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a b s t r a c t

Alginate is a naturally occurring polymer that has been widely accepted as biodegradable and biocompat-
ible material. Incorporation of nanoceramic will improve the capability of polymeric scaffold for tissue
regeneration. Hence, in this study we fabricated a nanocomposite scaffold using alginate with nanoTiO2

needles by lyophilization technique. The prepared nanocomposite scaffold was characterized using SEM,
eywords:
lginate
caffolds
anocomposites

XRD, FTIR and TGA. In addition, swelling, degradation and biomineralization capability of the scaffold
were also evaluated. The developed nanocomposite scaffolds showed well controlled swelling and degra-
dation when compared to the control alginate scaffold. Cytocompatibility was assessed using MTT assay
and cell attachment studies. Results indicated no sign of toxicity and cells were found to be attached to
the pore walls offered by the scaffolds. These results suggested that the developed nanocomposite scaf-

isites
bette
steogenesis
issue engineering

fold possess the prerequ
scaffold can be used as a

. Introduction

Three-dimensional macro-porous polymeric scaffolds are uti-
ized in tissue engineering biological substitutes, where they
rovide the biomechanical support for the seeded cells until they
re organised into a functional tissue (Su, He, & Li, 1997). In addi-
ion to matrix chemistry, the architecture of the scaffolds has

decisive effect on the developing tissue in culture (O’Regen &
ratzel, 1991). In weakly adhesive scaffolds, these parameters may
hape the regenerating tissue and induce its differential functions.
fter transplantation, the architecture of the macro-porous scaf-

olds can control the extent of scaffold vascularisation and tissue
ngrowth. Over the past decade nanoscale inorganic materials with
pecific structural features, such as nanotubes, nanofibers, and
anorods have attracted much attention because of their novel

unctional and size dependent properties. Among these, TiO2 has
een extensively studied due to its extensive applications such
s photocatalysts, gas sensors, and biomaterials. TiO2 nanoparti-
les have been recently proposed as attractive filler materials for

iodegradable polymer matrices (Boccaccini et al., 2006; Dalby,
cCloy, Robertson, Wilkinson, & Oreffo, 2006; Torres et al., 2007).
Natural polymers like alginate, chitin, and chitosan enhance

steogenesis. Therefore, it can be used as a bone substitute for
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for tissue engineering application. Hence, alginate/nanoTiO2 composite
r option for tissue regeneration.

© 2010 Elsevier Ltd. All rights reserved.

bone repair and reconstruction (Majeti & Ravi Kumar, 2000). Algi-
nate, derived from brown sea algae is a random anionic linear
polymer consisting of varying ratios of �-l-guluronic acid (G) and
�-d-mannuronic acid (M) units (Sutherland, 1991). It is soluble
in aqueous solution at room temperature and form stable gels in
presence of divalent cations, such as Ca2+, Ba2+, and Sr2+ (Honghe,
1997; Wang, Zhang, Konno, & Saito, 1993). Being a hydrophilic poly-
mer, the alginate sponge is easily wettable, allowing more efficient
penetration of cells into matrix. Unique properties of alginate, com-
bined with its biocompatibility (Klock et al., 1997; Schmidt, Chung,
Andrews, Spyratou, & Tirner, 1992) hydrophilicity and relatively
low cost have made it an important polymer in pharmaceutical
applications like wound dressings, (Doyle, Roth, Smith, Li, & Dunn,
1996) dental impression materials (Cook, 1986), and cell encapsu-
lation (Chang, Hortelano, Tse, & Awrey, 1994; Wang et al., 1997).
Alginate scaffolds have potential application in regeneration of
many types of tissues. Hence in this study we are focusing on
fabrication of 3D, open porous, interconnected network structure
of alginate, with the incorporation of TiO2 nanoneedles for tissue
engineering applications in detail.

2. Materials and methods
2.1. Materials

Titanium plates were purchased from Jayon surgicals, Palakkad.
NaOH, minimum essential medium (MEM), 3-(4,5-dimethyhiazol-
2-yl)-2,5-diphenyltetrazolium bromide MTT, hydrochloric acid
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HCl), Triton-X 100 and DAPI was purchased from Sigma–Aldrich,
SA. Glutaraldehyde and hen lysozyme was purchased from Fluka.
rypsin–EDTA and foetal bovine serum (FBS) were obtained from
ibco Invitrogen Corporation. Alginate powder and was purchased

rom Sigma–Aldrich, USA.

.2. Preparation of TiO2 nanoneedles

For preparing TiO2 nanoneedles commercially available tita-
ium plates (14 mm2 in diameter) were mechanically polished
sing 600 grit silicon carbide prior to the study. The samples were
ltrasonically cleaned in acetone and distilled water before the
ydrothermal process. The cleaned Ti plates were immersed in a
0 ml Teflon lined stainless steel autoclave containing 0.5 N NaOH
nd was subjected to hydrothermal treatment in a furnace. The
emperature of the furnace was held constant at 250 ◦C using a pro-
rammable temperature controller for a period of 6 h (Divya Rani,
anzoor, Deepthy, Selvamurugan, & Nair, 2009). After the process

he samples were taken out and ultra sonicated for 3 min to get the
eedles formed on the surface of the Ti plates into distilled water.
he resultant TiO2 nanoneedles in the solution were quantified by,
aking 1 ml of the solution into a watch glass and then drying it, to
ake the weight of nanoneedles in 1 ml solution.

.3. Preparation of alginate/nanoTiO2 composite scaffolds

Alginate powder 2% (w/v) was taken and dissolved in distilled
ater under stirring condition till a clear homogenous solution
as obtained. To obtain alginate nanoTiO2 composite scaffold, 2%

w/v) TiO2 nanoneedles were added to the solution and kept for
tirring for 3 h till the nanoTiO2 got completely mixed into the solu-
ion. After stirring, the resultant mixtures were transferred into a
2-well plate and pre freezed at −20 ◦C for 12 h. Then the frozen
ixture was freeze dried (Christ alpha LD plus) at −80 ◦C for 24 h.

hen the scaffolds were immersed in 2% CaCl2 solution for 1 h
nd then again freeze dried for 24 h and then stored for further
se.

.4. Characterizations

The structural morphology of the composite scaffolds was
xamined using scanning electron microscope (SEM). Compos-
te scaffold samples were prepared by taking a thin section of
he scaffold using a razor blade. The section was then plat-
num sputter coated in vacuum (JEOL, JFC-1600, Japan), and
xamined using scanning electron microscope (JEOL, JSM-6490LA,
apan).

XRD patterns of the composite scaffolds were analyzed at room
emperature using a Panalytical diffractometer (XPERT PRO pow-
er) (Cu K� radiations) operating at a voltage of 40 kV. XRD were
aken 2� angle range of 5–60◦ and the process parameters were:
can step size 0.02 and scan step time 0.05 s. TG studies were done

.5. Swelling studies

The swelling studies were performed in PBS at pH 7.4 at 37 ◦C.

he dry weight of the scaffold was noted (Wo). Scaffolds were
laced in PBS buffer solution at pH 7.4 for7 days. The scaffolds were
emoved each day and the surface adsorbed water was removed
y filter paper and wet weight was recorded (Ww). The ratio of
welling was determined using the following formula:

welling ratio = Ww − Wo
Wo
lymers 83 (2011) 858–864 859

2.6. In vitro degradation studies

The degradation pattern of the composite scaffold was studied in
PBS medium containing lysozyme at 37 ◦C. 6 groups of scaffolds (3
scaffolds in each) were immersed in lysozyme (10,000 �/ml) con-
taining PBS and incubated for up to 6 weeks. After each week one
of the scaffolds was washed and in deionised water to remove ions
adsorbed on the surface and were freeze dried. Initial weight of the
scaffold was noted as Wo and dry weight as Wt. The degradation
of scaffolds was calculated using the following formula:

Degradation % = Wo − Wt
Wo

× 100

2.7. In vitro biomineralization studies

Three scaffolds of equal weight and shape was immersed in 1×
simulated body fluid (SBF) (Kokubo & Takadama, 2006) solution
and the incubated at 37 ◦C in closed falcon tube for 7 and 14 days.
After the specified time, scaffolds were removed and washed three
times with deionised water to remove adsorbed minerals. Finally
the scaffolds were air dried at room temperature, sectioned and
viewed using SEM for mineralization.

2.8. Cell culture studies

Cell studies were conducted using osteosarcoma cells (MG-
63), Fibroblast cells (L-929) and human mesenchymal stem cells
(hMSCs). Cell lines were maintained in the cell culture facilities
with 10% FBS and 100 �l/ml penicillin–streptomycin. Cells were
detached from the culture plate at 80–85% confluency and used
for seeding on the scaffolds for investigating the cytocompatibil-
ity of the composite scaffolds. Prior to seeding of cells, scaffolds
were sterilized with UV treatment and incubated with the culture
medium for 1 h at 37 ◦C in a humidified incubator with 5% CO2
and 85% humidity. Cells were seeded drop wise onto the scaffolds
(1 × 105 cells/100 �l of medium/scaffold), which fully adsorbed 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 and incubated for 48 h.

2.9. Cytocompatibility 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 for 24 h and 48 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 h. After the incubation period, fresh media containing 10%
of MTT solution replaced the extract. Then the plates were incu-

bated at 37 ◦C in humidified atmosphere for 4 h. Then the medium
was removed, 100 �l of solubilisation buffer (Triton-X 100, 0.1N
HCl and isopropanol) was added to each well to dissolve the for-
mazan crystals. The absorbance of the lysate was measured in a
micro plate reader (biotek) at a wavelength of 570 nm. Leachables
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rom chitin–chitosan scaffolds incubated in culture medium were
sed as positive control.

.10. Cell morphology on the scaffolds

Morphology and spreading pattern of cells on the composite
caffolds were evaluated 48 h after seeding using SEM. For SEM
nalysis, cell seeded composite scaffolds were fixed with 2.5% glu-
araldehyde, rinsed with PBS and dehydrated using graded series
f ethanol (20–100%). The samples were coated with platinum and
xamined under SEM. Further DAPI staining was also done to study
ell attachment on the scaffold. For DAPI analysis, cell seeded com-
osite scaffolds were fixed with paraformaldehyde for 20 min, then
ashed with PBS and the 50 �l of DAPI (1:30 dilution) was added

o each scaffold and incubated for 3 min. The scaffolds were then
ashed with PBS and observed under the microscope.

. Results and discussions

.1. Characterization

The prepared TiO2 nanoneedles were characterized using SEM,
DAX and XRD. SEM image of TiO2 is shown in Fig. 1a and b. The
iameter of the nanoTiO2 varied from 50 to 100 �m as measured
y SEM. The XRD pattern of all the as-prepared nanostructured
amples shown in Fig. 1c, revealed crystalline titania (TiO2) con-
aining a mixture of anatase and rutile phases. Energy dispersive

-ray spectrum (EDAX), displayed in Fig. 1d, confirmed that the
urface exhibited mainly Ti peaks with only impurity levels of Na,
hich is probably from the residual Na after washing with water.

SEM images of the composite scaffolds showed that scaffolds
ere macro-porous in nature. No visible changes were seen in algi-

ig. 1. (a and b) SEM image of TiO2 nanoneedular structures synthesised by hydrotherma
utile and Na titantate, and (d) energy disperse spectrum of nanoTiO2.
lymers 83 (2011) 858–864

nate and alginate/nanoTiO2 composite scaffolds (Fig. 2a–d). The
diameter of the nanoTiO2 varied from 50 to 100 �m as measured
by SEM. The pore size we obtained of the composite scaffold was
in the range of 100–150 �m as compared to 150–200 �m in the
control alginate scaffold. For tissue engineering scaffolds the ideal
pore size range 150–200 �m as reported earlier (Bhatia, Yarmush,
& Toner, 1997; Li et al., 2009) thus it can be said that the pore size of
the composite scaffolds is ideal for tissue engineering applications.
Thermal degradation of the scaffolds was studies using TG (Fig. 2e).
We observed that there is a slower degradation rate prominent
for the composite scaffolds compared to the control, which could
be due to the incorporation of nanoceramics into them. We ana-
lyzed the degradation of both the scaffolds started from 100 ◦C and
after 150 ◦C, a sudden decrease in weight was observed due to loss
of moisture content. Between 350 and 500 ◦C there is a slight dif-
ference in weight loss, which confirms the slower degradation of
nanocomposites when compared to conventional control scaffolds.

The XRD spectrum (Fig. 2fa) of TiO2 showed peaks at 25◦ (2�).
The XRD spectrum (Fig. 2fb and fc) of alginate gave a broad peak
from 20◦ to 80◦ (2�) due to its amorphous nature. The XRD of
the composite however gave specific peaks at 25◦ corresponding
to TiO2. The sharp peaks we obtained here might be due to the
overpowering crystallinity of titania.

3.2. Swelling studies

Swelling facilitates the infiltration of cells into the scaffolds in

a three-dimensional fashion, during in vitro cell culture (as already
proved by proved by Shanmugasundaram et al., 2001) where they
suggest that desirable swelling and increase in pore size facili-
tates cell attachment and growth in a three-dimensional fashion.
Increase in the pore size allows cells to avail the maximum internal

l method, (c) XRD spectrum of nanoTiO2 in comparison with JCPDS data of anatase,
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ig. 2. SEM images of (a and b) alginate scaffolds, (c and d) alginate + TiO2 scaffolds,
b) alginate–nanoTiO2 and (c) TiO2.

urface of the scaffolds (Mikos et al., 1993; Zmora, Glicklis. & Cohen,
002). Samples showing higher degree of swelling will have a larger
urface area/volume ratio thus allowing the samples to have the
aximum probability of cell growth in a three-dimensional fashion

Vacanti & Langer, 1999).
The increase in swelling also allows the samples to avail nutri-

nts from culture media more effectively (Peter et al., 2009).
owever, increase in swelling will also decrease the mechan-

cal properties of the scaffold. Hence, controlled swelling will
e ideal for tissue engineering applications (Mikos et al., 1993).
he incorporation of nanoTiO2 decreased the swelling ability of
anocomposite scaffolds. This decrease in swelling rate with the
ddition of nanoTiO2 may be due to their interaction with alginate
etwork. Here in this study our results as in Fig. 3a show that the
welling rate of composite scaffolds can be controlled by adding
anoTiO2.

.3. In vitro degradation studies
Degradation of the scaffolds is very important parameter
n tissue engineering. Ideally the scaffolds should degrade as
ew tissue formation takes place (Mikos et al., 1993; Vacanti
Langer, 1999). Here our study shows the in vitro degradation

f chitin–chitosan, chitin–chitosan/nanoTiO2 scaffolds, alginate

Fig. 3. Graph showing (a) swelling ratio of alginate and alginate/nanoTiO2,
profiles of (a) alginate + TiO2 and (b) alginate, and (f) XRD spectrum of (a) alginate,

and alginate/nanoTiO2 after 4 weeks of immersion in PBS with
lysozyme. Our results as in Fig. 3b show that the degradation rate
was decreased with the addition nanoTiO2 which may be due to
the slow degradation property of TiO2 present in the composite
scaffolds.

3.4. In vitro biomineralization studies

A significant characteristic of a bioactive material is its abil-
ity to bond with living bone through the formation of an apatite
interface layer on its surface both in vitro as well as in vivo. The
bioactivity studies showed in vitro mineralization ability of the
nanocomposite scaffolds. In our study, here the bioactivity studies
of the chitin–chitosan/nanoTiO2 and alginate/nanoTiO2 nanocom-
posite scaffolds were performed in 1× SBF incubated for 7 and 14
days.

Fig. 4a–d shows the SEM images of an apatite like layer on the
surface of alginate and alginate/nanoTiO2 scaffolds. The XRD stud-
ies show sharp peaks corresponding to 32.6◦ (2�) corresponding to

hydroxyapatite layer on the scaffolds (Mikos et al., 1993) (Fig. 4e
and f). The mineral deposits were seen to increase with time of
incubation. After 14 days the deposit uniformly forms a layer on
the surface. The bioactivity of the nanocomposite scaffolds allows
for the formation of apatite layer, which results in direct bond-

and (b) percentage of degradation of alginate and alginate/nanoTiO2.



862 V.V.D. Rani et al. / Carbohydrate Polymers 83 (2011) 858–864

F after
s ays an

i
t
e

3

(
c
a
s
f

ig. 4. SEM images of apatite formation on (a) alginate/nanoTiO2 and (b) alginate
pectrum of biomineralization, (e)—(a) alginate and (b) alginate/nanoTiO2 after 7 d

ng of the implant with the bony defect. These results suggested
hat the nanocomposite scaffolds are a suitable material for tissue
ngineering applications.

.5. Cytocompatibility studies

Alginate has already been proved to be a biocompatible polymer

Zmora et al., 2002). In this study we have assessed the cyto-
ompatibility of the alginate/nanoTiO2 was assessed using MTT
ssay similar to the above stated protocol. The results obtained
howed no toxicity in the alginate/nanoTiO2 nanocomposite scaf-
olds compared to the control alginate scaffolds (Fig. 5a and b).

Fig. 5. MTT results of (a) alginate and alginate/nanoTiO2 on MG-63
7 days, (c) alginate/nanoTiO2 and (d) alginate after 14 days in SBF solution. XRD
d (f)—(a) alginate and (b) alginate/nanoTiO2 after 14 days.

This result suggests that there are no significant toxic leachable
in the alginate/nanoTiO2 composite scaffolds compared to alginate
scaffolds the control used as reference. The cell cytotoxicity was
assessed by MTT assay and the results showed no significant cyto-
toxicity in the nanocomposite scaffolds. These results suggest that
cell nanoTiO2 is non-toxic to cells. The cytocompatibility of TiO2
has already been proved earlier (Langer & Vacanti, 1993).
3.6. Cell attachment studies

SEM images was used to study the attachment, morphology
and spreading of cells on the scaffolds. SEM images of cells incu-

cells and (b) alginate and alginate/nanoTiO2 on L-929 cells.
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ig. 6. SEM images showing cell attachment (MG-63) on (a and b) alginate, (c and
lginate/nanoTiO2 scaffolds.

ated 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 (MG-63
nd L-929) on the control scaffolds remained in more or less round
orphology (Fig. 6a and b).

Fig. 7. SEM images showing cell attachment (L-929) on (
inate/nanoTiO2 and DAPI staining on MG-63 cells attached on (e) alginate and (f)

In contrast, cells on the nanocomposite scaffolds exhibited a well

spread morphology after the same period of incubation (Fig. 6c and
d). Similar results were also obtained in case of L-929 cells as well.
(Fig. 7a–d) Cell attachment studies showed that the nanocomposite
scaffold significantly increased the cell attachment when compared
to control scaffolds. The SEM images show flattened morphology

a and b) alginate and (c and d) alginate/nanoTiO2.
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f MG-63 cells and forming bridges between pores. Previous works
Blaker, Gough, Maquet, Notingher, & Boccaccini, 2003; Langer &
acanti, 1993) have shown similar results with MG-63 cell line.
imilar results were obtained in L-929 cells. The result indicates
hat the nanocomposite scaffolds might be suitable for bone tissue
ngineering. The higher attachment on nanocomposite scaffolds
ay be due increase in surface area. It is known that surface topol-

gy could play a role in cell attachment on implants (Blaker et al.,
003; Hanawa, 1991). An increase in surface area allows maximum
rea for cell attachment and nano-surfaces have larger surface area
o volume ratio. This larger surface area may play a role in increas-
ng protein adsorption especially adhesive proteins. Further studies
re needed to find out the specific protein adsorbed on the scaffold
urface and their role cell attachment on nanocomposite scaffold.
API staining on the composite scaffolds (Fig. 6e and f).

. Conclusions

The alginate/nanoTiO2 composite scaffold was prepared and
haracterized for tissue engineering applications. The TGA stud-
es showed slightly higher thermal stability than the conventional
ontrol scaffolds which can be attributed to the incorporated
anoceramics. These scaffolds showed adequate porosity, swelling,
egradation and bioactivity properties required for efficient cell
dhesion and proliferation in comparison to its control scaf-
olds. Cytotoxicity and cell attachment studies showed that the
anocomposites are non-toxic to an array of cell lines such as
G-63 and L-929 cells. These studies revealed that the prepared

anocomposite scaffold can be a better candidate for bone tissue
egeneration.
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