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Periodontal regeneration is of utmost importance in the field of dentistry which essentially reconsti-
tutes and replaces the lost tooth supporting structures. For this purpose, nano bioactive glass ceramic
particle (nBGC) incorporated alginate composite scaffold was fabricated and characterized using SEM,
EDAX, AFM, FTIR, XRD and other methods. The swelling ability, in vitro degradation, biomineralization
and cytocompatibility of the scaffold were also evaluated. The results indicated reduced swelling and
degradation and enhanced biomineralization and protein adsorption. In addition, the human periodon-

ﬁfyivr\i:trgs: tal ligament fibroblast (hPDLF) and osteosarcoma (MG-63) cells were viable, adhered and proliferated
Bifg)glass well on the alginate/bioglass composite scaffolds in comparison to the control alginate scaffolds. The

presence of nBGC enhanced the alkaline phosphatase (ALP) activity of the hPDLF cells cultured on the
composite scaffolds. Thus results suggest that these biocompatible composite scaffolds can be useful for
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periodontal tissue regeneration.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Regeneration of damaged or missing tissues generally gets
complicated as the structure gets more complex. Regeneration of
lost tooth supporting structures is a highly orchestrated biological
process involving a cellular and molecular interplay (Chen & Jin,
2010). The reparative potential of periodontium is extremely
limited in adult teeth and hence only therapeutic intervention
has the possibility to induce its regeneration so that the form and
function of the lost structures are restored (Aichelmann-Reidy &
Reynolds, 2008). It is commonly found that the epithelial tissues
migrate rapidly into the wound, preventing periodontal regenera-
tion (Nyman, Lindhe, Karring, & Rylander, 1982). To subjugate this,
procedures such as Guided Tissue Regeneration (GTR), employ
the placement of a barrier membrane to prevent early epithelial
migration and wound closure. However these membranes do not
regenerate the damaged tooth supporting tissues (Ivanovski, 2009).
Conventional surgical procedures such as open flap debridement
provide significant access to evaluate and detoxify root surfaces;
however, these surgical techniques offer only limited poten-
tial in restoring or reconstituting component periodontal tissues
(Reynolds, Aichelmann-Reidy, & Branch-Mays, 2010). Regenerative
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procedures frequently include bone grafting materials to encour-
age the growth of key surrounding tissues, while excluding
unwanted cell types such as epithelial cells (Melcher, 1976).
Autogenous bone graft materials have shown new connective
tissue attachment only with the formation of long junctional
epithelium. Xenograft and allograft materials too have not shown
any enhanced improvement in gaining attachment by means of
new connective tissue formation without the aid of GTR (Karring,
Lindhe, & Cortellini, 1998). Thus biologic rationale for the regen-
eration of the periodontium is missing which is a fundamental
problem pertaining to all bone fillers (Bosshardt & Sculean, 2009).

Scaffolds developed from natural and synthetic polymers are
commonly used in tissue engineering. These polymers mimic the
chemical and physical properties of natural extra cellular matrix
(ECM) (Kim et al., 2011; Liu et al.,, 2008). Alginate is a natu-
ral polysaccharide extracted from brown seaweeds. Chemically,
alginate is a linear polymeric acid composed of 1,4-linked (3-D-
mannuronic acid (M) and a-L-guluronic acid (G) residues. In the
presence of certain divalent cations (e.g., Ca%*, Sr®* and Ba?*) at
low concentrations, alginate has the ability to form stable hydro-
gels through ionic interaction between the cation and the carboxyl
functional group of G units located on the polymer chain (Wang,
Zhang, Konno, & Saito, 1993). It is highly hydrophilic, biocom-
patible, relatively economical and widely utilized in the food and
pharmaceutical industry. Due to their highly hydrophilic nature,
seeding of cells onto the scaffolds is simple and rapid (Wang
et al,, 2003). Cross linking makes alginate insoluble in aqueous


dx.doi.org/10.1016/j.carbpol.2011.07.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jayakumar77@yahoo.com
mailto:rjayakumar@aims.amrita.edu
dx.doi.org/10.1016/j.carbpol.2011.07.058

S. Srinivasan et al. / Carbohydrate Polymers 87 (2012) 274-283 275

solution and culture medium. This enables it to remain as support-
ing structure for the seeded cells when it is used as a scaffold both
in vitro and in vivo. When used in vivo, ionically crosslinked algi-
nate degrades when the calcium ions are exchanged with other
ions in the body, such as Na* (Bonino et al., 2011; Mohan & Nair,
2005).

Bioglasses are the most preferred bioactive fillers that form
a bond to both hard and soft tissues without an intervening
fibrous tissue layer due to formation of carbonated apatite layer
on their surface in physiological fluid compared to other bioactive
ceramic materials such as hydroxyapatite (HA), calcium phos-
phates (Heinemann et al.,, 2007; Heinemann, Ehrlich, Knieb, &
Hanke, 2007; Hench, Splinter, Allen, & Greenlee, 1972). Since the
discovery of bioglass by L. Hench, they have been applied as bone
fillers, bone repair materials and adjuvants in bone grafts due to
their enhanced biocompatibility, osteoconductive and osteoinduc-
tive properties (Peter et al., 2009, 2010). Bioactive glass ceramics
have been reported to influence osteoblastic cell differentiation
with an increase in the level of differentiation markers like alka-
line phosphatase (ALP), osteocalcin and osteopontin (Valerio et al.,
2004).They also enhance osteogenesis through a direct control over
genes that regulate cell cycle induction and progression towards
a mature osteoblast phenotype (Hench, 2009). Bioglasses of high
purity, homogeneity and surface area can be obtained by sol-gel
technique, a low temperature synthesis method in comparison to
the fusion method (Xia & Chang, 2007). The addition of nano bioac-
tive glass ceramic particles into scaffold material not only improves
the biomineralization capability of the composite scaffolds but also
increases the stiffness of the scaffold material without compro-
mising the mechanical strength (Ehrlich, Heinemann, et al., 2008;
Ehrlich, Janussen, et al., 2008; Rezwan et al., 2006). Due to the
release of soluble silicon from bioglass, it has a soft tissue bond-
ing property (Cao & Hench, 1996). Bioglass is also osteostimulative,
due to its ability to stimulate growth factor production in addition
to osteoconductivity (Ehrlich, 2010; Ehrlich, Simon, et al., 2010).
The addition nano bioglass in polymeric matrices has shown to
increase surface adsorption of proteins (Misra et al., 2010). The
direct chemical bonding between bioglass and the surrounding
tissues probably prevents the ingress of bacteria. The modulus of
elasticity of bioglass matches more closely the elasticity of the sur-
rounding tissues, thus reducing the possible risk of bone resorption
(Gheysen et al., 1983). Hence to evaluate the influence of nBGC
on alginate hydrogel for periodontal tissue regeneration, alginate
hydrogel/nBGC composite scaffold was fabricated and studied in
detail.

2. Materials and methods
2.1. Materials

Sodium alginate, Calcium chloride anhydrous, tetraethyl
orthosilicate (TEOS), calcium nitrate tetrahydrate (Ca(NOs),.
4H,0), ammonium dibasic phosphate (NH4H,;PO4), poly ethylene
glycol (PEG), minimum essential medium (MEM), paraformalde-
hyde, Triton X-100, bicinchoninic acid (BCA), cupric sulphate,
sodium dodecyl sulphate (SDS), CHAPS, bovine serum albumin,
alkaline phosphatase lyophilized, glycine buffer and PNPP (paran-
itro phenol phosphate) liquid substrate were purchased from
Sigma-Aldrich. Glutaraldehyde and Hen Lysozyme were purchased
from Fluka. DAPI, Alamar Blue, Trypsin-EDTA and fetal bovine
serum (FBS) were obtained from Gibco, Invitrogen Corporation.
MG-63 was obtained from NCCS, Pune, India. hPDLF and Fibro-
blast medium were purchased from Science Cell, USA. Nitric acid
(HNO3) and liquid ammonia were purchased from Finar chemicals
and Qualigens Fine chemicals respectively.

2.2. Methods

2.2.1. Synthesis of nano bioactive glass ceramic particles (nBGC)

The procedure for the preparation of nBGC was reported in our
previous works (Sowmya et al., 2011). For the preparation of nBGC,
7.8 g of TEOS and 12.5 g of Ca(NOs ),-4H,0 were dissolved in a mix-
ture of distilled water and ethanol (120 ml:40ml) and stirred at
room temperature. TEOS undergoes hydrolysis and a transparent
solution was obtained. The pH value of this solution was adjusted to
2 with dilute HNOs. 1.98 g of NH4H,PO4 was dissolved in 1500 ml
of distilled water containing 15 g of PEG (20,000 MW) and the pH
of the solution was adjusted to 10 with ammonium water. When
TEOS was completely hydrolyzed in about 4 h, the TEOS-Ca(NO3 ),
solution was dropped into NH4H,PO4 solution under vigorous stir-
ring and the reaction mixture aged for 24 h at room temperature to
obtain a white gel precipitate. Finally, CaO-SiO,-P, 05 ternary BGC
nanoparticles were obtained by filtration, lyophilisation (CHRIST
ALPHA 2-4 LD Plus) and calcination of the precipitate.

2.2.2. Fabrication of alginate/nBGC composite scaffolds

3% sodium alginate gel was prepared by dissolving sodium algi-
nate powder in distilled water and kept for overnight stirring. To
the required weighed quantity of the above-prepared alginate gel,
0.5 and 1% of nBGC was added and stirred well until completely dis-
solved. The mixed alginate/nBGC gel was then transferred to a 24-
well plate, pre-freezed at —20 °C for 12 h followed by lyophilization
at —80°Cto obtain alginate/nBGC composite scaffolds. Fig. 1A and B
shows the steps involved in the fabrication of composite scaffolds.

2.3. Characterization

The structural morphology of the composite scaffolds was
examined using Scanning electron microscope (SEM) (JEOL, JSM-
6490LA, Japan). Composite scaffold samples were prepared by
taking thin sections with a razor blade. The sections were plat-
inum sputtered in vacuum (JEOL, JFC-1600, Japan) and examined
using SEM. FT-IR spectra of composite scaffolds, alginate (control)
and nBGC 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 analyzed in the range of 400-4000 cm~!. XRD
pattern of the composites scaffolds, alginate (control) and nBGC
were obtained at room temperature using a Panalytical (XPERT
PRO powder diffractometer) (Cu Ka radiation) operating at a volt-
age of 40kV. XRD was taken at 260 angle range of 5-60° and the
process parameters were: scan step size 0.02 (26) and scan step
time 0.05 s. Thermogravimetric analysis of the composite scaffolds
and alginate (control) was carried out using TG/DTA instrument (SII
TG-DTA6200) at a temperature range of 25-500°C.

2.4. Swelling studies

The swelling ability of the scaffolds was studied using in phos-
phate buffered saline (PBS) (pH 7.4) at 37 °C (Liuyun et al., 2009).
The dry weight of the samples, i.e. alginate scaffold (control), algi-
nate/0.5% and alginate/1% nBGC composite scaffolds were noted
as Wy. The scaffolds were immersed in PBS solution (pH 7.4) at
37°C for different time durations such as 1, 3 and 7 days respec-
tively. After the predetermined time, the scaffolds were removed,
the water absorbed on to the surface was gently blotted onto a fil-
ter paper and wet weight was recorded as W,,. The ratio of swelling
was determined using Eq. (1):

Wiy — Wy
Wy

Swelling ratio was expressed as mean +SD (n=3).

Swelling ratio =

(1)
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Fig. 1. (A) Schematic representation and (B) Laboratory fabrication of alginate/nBGC composite scaffold.

2.5. Porosity estimation

Liquid displacement method was used to determine the porosity
of the scaffolds (Liuyun et al., 2009). Three samples each of alginate
scaffold (control), alginate/0.5% nBGC and alginate/1% nBGC com-
posite scaffolds were immersed in distilled water for 48 h until it
gets fully saturated and the porosity of the sample was determined
using Eq. (2)

Wy -wW

P
Vi

(2)

where W; and W, represent the weight of the scaffolds before

and after immersing in distilled water, V; is the volume of scaffold

before immersing and p is a constant of the density of water.
Porosity was expressed as mean + SD (n=3).

2.6. Invitro degradation studies

The degradation of the scaffold was studied in PBS (pH 7.4) con-
taining lysozyme at 37 °C (Peter et al., 2010). Three samples each
of alginate scaffold (control), alginate/0.5% and alginate/1% nBGC
composite scaffolds were immersed in lysozyme (10,000 U/ml)
containing medium and incubated at 37°C for 7, 14, 21 and 28
days, respectively. Initial weight of the scaffolds was noted (W;).
After soaking for 7, 14, 21 and 28 days, the scaffolds were removed
from the solution and rinsed with deionised water to remove the
adsorbed ions on the surface and freeze dried. The dry weight after
lyophilisation was noted (W;). The degradation of scaffold was cal-
culated using Eq. (3):

W;

) ) Wi —
Degradation (rate of weight loss %) = ’T
i

x 100% (3)

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

2.7. Protein adsorption studies

Scaffolds of equal shape and weight were placed in 96-well plate
containing minimum essential media (MEM)+10% FBS and incu-
bate at 37°C for specified time duration (30 min, 1, 2, 4 and 6h).
After the specified incubation, the scaffolds were rinsed with PBS
solution thrice. The rinsed scaffolds were then incubated with the
elution buffer for 1h at 37°C. Total protein was quantified using
bicinchoninic acid (BCA) assay (Hulbert et al., 1970; Walker, 1994).
The principle of BCA assay is based on the reduction of Cu®* to Cu'*.
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 a wavelength of
562 nm. Scaffolds incubated in serum free medium were used as
blank (Binulal et al., 2010). The protein adsorption was calculated
as mean £SD (n=3).

2.8. Invitro biomineralization studies

Alginate scaffold (control), alginate/0.5% and alginate/1% nBGC
composite scaffolds of equal weight and shape were immersed
in 1x simulated body fluid (SBF) prepared (Kokubo & Takadama,
2006) by adding NaCl (7.995 g), KC1 (0.224 g), CaCl,-2H,0 (0.368 g),
MgCl,-6H,0 (0.305g), K;HPO,4 (0.174g), NaHCO3 (0.349g) and
Na,S04-10H,0 (0.161¢g) to 1L of distilled water. The pH of the
solution was adjusted to 7.4 by the addition of Tris/HCI. The sam-
ples immersed in SBF were kept for incubation at 37°C in closed
falcon tubes for 7, 14, 21 and 28 days. After the precise time dura-
tion, the scaffolds were removed, washed with deionised water to
remove the adsorbed minerals, lyophilized, sectioned and viewed
using SEM and EDAX for mineralization. The formation of miner-
als was also confirmed by analyzing the XRD spectra of the SBF
mineralized scaffolds (n=3).
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2.9. Cell viability studies

Cell viability of the alginate scaffold (control), alginate/0.5% and
alginate/1% nBGC composite scaffolds was evaluated by direct cell
viability using Alamar Blue assay (Binulal et al., 2010). Alamar
blue reagent is a cell viability and cell proliferation indicator that
uses the inherent reducing power of live cells as an indicator of
metabolic activity. It works through the conversion of resazurin
to resorufin. Resazurin, a nonfluorescent indicator dye, is con-
verted to highly red-fluorescent resorufin via redox reactions in
metabolically active cells. The magnitude of the fluorescence signal
is proportional to the number of living cells. Triplicates of each sam-
ple of equal weights were taken and sterilized using ethylene oxide
gas (EtO). MG-63 cells have been proven to proliferate on bioactive
glass surface. Though these osteosarcoma cells possess abnormal
growth characteristics, they initially represent clonal populations
derived from specific stages of the osteoblast lineage. MG-63 cells
are considered to show a number of features typical of an undif-
ferentiated osteoblast phenotype. This includes the synthesis of
collagen types I and III, expression of alkaline phosphatase and
production of osteocalcin. Due to these advantages offered by the
MG-63 cells, they have been chosen to evaluate their role in alveo-
lar bone regeneration, a periodontal tissue (Clover & Gowen, 1994;
Price et al., 1997). Human osteosarcoma cells (MG63) and hPDLF
cells cultured in MEM supplemented with 10% FBS, 501U ml~!
penicillin and 50 wgml~! streptomycin (Invitrogen, CA, USA) and
fibroblast medium (Science Cell, California, USA) were seeded onto
a 96-well plate at a density of 1 x 10* cells/well and incubated
at 37°C for 48 h respectively. After the incubation period of 48 h,
the media was replaced with 100 ul of fresh media containing 10%
of Alamar blue solution. After 4 h of incubation, the scaffold sam-
ples were removed and the OD of the solution was measured at a
wavelength of 570 and 600 nm using a Microplate reader (Biotek
PowerWave XS, USA).

2.10. Alkaline phosphatase activity

Pre-weighed scaffolds of alginate scaffold (control), algi-
nate/0.5% and alginate/1% nBGC composite scaffolds washed with
PBS were placed in a 24-well plate and hPDLF cells (8000
cells/scaffold) were seeded onto the scaffolds and incubated at 37 °C
in a humidified incubator with 5% CO, and 85% humidity for dif-
ferent time intervals of 7, 14, 21 and 28 days. After 4 h cells were
fed with additional periodontal cell specific growth medium. At the
pre-determined time interval, the scaffolds were removed, washed
with PBS and incubated with 1% Triton X-100 for 2 h to obtain cell
lysates. The cell lysates were ultrasonicated for 30 min and aliquots
of the supernatant were incubated with p-nitrophenylphosphate
in the presence of glycine buffer for 30 min. The ALP activity of the
cells was determined by a spectrophotometric endpoint assay that
determines the conversion of colourless p-nitrophenyl phosphate
substrate into coloured p-nitrophenol. The phosphatase activity is
proportional to the production of p-nitrophenol. The reaction was
stopped by adding 5 M NaOH. Sample absorbance was measured at
405 and 490 nm. Standards were prepared from p-nitrophenol. The
alkaline phosphatase activity was calculated as mean+SD (n=3).

2.11. Cell attachment and proliferation studies

Cell attachment and proliferation studies of alginate scaffold
(control), alginate/0.5% and alginate/1% nBGC composite scaffolds
were conducted using MG-63 and hPDLF cells cultured in MEM
supplemented with 10% FBS and 100 U/ml penicillin-streptomycin
and fibroblast media respectively. Prior to cell seeding, scaffolds
were sterilized using EtO and incubated with culture medium
for 1h at 37°C in a humidified incubator with 5% CO, and 85%

humidity. After the incubation period, the culture medium was
removed completely from the scaffolds. Cells were seeded drop
wise onto the top of the scaffolds (1 x 10° cells/scaffold), which
fully absorbed the media, allowing the cells to distribute through-
out the scaffolds. Consequently, the cell-seeded scaffolds were
kept at 37°C in a humidified incubator for 12 and 72 h to allow
the cells to attach and proliferate throughout the scaffolds. After
4h, the scaffolds were fed with additional culture medium. After
12 and 72h of incubation, the scaffolds for SEM analysis were
washed with PBS and fixed with 2.5% glutaraldehyde for 1h
following which the scaffolds were thoroughly washed with PBS
and sequentially dehydrated in a graded ethanol series, air-dried,
platinum sputtered in vacuum and examined.

For DAPI staining, the scaffolds were fixed with 4%
paraformaldehyde in PBS for 20 min. Following this the scaf-
folds were washed with PBS and permeabilised with 0.5% Triton
X-100 (in PBS) for exactly 5 min. The scaffolds were blocked using
1% FBS (in PBS), washed with PBS, stained with 50 .l DAPI (in PBS)
and incubated in dark for 5min. The scaffolds were then thor-
oughly washed with PBS and viewed under fluorescent microscope
(Olympus-BX-51).

2.12. Statistical analysis

All quantitative results were obtained from triplicate samples.
Data was expressed as the mean + SD. Statistical analysis was car-
ried 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. Characterization of nBGC and composite scaffolds

Fig. 2 shows the SEM image of alginate control (A) and algi-
nate/nBGC composite scaffold (B), indicating the porous nature
of the composite scaffolds. The size of the pores decreased with
the addition of the nBGC. The pore size was found to be in the
range of 100-300 wm suitable for tissue engineering applications
(Karageorgiou & Kaplan, 2005). Pores are essential for the migration
and proliferation of the cells, nutrient supply and vascularisation
(Peter et al., 2010; Sowmya et al., 2011). The surface of the algi-
nate control scaffold was found to be smooth compared to the
alginate/nBGC composite scaffold. This could be due to the incor-
poration of nBGC that significantly increases the surface area of
the scaffolds further enhancing the bioactivity of the scaffolds
(Boccaccini et al., 2010).

Fig. 2C shows the FTIR spectra. FTIR spectra of nBGC showed
vibration bands at 467 cm~! and a shoulder at 1200cm~! which
are assigned to Si-O-Si bending mode (Heinemann, Ehrlich et al.,
2007; Ehrlich et al,, in press). The vibration band at 1070 cm™!
and a double peak at 607 and 567 cm~! are due to the stretching
vibration of phosphate groups (Ehrlich et al., 2010; Madhumathi
et al., 2009a,b; Sowmya et al., 2011; Xia & Chang, 2007). The peaks
at 2889 and 1637 cm~! are attributed to CH stretching and O-H
(molecular water) bending vibration band of PEG. This indicates
that PEG is present on the surface of nBGC (Tan & Kacey, 2010).
FT-IR spectra of alginate scaffold showed an intense peak around
3420 cm~! indicates the absorption of O-H group. A peak around
1400-1444cm! is due to the presence of carboxyl group. Peaks
at 1630 and 1000-1240 cm~! ascertain to the presence of carbonyl
groups. In particular the peaks at 1000-1125 and 1240 cm~! region
confirmed the presence of guluronic acid, mannuronic acid and o-
acetyl ester, the building blocks of alginic acid (Kazy et al., 2002).
For alginate/nBGC composite scaffolds FTIR spectra showed the
combined peaks of alginate and nBGC which confirmed the incor-
poration of nBGC into the alginate scaffold.
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Fig. 2. SEM images showing macroporous structure of A() alginate scaffold and (B) alginate/nBGC composite scaffold, with pore size ranging from 100 to 300 pwm. (C) FT-IR
spectra of (a) alginate scaffold (control), (b) alginate/nBGC composite scaffold, (c) nBGC. (D) XRD spectra of (a) alginate scaffold (control), (b) alginate/nBGC composite scaffold,
(c) nBGC. (E) TGA profile of (a) alginate scaffold (control) and (b) alginate/nBGC composite scaffold.

Fig. 2D shows the XRD spectrum of the prepared nBGC and scaf-
folds. The XRD spectra of nBGC confirmed that they generally exist
in amorphous state. There are no diffraction peaks except a broad
band between 20 and 40° (26) (Xia & Chang, 2007). The XRD spec-
trum of alginate also indicates a broad peak between 20 and 50°
(260). Thus, the XRD spectra of the alginate/nBGC composite scaf-
folds also were amorphous in nature with a peak at 32° (26) specific
to the low intensity crystalline nature of nBGC.

Fig. 2E shows the TGA profile. TGA illustrated that all the scaf-
folds showed decomposition in the range of 50-100 °C due to loss
of moisture content from the scaffolds. A second decomposition
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was seen in the range of 220 to 280 °C for alginate control scaffold
and 230-290°C for the alginate/nBGC composite scaffolds. This is
attributed to the decomposition of the polysaccharide structure of
alginate. The presence of nBGC decreased the rate of decomposition
of alginate/nBGC composite scaffold in comparison to the alginate
control scaffold (Sowmya et al., 2011).

3.2. Swelling studies

The swelling behaviour of the alginate control scaffolds and
alginate/nBGC composite scaffolds are shown in Fig. 3A. nBGC
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Fig. 3. (A) Swelling studies of alginate scaffolds in PBS. (B) Porosity studies of alginate scaffolds. (C) In vitro degradation profile of alginate scaffolds in PBS-lysozyme. (D)

Protein adsorption studies of alginate scaffolds.
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incorporated scaffolds showed lower swelling percentage com-
pared to the control scaffolds. This may be due to the strong
interaction between alginate and nBGC. This may also be attributed
to the reduction in the pore size with the addition of nBGC. The
swelling was found to increase with time until day 7, following
which the scaffolds slowly started degrading. Swelling and porosity
aid in the supply of nutrients to the interior of the composite scaf-
folds and also increase the surface area for the cells to adhere that
is essential for tissue engineering scaffolds. But increased swelling
affects the mechanical property of the material, thus a controlled
swelling is appreciated for any tissue engineering application (Peter
et al,, 2009, 2010).

3.3. Porosity studies

The porosity of the alginate control scaffolds and alginate/nBGC
composite scaffolds are shown in Fig. 3B. With the increase in
the concentration of nBGC, the percentage of porosity was found
to decrease. Porosity is essential for the transport of oxygen and
nutrients to the interior of the scaffolds. A reduction in poros-
ity percentage of the composite scaffolds was observed, but this
controlled porosity is satisfactorily favourable for tissue engi-
neering applications (Karageorgiou & Kaplan, 2005). The presence
of bioglass in the composite scaffold supports tissue in-growth.
Porosity offered by the composite scaffold enhances the bone
bonding ability due to the following reasons: (a) high surface
area to volume ratio offered by nanobioglass has the tendency
to bioresorb and induce bioactivity, (b) interconnected pores can
provide a framework for bone growth into the matrix of the
implant, and thus anchor them with the surrounding bone, pre-
venting micro-motion that in turn increases further bone growth,
(c) interconnected porosity is also a source of nutrient supply, vas-
cularization and waste removal (Nandi, Kundu, Datta, De, Basu,
20009).

3.4. In vitro degradation studies

The in vitro degradation profile of alginate control and algi-
nate/nBGC composite scaffolds is shown in Fig. 3C. Initially until
day 14, the degradation of the composite scaffolds was slightly
increased when compared to the control scaffolds. This may be
due to the preferential dissolution of inorganic component from
the nBGC particles during incubation (Hong et al., 2008). After day
21, the rate of degradation of the composite scaffolds was compa-
rable/slightly lesser in comparison to the alginate control scaffolds.
The control and composite scaffolds lost about 21% of their weight
after 28 days of incubation with lysozyme. The 1-4 glycosidic link-
ages of alginate are susceptible to degradation by lysozyme due
to the ionic interaction of the negatively charged alginate with
lysozyme. This results in the formation of simple glucose type
residues (Huntetal.,2010). The degradation rate of alginate is dras-
tically reduced due to the presence of nBGC and ionic cross-linking
with calcium ions. The divalent calcium ions dissipate as a result
of exposure to monovalent cations such as sodium, potassium and
phosphate ions present in the media containing lysozyme (Mohan
& Nair, 2005). The leachable alkaline products of nBGC neutralize
the degradation products of alginate thus reducing the degradation
rate of the scaffold (Sowmya et al., 2011). An ideal tissue engineer-
ing scaffold should be biodegradable and the rate of degradation
should match the rate of tissue regeneration (Roman et al., 2003).
The result shows that the composite scaffolds are biodegradable
thus, satisfying the ideal requirements of a tissue engineering scaf-
fold.

3.5. Protein adsorption studies

Fig. 3D indicates the protein adsorption data of the scaffolds.
The protein adsorption studies showed significant increase in
the protein adsorption in the alginate/nBGC composite scaffolds
compared to the alginate control scaffold with the increase in time
duration. It also increased with the increase in the percentage
of nBGC. Protein adsorption is known to influence cell adhesion
by adsorption of key adhesion molecules like fibronectin or vit-
ronectin (Binulal et al., 2010; Sudheesh et al., 2011). The increase in
protein adsorption on the nano-composite scaffolds could be due
to the exposed nBGC on the scaffold surfaces, which increases the
binding sites on the material surface and more total surface area for
proteins or promotes an electrostatic interaction between the pro-
teins and material surface thus enhancing adsorption of proteins
(Hunt et al., 2010). The interaction between protein and bioglass
is facilitated primarily by hydrogen bonds and electrostatic bonds.
Electrostatic interaction occurs between the negatively charged
silica surface (dissociated silanols) and protonated amine groups
(-NH:) of proteins, and this interaction is generally irreversible.
The formation of a silica-rich gel layer due to ion exchange provides
a suitable substrate for extracellular adsorption, particularly of
nonsteroid hormones, growth factors and attachment factors. It
is the highly hydrolyzed, porous nature and high surface charge
density of the silica surface of bioglass that induces strong protein
adsorption (Lobel & Hench, 1996). Further studies are needed to
find out the specific protein adsorbed on the scaffold surface and
their role in cell attachment and behaviour on the nano-composite
scaffold.

3.6. In vitro biomineralization with respect to formation of HA

Fig. 4A-D shows the SEM images of in vitro biomineralization
studies of the scaffolds. The in vitro biomineralization of the algi-
nate control and alginate/nBGC composite scaffolds immersed in
1x SBF for 7, 14, 21 and 28 days were analysed. The SEM images
showed an apatite rich layer deposition on the surface of the scaf-
folds that was more pronounced in the alginate/nBGC composite
scaffolds than the control scaffolds. The deposition of HA increased
exponentially from 7 to 21 days.

Fig. 4E shows the XRD spectra of biomineralized scaffolds. The
XRD spectra of alginate/nBGC composite scaffolds showed sharp
peaks 31.8 and 46.7° (20) attributed to 211 and 222 plane of HA
(Chaietal., 1995; Tan & Kacey, 2010). The increase in the intensity of
peaks from day 7 to 28 was indicative of increase in the deposition
of HA. It also confirmed that the presence of nBGC has increased
the deposition of HA on the scaffolds (Kokubo et al., 2003). EDS
spectra of the mineralization of alginate/nBGC composite scaffolds
is shown in Fig. 4F, indicating a Ca:P ratio of 1.7 in comparison to
the alginate control which is approximately close to the normal
Ca:P ratio of 1.67. These results confirmed the bioactive nature of
the composite scaffolds and hence may be ideal for cell and extra-
cellular matrix deposition of bone composed of inorganic apatite
essential for dental and orthopaedic appliances.

3.7. Cell viability studies

Cytocompatability of the alginate control and alginate/nBGC
composite scaffolds was assessed using alamar blue assay with
hPDLF and MG-63 cells shown in Fig. 5A and B. The OD value
of the alginate/nBGC nanocomposite scaffolds does not show any
significant decrease when compared to the positive control (cells
incubated in media alone) after 48 h. The nBGC can cause alkaliza-
tion of culture medium due to the leachable products from nBGC,
which may lead to an increase in CaZ* ions in culture medium
thereby inducing apoptosis of the cells (Roman et al.,, 2003).
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Fig. 4. SEM images of in vitro biomineralization of (A) alginate (control) scaffold in SBF after 21 days and alginate/nBGC composite scaffold in SBF after (B) 7, (C) 14 and (D)

21 days. (E) XRD spectra of in vitro biomineralization in SBF (a) alginate (control) scaffold after 21 days and alginate/nBGC composite scaffold after (b) 7, (c) 14 and (d) 21
days and (e) HA. (F) EDS spectra of in vitro biomineralization in SBF of alginate/nBGC composite scaffold after 21 days.
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Fig. 5. (A) Cell viability of alginate scaffold and alginate/nBGC composite scaffold for hPDLF cells using Alamar Blue assay (positive control-media + cells). (B) Cell viability
of alginate scaffold and alginate/nBGC composite scaffold for MG-63 cells using Alamar Blue assay (positive control-media + cells). (C) ALP activity of alginate (control) and
alginate/nBGC composite scaffolds.
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Fig. 6. SEM images of cell attachment (12 h) of hPDLF cells on (A) alginate (control), (B) alginate/nBGC composite scaffold. SEM images of hPDLF cell spreading (proliferation
72 h) of hPDLF cells on (C) alginate (control), (D) alginate/nBGC composite scaffold. SEM images of cell attachment (12 h) of MG-63 cells on (E) alginate (control), (F)
alginate/nBGC composite scaffold. SEM images of cell spreading (proliferation 72 h) of MG-63 cells on (G) alginate (control), (H) alginate/nBGC composite scaffold.

However, the results indicated that there is no significant reduction
in cell viability compared to the positive control demonstrating that
composite scaffolds are biocompatible.

3.8. Alkaline phosphatase activity

Fig. 5C shows the ALP activity of the alginate control and
alginate/nBGC composite scaffolds. ALP is an important early
osteogenic differentiation and biochemical marker of osteoblasts.
Studies have indicated that PDL cells exhibit ALP activity and thus
also behave as osteoblasts (Basdra & Komposch, 1997). ALP activ-
ity of hPDLF cells cultured on alginate/nBGC composite scaffolds
was maximal at 7 days followed by a decline in its activity there-
after. Earlier studies have reported a decrease in ALP activity after
prolonged incubation (Donzelli et al., 2007). The initial increase in
ALP activity up to 7th day indicates the completion of osteoblastic
differentiation followed by a decrease during 14 and 21 days that
correlates to the maturation of the PDLF cells and advanced matrix
mineralization (Donzelli et al., 2007). The ALP activity of alginate
scaffolds has already been proved earlier and hence their applica-
tion for bone tissue engineering. However, the presence of bioglass
in the composite scaffold further enhances the ALP activity in com-
parison to the control alginate scaffold. This could be due to the
release of ions and dissolution products from the bioactive glass
that activate and up-regulate gene expression in osteoprogenitor

cells that give rise to rapid bone regeneration. Also the presence of
silicon in bioglass is known to be a stimulating factor in osteoblast
ALP production (Andrade et al., 2006; Xynos et al., 2000). Thus the
results confirmed the osteoblast-like behaviour of hPDLFs showing
ALP activity.

3.9. Cell attachment and proliferation studies

The cell attachment and proliferation of MG-63 and hPDLF cells
on alginate/nBGC composite scaffolds were studied using the SEM
micrographs shown in Fig. 6 and DAPI stained fluorescent images
shown in Fig. 7. SEM images revealed that cells adhered to the sur-
face of the composite scaffolds and retained their characteristic
morphology after incubation in comparison to the control alginate
scaffolds. Within 72 h of incubation, the cells of rounded morphol-
ogy further flattened and spread evenly throughout the surface
of the scaffolds. The enhanced attachment and proliferation may
be due to the increase in the surface area and surface roughness
in the composite scaffold due to the incorporation of nBGC. SEM
images also indicated the formation of bridges between the pores
of the scaffolds by the cells. The fluorescent images of DAPI stain-
ing also showed enhanced attachment and proliferation of cells
on the composite scaffolds in comparison to the alginate control
scaffolds.

10Mm 10pm

10pm

Fig. 7. Fluorescent images of DAPI staining of cell attachment of hPDLF cells (12 h) on (A) alginate (control), (B) alginate/nBGC composite scaffold. Fluorescent images of DAPI
staining of cell proliferation (72 h) of hPDLF cells on (C) alginate (control), (D) alginate/nBGC composite scaffold. Fluorescent images of DAPI staining of cell attachment (12 h)
of MG-63 cells on (E) alginate (control), (F) alginate/nBGC composite scaffold. Fluorescent images of DAPI staining of cell proliferation (72 h) of MG-63 cells on (G) alginate

(control), (H) alginate/nBGC composite scaffold.
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4. Conclusions

Alginate/nBGC composite scaffolds were successfully fabricated
using lyophilization technique and characterized. The scaffolds
were found to have characteristic materialistic and biological
properties essential to facilitate periodontal regeneration. The com-
posite scaffolds had a pore size of about 100-300 pwm, controlled
porosity and swelling ability, limited degradation and enhanced
biomineralization, ideally controlled due to the presence of nBGCin
the alginate scaffold. Incorporation of nBGC did not alter the viabil-
ity of MG-63 and hPDLF cells and also helped to attain good protein
adsorption, cell attachment and cell proliferation onto the scaffolds.
The hPDLF cells also showed distinct osteoblast-like behaviour with
enhanced alkaline phosphatase activity. All these results suggested
that alginate/nBGC composite scaffold can serve as an appropriate
bioactive matrix for periodontal tissue regeneration, thus indicat-
ing signs of another successive outbreak in the field of periodontal
tissue engineering.
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