measured at 570 nm with 620 nm
et as the reference wavelength using a microplate spectropho-
ometer (Biotek PowerWave XS, USA).
.10. Cell attachment and proliferation studies

The attachment and spreading nature of MG63, Vero, NIH3T3,
nd HDF cells on the composite scaffolds was evaluated using SEM
nd DAPI staining. Cells were seeded drop wise onto the top of the
te Polymers 85 (2011) 584–591

scaffolds (1 × 105 cells/scaffold), which fully absorbed the media,
allowing cells to distribute throughout the scaffolds and incubation
at 37 ◦C for 12 and 72 h, respectively. After 12 and 72 h of incubation,
cell seeded composite scaffolds were fixed with 2.5% glutaralde-
hyde, rinsed with PBS and dehydrated using graded series of
ethanol (20–100%). The samples were coated with platinum and
examined under SEM. DAPI or 4′,6-diamidino-2-phenylindole is
a fluorescent stain that is using for the nuclear staining of cells.
For DAPI staining the cell seeded scaffolds were fixed with 4%
paraformaldehyde for 20 min, permeabilised with 0.5% Triton X-
100 (in PBS) for 5 min. Then the scaffolds were treated with 1%
FBS, washed with PBS and stained with 50 �l of DAPI (1:30 dilu-
tion with PBS) and incubated in dark for 3 min. The scaffolds were
then washed with PBS and viewed under fluorescent microscope
(Olympus-BX-51).

3. Results and discussion

3.1. Characterization of nHAp and composite scaffolds

It was clear from the DLS data that the particles were in a poly-
dispersed state; having size in the range of 50–120 nm which was
further confirmed by SEM analysis.

FT-IR spectrum of the synthesized nHAp particles having peaks
at 565, 602 and 3570 cm−1 are the characteristic peaks of nHAp
(Wang et al., 2002). The peaks at 565 and 602 cm−1 correspond to
stretching vibrations of phosphate group present in the nHAp and
peak at 3570 cm−1 corresponds to stretching vibration of OH group
present in the nHAp (Wang et al., 2002).

XRD spectrum of nHAp has been taken and compared with
the standard XRD spectrum of nHAp and the spectrum exactly
matched the standard spectrum (JCPDS File number: 09-0432)
(refer Supplementary Data).

Fig. 1 shows the SEM image of control (A) and composite scaf-
folds (B & C). The composite scaffolds appeared as porous nature.
The porosity of the scaffolds was decreased with the increase in
the concentration of nHAp. The nHAp particles act as fillers mak-
ing the polymer chains intact and hence cause a reduction in the
porosity (Peter et al., 2010). In the case of control, the pores were
arranged uniformly and interconnected with walls of the scaffold.
nHAp incorporated scaffolds were found to have a compact nature.
This will further help in the enhancement of biomineralization abil-
ity and provide suitable cell attachment as well.

Fig. 1D shows the FT-IR spectra of nHAp, �-chitin control and
�-chitin hydrogel/nHAp composite scaffolds. In the spectra (a) is �-
chitin control; (b) is nHAp control; (c) is �-chitin + 0.5% nHAp and
(d) is �-chitin + 1% nHAp. In the case of �-chitin control (a) the peak
at 1650 is due to the intracellular hydrogen bonding between the
carbonyl groups of amide I and the amide II (Rudall & Kenchington,
1973). From spectrum c & d it was found that incorporation of
nHAp into �-chitin hydrogel caused the broadening of the peak at
3450 cm−1 (characteristic of �-chitin); which was due to the inter-
molecular hydrogen bonding between –NH2 group of �-chitin and
–OH group of nHAp. The characteristic peaks of HAp were present
in the spectrum of composite scaffolds. The intensity of peaks at 565
and 602 cm−1 was less in �-chitin + 0.5% nHAp scaffold; because the
concentration of nHAp is less. But in �-chitin + 1% nHAp scaffold, the
peaks have resolved and intensity was also increased.

Fig. 1E shows the XRD spectra of nHAp (a) �-chitin (b) and �-
chitin hydrogel/nHAp composite scaffolds (c & d). The peaks of the

synthesized nHAp particles matched the characteristic XRD spec-
trum of HAp (JCPDS File No. 09-0432). The distinctive peaks of
�-chitin and nHAp can be noticed in (c & d). Peaks at 10◦ and 20◦

are characteristic of �-chitin; which are present in the spectrum
(b). The peaks of �-chitin and nHAp were present in both (c & d)
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ig. 1. (A) SEM image of �-chitin control scaffold. (B) �-Chitin + 0.5% nHAp compo
ontrol, (b) �-chitin control, (c) �-chitin + 0.5% nHAp and (d) �-chitin + 1% nHAp. (E) X
HAp and (d) �-chitin + 1% nHAp.

he spectrums. In 0.5% nHAp incorporated scaffolds, the intensity of
he peaks was less and at higher concentration of nHAp the inten-
ity was increased. The intensity of �-chitin peaks (10◦ and 20◦)
as decreased in the case of nHAp incorporated composite scaf-

olds (Blackwell, 1969). The decrease in the intensity was due to
he interaction of nHAp with �-chitin.

Thermogravimetric analysis of nHAp and composite scaffolds
as performed at a linear rate of 10 ◦C/min from 25 to 500 ◦C

n nitrogen atmosphere. In the TGA, nHAp does not undergo any
hange and the thermogram remains almost as a straight line. This
s because of the high thermal stability of nHAp. The incorporation
f nHAp did not alter the thermal stability of �-chitin. The initial
ip at 50–100 ◦C in the thermograms was due to the evaporation of
oisture content. All the scaffolds started degrading at 280 ◦C and

5% degradation occurred in �-chitin + 1% nHAp scaffold, 80% in �-
hitin + 0.5% nHAp and 95% in �-chitin control at 500 ◦C. This was
ue to degradation of polysaccharide units of the polymer (Saito
t al., 2000).

Differential thermal analysis of nHAp, �-chitin + 0.5% nHAp and
-chitin + 1% nHAp was performed. In the case of nHAp there was
broad exothermic peak between 200–320 ◦C; which was due

o the crystallization of nHAp. The scaffolds degraded at higher
emperature and the peaks at 370 and 470 ◦C correspond to this
ecomposition (refer Supplementary Data).

Fig. 2A shows the porosity of the prepared nanocomposite
caffolds. �-Chitin control scaffolds showed about 80% porosity
hereas nHAp incorporated scaffolds indicated lesser porosity.

his was due to the presence of nHAp throughout the scaffold which

inds to the polymer chains and helps to hold the polymer chains of
-chitin intact. Porosity is an important factor for an ideal scaffold

o be used in tissue engineering applications (Liuyun et al., 2009).
ells can travel through the pores and get attached at suitable posi-
ions in the scaffolds for further proliferation. So, for the prepared
caffold. (C) �-Chitin + 1% nHAp. (D) FT-IR spectra of composite scaffolds (a) nHAp
ectra of composite scaffolds (a) nHAp control, (b) �-chitin control, (c) �-chitin + 0.5%

nanocomposite scaffolds the obtained porosity is sufficient and the
porosity aids in the supply of nutrients and oxygen to the interior
regions of the composite scaffolds.

Fig. 2B shows the swelling ratio of the control and composite
scaffolds. The swelling ability of the scaffolds was evaluated up to
28 days. From the figure, it was clear that the incorporation of nHAp
reduced the swelling capacity. This was owing to the reduction in
total porosity of the composite scaffolds due to the presence of
nHAp. The control scaffold showed a swelling ratio of 20 within 24 h
in contact with the liquid. The 0.5 & 1% nHAp incorporated scaffolds
showed a swelling ratio of 18 and 14, respectively. One impor-
tant point to be noted here is that within 24 h itself the scaffolds
were almost saturated. On 7th day, maximum swelling capacity has
been attained and thereafter the swelling ratio trend was found to
decrease. This was due to the rupture of polymer chains at higher
stage of swelling. At 28th day, control scaffolds showed swelling
ratio of 18 and composite scaffolds showed 14. The swelling ability
of the scaffolds will help to absorb the culture medium and hence
allow the easy passage of nutrients through it (Peter et al., 2010).

3.2. In vitro degradation studies

Fig. 2C shows the in vitro biodegradation data of the scaf-
folds. At day 7, around 10% of all the scaffolds was degraded. At
higher duration of time, the rate of degradation was also increased.
About 15–20% of degradation occurred at day 14. On completion
of 28 days, control scaffold degraded 45% and nHAp incorporated

scaffolds (0.5% and 1%) degraded 30%. Chitin can be degraded by
lysozyme present in the human body. The degradation products
can further help to attract more cells towards the scaffold and hence
improve the bioactivity of the scaffolds. Controlled degradation is
essential for an ideal scaffold for tissue engineering applications.
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Fig. 2. (A) Porosity of scaffolds. (B) Swelling ratio of scaffolds. (C) Biodegr

.3. Protein adsorption study

Fig. 2D indicates the protein adsorption data of the scaffolds.
rotein adsorption is known to influence the cell adhesion by
dsorption of key adhesion molecules like fibronectin or vit-

onectin (Kim et al., 2005). The adsorbed protein concentration was
ncreased with time from 2 to 6 h. The increase in protein adsorp-
ion on the �-chitin + 0.5% nHAp and �-chitin + 1% nHAp composite
caffolds than control scaffold can be due to the distribution of
HAp particles on the scaffold surfaces, which increases the binding

ig. 3. SEM images of biomineralization. A, B and C correspond to �-chitin control at 7, 14
1 days, respectively. G, H and I correspond to �-chitin + 1% nHAp at 7, 14 & 21 days, resp
n of scaffolds. (D) Protein adsorption of control and composite scaffolds.

sites on the material surface for proteins, or promotes an electro-
static interaction between the proteins and material surface and
enhances adsorption of proteins (Wang et al., 2007).

3.4. In vitro biomineralization studies
Fig. 3 shows the SEM images of in vitro biomineralization stud-
ies of the scaffolds. A, B and C correspond to �-chitin control at 7,
14 and 21 days, respectively. Images D, E and F correspond to �-
chitin + 0.5% nHAp at 7, 14 and 21 days, respectively. The images

and 21 days, respectively. D, E and F correspond to �-chitin + 0.5% nHAp at 7, 14 &
ectively.
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ig. 4. SEM images of cell attachment and DAPI images with MG63. A, B and C are S
HAp scaffolds, respectively at 72 h and D, E & F are DAPI images of �-chitin contro

, H and I correspond to �-chitin + 1% nHAp at 7, 14 and 21 days,
espectively. The images showed an apatite layer deposition on
he scaffold surfaces at day 7. At day 7, scaffolds containing nHAp
howed more apatite layer deposition than control and at 14 and 21
ays the density of the apatite layer was increased. This indicated
hat nHAp will initiate the cells to deposit more minerals and extra-
ellular matrix on the surface of the scaffolds (Madhumathi et al.,
009). These results indicated that increasing the soaking time in
BF will enhance the apatite layer formation on the surface of the
omposite scaffolds. The presence of nHAp also plays a role in this
nhanced apatite deposition.

The FT-IR spectra of biomineralization showed sharpening of
eaks at 602 and 565 cm−1 corresponding to stretching vibration
ands of phosphate group and at 3570 cm−1 attributed to OH group
Peter et al., 2010). The spectra indicate an increase in the intensity

f peaks from 7 to 21 days (Katerina et al., 2010).

The XRD spectra of biomineralization showed a sharp peak at
5.8 and 31.5◦ (2�) attributed to 2 1 1 plane of hydroxyapatite. The

ntensity of the peaks was found to increase from 7 to 21 days
Madhumathi et al., 2009).

ig. 5. SEM images of cell attachment and DAPI images with Vero. A, B and C are SEM im
HAp scaffolds, respectively at 72 h and D, E and F are DAPI images of �-chitin control, �-
ages of cell attachment of �-chitin control, �-chitin + 0.5% nHAp and �-chitin + 1%
itin + 0.5% nHAp and �-chitin + 1% nHAp scaffolds, respectively at 72 h.

All these data revealed the biomineralization capability of the
composite scaffolds which will be helpful for the scaffolds for bone
tissue engineering (refer Supplementary Data).

3.5. Cell viability

The cell viability of the composite scaffolds was analyzed by
treating with MG63, Vero, NIH3T3 and HDF cells for 24 and 48 h. All
cells showed almost 100% viability compared to the controls after
24 and 48 h of incubation. The presence of nHAp does not affect the
cytocompatible nature of the scaffolds.

3.6. Cell attachment and proliferation studies

Figs. 4–7 correspond to the cell attachment and proliferation

studies of MG63, Vero, NIH3T3 and HDF cells, respectively. In all
these figures, A and D correspond to the SEM and DAPI images of cell
attachment of �-chitin control at 72 h. Images B and E correspond
to the SEM and DAPI images of cell attachment on the surfaces of
the �-chitin + 0.5% nHAp scaffolds at 72 h. Images C and F represent

ages of cell attachment of �-chitin control, �-chitin + 0.5% nHAp and �-chitin + 1%
chitin + 0.5% nHAp and �-chitin + 1% nHAp scaffolds, respectively at 72 h.
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Fig. 6. SEM images of cell attachment and DAPI images of scaffolds with NIH3T3. A, B and C are SEM images of cell attachment of �-chitin control, �-chitin + 0.5% nHAp and
�-chitin + 1% nHAp scaffolds, respectively at 72 h and D, E and F are DAPI images of �-chitin control, �-chitin + 0.5% nHAp and �-chitin + 1% nHAp scaffolds, respectively at
72 h.
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ig. 7. Cell attachment and DAPI images of scaffolds with HDF. A, B & C are SEM im
caffolds, respectively at 72 h and D, E & F are DAPI images of �-chitin control, �-chi

he SEM and DAPI images of cell attachment, respectively on the
urfaces of the �-chitin + 1% nHAp composite scaffolds.

The SEM images showed that more number of cells were
ttached on the surface of the nHAp incorporated scaffolds than
he control scaffold and the rounded morphology of the cells was
learly seen in the case of control at 12 h; whereas cells were evenly
ttached and spread throughout the nHAp incorporated scaffolds.
t 72 h of study, it was found that the cells proliferated through-
ut the scaffolds. This was due to the presence of nHAp in the
caffolds which will help to adsorb more proteins on the scaffold
urfaces. These adsorbed proteins will attract more number of cells
owards those regions and hence will enhance the attachment and

roliferation.

Fluorescent images of DAPI staining of cells incubated for 12 h
nd 72 h on the composite scaffolds also revealed that cells were
ttached and distributed throughout the scaffold. More cells were
ound to be attached on the �-chitin + 1% nHAp and �-chitin + 0.5%
f cell attachment of �-chitin control, �-chitin + 0.5% nHAp and �-chitin + 1% nHAp
.5% nHAp and �-chitin + 1% nHAp composite scaffolds, respectively at 72 h.

nHAp composite scaffolds than in �-chitin control scaffolds. These
data indicate that the composite scaffolds showed enhanced bio-
compatibility than the control scaffolds.

4. Conclusions

�-Chitin hydrogel/nHAp composite scaffolds were synthesized
from the hydrogel of �-chitin with nHAp. The prepared nanocom-
posite scaffolds showed well interconnected microporous structure
(300–400 �m) and controlled swelling ratio in the range of 15–20.
The incorporation of nHAp helped to attained controlled degrada-
tion and adequate protein adsorption. The incorporation of nHAp

also enhanced the biomineralization of the nanocomposite scaf-
folds. Cell viability studies were performed using Vero, NIH3T3,
MG63 and HDF cells which proved the cytocompatibility and well
distributed pattern throughout the nanocomposite scaffolds and
can be used for bone and wound tissue engineering.
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