#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Porous calcium silicate bioactive material—alginate

i") Check for updates‘
composite for bone regenerationy

Cite this: RSC Adv., 2024, 14, 25740

Shital S. Shendage,? Kranti Kachare,? Kajal Gaikwad,® Shivaji Kashte®
and Anil Vithal Ghule © *2

Bone tissue engineering aims to address bone-related problems that arise from trauma, infection, tumors,
and surgery. Polymer and calcium silicate bioactive material (BM) based composites are commonly
preferred as potential materials for bone treatment. However, the polymer has low bioactivity, thus, the
current work aims to prepare a composite scaffold based on BM—sodium alginate (Alg) by varying the
Alg percentage to optimize the porous nature of the composite. Primarily, the BM was synthesized by
a simple precipitation method using rice husk and eggshell as the precursors of silica and calcium, while
the BM—-Alg composite was prepared by a facile cross-linking approach. The BM—-Alg composite was
studied using XRD, FTIR, SEM, and BET techniques. Further, an in vitro bioactivity study was performed in
simulated body fluid (SBF) which shows hydroxyapatite formation. The in vitro haemolysis study
displayed less than 5% haemolysis. Subsequently, the angiogenesis study was carried out using the ex
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biocompatibility, and they displayed a non-toxic nature at a concentration of 10 mg mL™%. Further, the in

DOI: 10.1039/d4ra02763a vivo biocompatibility results also reveal its non-toxic nature. Thus, the BM-Alg composite acts as
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1. Introduction

The bone tissue engineering field has developed potential
techniques to regenerate damaged/diseased bones injured by
tumors, trauma, and bone diseases (osteoporosis, osteomye-
litis). Metal implants, allograft, and autograft techniques have
been used for the treatment of damaged bone by replacing it
with an artificial bone graft (scaffold)." However, the disadvan-
tages related to these techniques include the release of ions into
blood, re-surgery over a certain period, matching of blood
group, donor site morbidity, and cost.> Due to the scarcity of
these techniques, the synthesis of biocompatible bone scaffolds
has recently gained much attention in orthopedics. Several
biocompatible scaffolds made from organic (polymers) and
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T Electronic supplementary information (ESI) available: Fig. S1 TGA thermogram
of 1% BM-Alg (red curve), 3% BM-Alg (black curve), and 5% BM-Alg (purple
curve) composite. Fig. S2 BET (surface area analysis) and BJH (pore size
distribution) of (a) 1% (red curve), (b) 3% (black curve), (c) 5% (purple curve)
BM-Alg, and (d) 1% BM-Alg 700 °C (blue curve). Fig. S3 (a) XPS survey
spectrum and (b) TEM images of 1% BM-Alg 700 °C. Fig. S4 Plausible
mechanism and nature of bonding in the composite. Table S1. Lethality assay
using brine shrimp. See DOI: https://doi.org/10.1039/d4ra02763a

25740 | RSC Adv, 2024, 14, 25740-25749

a potential biocompatible material for bone tissue engineering applications.

inorganic (ceramics) materials have been used for bone regen-
eration applications.?

The polymeric scaffold made from sodium alginate (Alg),
chitosan, collagen, polylactic acid (PLA) and polycaprolactone
(PCL) are used for bone regeneration because of their flexibility,
biocompatibility, biodegradability, and mechanical properties.*
Specifically, Alg is widely used as a competitive material in the
medical field due to its biocompatible, biodegradable, and
hydrophilic nature. In addition, Alg not only mimics the proper-
ties of the extracellular matrix (ECM) but also achieves a balance
between mechanical strength, porosity, and degradation.’> The Alg
is a linear polymer composed of p-mannuronate (M) and 1-
guluronate (G) monomers which are covalently bonded. However,
biopolymers alone lack bioactivity and osteoconductivity. To
overcome these limitations, the polymers were combined with an
inorganic material such as calcium silicate bioactive material
(BM), hydroxyapatite (HAp), wollastonite, B-tricalcium phosphate
(B-TCP) due to their inherent bioactivity and osteoconductivity.®
Among them, BM is considered a preferred material over other
inorganic materials because of their bonding with soft and hard
tissues.”® Since the remarkable findings by Prof. Hench, BMs
have been widely utilized as bone substitute materials due to their
essential properties such as biocompatibility, osteoinductivity,
and osteoconductivity, which are crucial for successful bone
regeneration.’ Additionally, BM also promotes osteoblast cell
differentiation, neovascularization, and osteogenesis, and further
contributes to the overall success of bone regeneration

© 2024 The Author(s). Published by the Royal Society of Chemistry
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processes.'® Modification by introducing BM with Alg is one of the
options to improve the biological properties of the composite.>**

In addition, designing a scaffold with properties similar to
those of natural bone plays a crucial role in eliciting a favorable
biological response. Therefore, the synthesis of a composite
with the balance between porosity, degradation, bioactivity,
angiogenesis, and mechanical properties acts as a potential
candidate for bone regeneration. This facilitates cell attach-
ment, proliferation, and differentiation, which is further
essential for successful tissue regeneration.> Among all,
porosity plays a major role because the porous scaffolds help to
enhance the degradation rate by exchanging the ions with the
surrounding medium. In addition, implantation of porous graft
in vivo shows neovascularization which further continues to
new bone tissue formation.” In addition, the porous nature
increases cell migration, vascularisation, and nutrient and
oxygen transport.”® Further, the porous graft also acts as an
advantageous platform for drug delivery.*

Literature reports reveal that BM-Alg composite scaffolds with
varying BM compositions have been explored to take advantage of
their unique properties. The synthesis of strontium and zinc-
containing BM-Alg composite scaffold is reported using the
freeze-drying method to make it biocompatible, bioactive, and
porous for bone tissue engineering applications.” Similarly, the
preparation of porous BM-Alg scaffold is reported by freeze-
drying as a bone substitute material."* The BM-Alg composite
scaffold prepared from 3D printing has also been explored to
study the controlled drug release behavior required for bone
tissue engineering."”” BM have also been reported to be synthe-
sized using chemical precursors,"* while the composite scaf-
folds were synthesized using advanced techniques.'*'®* However,
with the motivation to develop greener approaches, considering
the cost of the chemical precursors and limited availability of
advanced techniques,” the development of a cost-effective scaf-
fold using a simple processing method for bone treatment is the
need of the time.

Thus, in the present study, novel 70S30C BM was synthesized
by using recycled biowaste materials, rice husk (silica source),
and eggshell (calcium source), respectively, by simple precipi-
tation method. Further, to achieve porosity, vascularization,
and degradation, the 70S30C BM was composited with Alg by
simple crosslinking. Further, to enhance the porosity, in the
present study, the BM-Alg composite was calcined with the
expectation that the organics in Alg would decompose to form
carbonaceous material creating pores which also form the basis
of our investigation. In addition, there are quite a few literature
reports available on the synthesis of BM-alginate composite,
however, most of the synthesis of BM-alginate composites are
done using commercially available chemical precursors and
biowaste materials. However, our motivation was to synthesize
the BM-alginate composites using a greener approach and to
explore the possibility of synthesizing the same using recycled
agricultural bio-waste materials which poses significant chal-
lenges in recycling them leading to environmental pollution
and health concerns if discarded untreated. Furthermore,
recycling bio-waste materials rather than just discarding them
contributes to environmental protection and prevents the
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destruction of natural habitats contributing to Sustainable
Development Goals (SDGs). Subsequently, the as-prepared BM-
Alg composite was subjected to BET, XRD, FTIR, and SEM
analysis, and the results were compared with the calcined BM-
Alg composite. The in vitro bioactivity, degradation, haemolysis,
angiogenesis, and in vitro and in vivo biocompatibility study of
the BM-Alg composite were examined.

2. Experimental
2.1 Preparation of silica and calcium oxide

The rice husk (collected from a rice mill, Gokul Shirgaon, Kolha-
pur, India) was used as a source of silica. The rice husk was cleaned
with hydrochloric acid (0.5 N-HCI, Sigma-Aldrich). Then the rice
husk was washed and neutralized with distilled water (D.W.) fol-
lowed by drying and calcination (600 °C for 4 h). Meanwhile, the
eggshells (obtained from the local market) were used as a source of
calcium which was cleaned, dried, crushed in fine powder, and
then calcined at 900 °C for 2 h to obtain calcium oxide.

2.2 Preparation of BM-Alg composite

The 70S30C BM was prepared by simple precipitation method
using rice husk and eggshell as a source of silica and calcium. In
brief, 0.3 g calcium oxide was added to the ammonium
hydroxide solution (NH,OH, Sigma-Aldrich) and stirred for the
formation of calcium hydroxide. Meanwhile, the SiO, (0.7 g)
powder was added to 2 N sodium hydroxide (NaOH, Sigma-
Aldrich) with heating and stirring conditions for the forma-
tion of sodium silicate. Further, sodium silicate was added to
the calcium hydroxide solution with continuous stirring and
heating for 30 min. Then, the solution was sonicated for 30 min
and kept overnight for aging. The resultant precipitate was
washed, filtered, dried, and calcined at 700 °C for 2 h in an air
atmosphere. Further, the synthesized BM powder was used to
make the BM-Alg composite by simple cross-linking. Firstly, the
1% Alg solution was prepared by dissolving 1 g of Alg in 100 mL
of D.W. Then 1 g of BM powder was added to the above-
prepared Alg solution under continuous stirring for 1 h. After
that, 1% calcium chloride solution (CaCl,) (1 g CaCl, was dis-
solved in 100 mL D.W.) was added to the above solution with
continuous stirring for 1 h to enhance the crosslinking. The
prepared solution was kept overnight for homogenization. The
obtained 1% BM-Alg composite solution was washed with D.W.
and dried in an oven and used for further characterization. A
similar process was followed to prepare 3 and 5% BM-Alg
composite. Further, the 1% BM-Alg, 3% BM-Alg, and 5% BM-
Alg composite were investigated for their porous nature and
further to enhance the porous nature of the composite, the
optimized composite was calcined at 700 °C (BM-Alg 700 °C).

2.3 Characterization of BM-Alg composite

The phase and crystal structure present in BM-Alg and BM-Alg
700 °C composites were studied by X-ray diffraction (XRD) using
Bruker D8-Phaser diffractometer (Cu Ka, radiation, 1.54 A
wavelength, 40 kV, 40 mA). The crystallite size of the BM-Alg
composite was calculated using the Debye Scherrer eqn (1);

RSC Adv, 2024, 14, 25740-25749 | 25741


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02763a

Open Access Article. Published on 15 August 2024. Downloaded on 12/9/2025 9:34:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

0.94
- B cos (1)

where A is monochromatic X-ray wavelength, g8 is full-width half
maxima-FWHM, and ¢ is the angle of diffraction. Further, the
inter-molecular bonding between BM and Alg was characterized by
Fourier transform infrared spectroscopy (FTIR) using Bruker
Alpha-100508 spectrometer in transmittance mode (4000-
400 cm ™" wavenumber). The surface morphology was analyzed by
scanning electron microscopy (SEM-JEOL, JSM-IT200). The
composite of BM with Alg was studied by thermogravimetric
analysis (TGA-TA Instrumentation, SDT Q 600). The porous nature
in terms of surface area and pore size of the BM-Alg composite was
evaluated by using Brunauer-Emmett-Teller (BET-NOVA1000e
Quantachrome, USA) and Barret-Joyner-Halenda (BJH) analyses.
The chemical composition present in the synthesized material was
analyzed by the X-ray photoelectron spectroscopy (XPS-JEOL Japan
JPS 9030) analysis, whereas, morphology of the material was
studied by transmission electron microscopy (TEM-JEOL). Further,
the in vitro bioactivity was performed to analyze HAp formation on
the BM-Alg composite.

2.4 Invitro bioactivity

The in vitro bioactivity of the synthesized composite was eval-
uated in a simulated body fluid (SBF) solution. SBF was
prepared according to the Kokubo method.”® The BM-Alg
composite pellets (13 mm wide and 1 mm height having 0.3 g
weight) were prepared by Hydraulic pellet press method and
immersed in SBF solution (7.43 pH) and kept in a shaking
incubator at 37 °C for 3, 7, and 14 days. Then the pellets were
removed, washed, and dried. Finally, pellets were characterized
using XRD, FTIR, and SEM analysis to determine the HAp
growth. Further, a degradation study was performed.

2.5 Degradation study

The degradation or weight loss percentage of the pellets (13 mm
wide and 1 mm height having 0.3 g pellet weight) was examined
in SBF solution. The pellets were weighed before immersion
(WB) and then immersed in SBF solution (30 mL) at 37 °C for 3,
7, and 14 days. Then, the pellets were removed from SBF,
washed, and dried in an oven. The weight of the sample after
(WA) immersion in SBF was noted and the weight loss
percentage was calculated using eqn (2);

- WA

B
P t ight loss = ————
ercentage weight loss WB

% 100 )

Then, the haemolysis study was carried out to evaluate the
haemocompatibility of the BM-Alg composite using human
blood in vitro.

2.6 Haemolysis study

The collected blood from the human donor was centrifuged for
15 min at 3000 rpm. After that in the settled blood pellet, the
2 mL phosphate-buffered saline (PBS) was mixed. In the
meantime, sample (10 mg) and normal saline (10 mL) were
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added in falcon tubes and tubes were placed in a water bath at
37 °C for 30 min. Then, the 200 uL blood was added to it and
again placed in a water bath having 37 °C temperature for 2 h
followed by centrifugation for 15 min at 3000 rpm. After that,
the absorbance of the supernatant solution was measured at
540 nm using a UV-visible spectrophotometer. The haemolysis
percentage of the BM-Alg sample was estimated using eqn (3);

Percentage of haemolysis =

0O.D. of sample — O.D positive control
0O.D. positive control — O.D of negative control

100 (3)

Further, the angiogenesis study was performed using ex ovo
Chorioallantoic Membrane Assay (CAM) assay.

2.7 Angiogenesis study

The fertilized eggs (zero-day) were brought from an egg
hatchery, Kolhapur, Maharashtra, India. The eggs were dis-
infected using alcohol (70%) and placed in an incubator at 37 °
C for 3 days for the development of primary blood vessels. The
eggs were removed from the incubator and further, the CAM
assay process was conducted in a laminar hood. To produce free
space in the egg, 4-5 mL albumen was removed from the narrow
side of the egg using a syringe and then the hole was closed
using cello tape. From the blunt side of the egg, the shell was
cracked (2-3 cm area) and 0.01 g of BM-Alg powder was placed
near the embryo. The opened eggshell was closed with cello tape
and parafilm tape to avoid bacterial infection and the eggs were
then incubated in an incubator at 37 °C. The growth of the
blood vessels was observed and compared with the control after
24, 48, and 96 h, while the control is CAM without the addition
of the sample.”® Further, to support these CAM results the
biocompatibility study was performed using MG-63 cells.

2.8 In vitro biocompatibility assay

2.8.1 Lethality assay using brine shrimp. The lethality
assay using brine shrimp was examined in the present study
according to Meyer et al.®® Initially, brine shrimp eggs were
hatched in artificial seawater and incubated for 48 h, to get
phototropic nauplii (first larval stage) and used in further
experiments. The brine shrimp were nourished with a diet of
Brewer's yeast (6 mg L™"). For the experimental setup, 0.5 mL of
sample solution (10 pg, 500 pg, 1000 pg) was introduced into
avial containing 4.5 mL of brine solution along with 10 shrimp.
The control vial consists of 4.5 mL of artificial seawater and
a mixture of 0.5 mL of artificial seawater and 0.2% dimethyl
sulfoxide (DMSO) solution. These vials were exposed to a lighted
area. After 24 h of incubation period, the survived shrimps were
counted using a 3 x magnifying glass, and the percentage of
mortality was calculated using an eqn (4);

total nauplii — alive nauplii

Percentage death = 100 (4)

total nauplii

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.8.2 MTT assay. The MTT assay was conducted to evaluate
the impact of synthesized samples on osteosarcoma MG-63
cells. MG-63 cells (1 x 10~ * cells mL™") were initially cultured
in Dulbecco's modified Eagle's medium (DMEM) at 37 °C for
24 h within a CO, atmosphere. Subsequently, 70 pL of cells per
well were seeded in culture media, and in the culture media 100
uL of sample solution (2.5, 5, 10 mg mL ') were added to
separate wells in 96 well plates. All sample plates were incu-
bated at 37 °C in a CO, atmosphere for 24 h in triplicate. After
incubation, 20 pL of MTT solution was employed to assess
viable cells by measuring the optical density of the samples at
a wavelength of 570 nm. The control well consisted of a solution
of dimethyl sulfoxide (DMSO) and MG-63 cells. The percentage
inhibition was calculated using eqn (5), and subsequently, the
percentage cell viability was determined using eqn (6);

control — test

Percentage inhibition = x 100 (5)

control

Percentage cell viability = 100 — percent inhibition (6)

Further, to support the biocompatibility study, the in vivo
subcutaneous study was performed.

2.9 In vivo biocompatibility

The in vivo biocompatibility study was conducted in collaboration
with the Animal Ethics Committee at D. Y. Patil Medical College
Kolhapur (Approval No. 6/IAEC/2017). To assess the biocompati-
bility of the BM-Alg and BM-Alg 700 °C, the rats aged 8-10 weeks
and weighing approximately 250 g were used in triplicates. The
study was followed according to ethical principles and animal
care guidelines, encompassing proper anesthesia and surgical
procedures. Anesthesia was induced using ketamine (100 mg
kg™ ") and xylazine (5 mg kg™ ") injections. Subsequently, a ~1 cm
incision was made, and skin pockets were formed in the subcu-
taneous region of the rat. The control was considered without the
addition of a sample in the rat skin pocket whereas, for the
sample autoclaved powdered disc pellet was implanted into the
skin pocket, followed by suturing with nylon thread. The study
was executed for 14 days, and in vivo biocompatibility was
checked and the photographs were taken. The interaction
between the sample and tissue was assessed in terms of histology.
2.9.1 Histology. The tissue from the implanted area was
harvested and preserved in neutral buffered formalin (NBF-
10%). Then, the tissue was dehydrated and xylene was used for
clearing, followed by the preparation of paraffin wax blocks. The
processed tissue sections were then stained using hematoxylin
and eosin (H&E). Photographs of the stained tissue sections
were captured using a compound microscope (Leica DM 750),
which was equipped with a camera. This allowed for a detailed
examination of the histological features and interactions
between the implanted material and the surrounding tissue.

2.10 Statistical analysis

The experiments were repeated three times and presented as
mean =+ standard deviation. The comparison between the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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groups was studied by one-way ANOVA and the significance was
considered p < 0.05 (*p = 0.05, **p < 0.01, ***p < 0.001) with
the Dunnet comparison test.

The present study was performed in strict accordance with
ethical principles and animal care guidelines and approved by
Shivaji University, Kolhapur and D. Y. Patil Medical College
Kolhapur, India (Approval No. 6/IAEC/2017).

3. Results and discussions

The BM was synthesized using recycled rice husk and eggshells
as a source of silica and calcium using the precipitation method
without the use of acid, binder, and surfactant. The BM was
composited with Alg having 1, 3, and 5% of Alg and denoted as
1%, 3%, and 5% BM-Alg. Further, the porous nature was
enhanced by calcining 1% BM-Alg at 700 °C. The XRD, FTIR,
and SEM analyses were used to examine the structural and
physicochemical properties of the synthesized composites.

The formation of the composite of BM with Alg was
confirmed by the TGA analysis. Fig. S11 shows the TGA ther-
mogram of the 1%, 3%, and 5% BM-Alg composite. The TGA
thermogram of 1%, 3%, and 5% BM-Alg composite shows
almost similar trend in which, the first step weight loss (12, 8,
and 12%), second step weight loss (19, 28, and 31%), and third
step weight loss (8, 9, and 9%) could be attributed to the loss of
moisture, decomposition of organics, formation of carbona-
ceous material and oxidation of carbonaceous material,
respectively. It is interesting to note that after the oxidation of
the carbonaceous matter, the remaining inorganic matter
accounts for the BM, thus, 1, 3, and 5% BM-Alg composite
consist of 61, 55, and 48% BM, respectively. Further, it was
observed that the 1% BM-Alg consists of more residual content
than 3% BM-Alg, than 5% BM-Alg. It could be due to the
composition of Alg used during the synthesis of the BM-Alg
composite. Specifically, during the synthesis of 1% BM-Alg
composite, 1 g Alg was used whereas, during the synthesis of 3%
BM-Alg and 5% BM-Alg composite 3 and 5 g Alg was used. This
means that the 1% BM-Alg contains less amount of Alg
consequently it shows less decomposition as compared with the
3% BM-Alg, than 5% BM-Alg.

Fig. 1 shows the BET and BJH results for 1%, 3%, and 5%
BM-Alg composite. The 70S30C BM showed a 74.65 m*> g~
surface area,” whereas, the 1%, 3%, and 5% BM-Alg composite
showed 275.79, 62.35, and 27.36 m> g~ ' surface area (Fig. 1a)
with 19, 17, and 21 nm average pore size (Fig. 1b) that revealed
the mesoporous nature of the composite. The 1%, 3%, and 5%
BM-Alg composite displayed Type IV isotherm and H3 hyster-
esis loop. It was observed that the addition of Alg in BM leads to
an increase in surface area of 1% BM-Alg composite due to
crosslinking between BM and Alg. The surface area was found to
be decreased with an increase in Alg percentage because the
polymers help to provide mechanical strength.>* The literature
report reveals that the surface area of the mesoporous BG was
found to be 187.2 m? g and the composite was used for bone
regeneration application.” It is obvious that the higher surface
area helps to transport nutrients and ions during the bone
healing process and provides more HAp formation.”* In
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addition, higher surface area enhances cell attachment, and
proliferation, and helps to facilitate the delivery of the growth
factor and drug molecules.® According to the results and liter-
ature, the 1% BM-Alg composite was selected for further study
due to higher surface area as compared with the 3%, and 5%
BM-Alg composite. Further, to probe for the possibility of an
increase in the surface area by decomposing the Alg from the
1% BM-Alg composite, in the present study the 1% BM-Alg
composite was calcined at 700 °C for 2 h (1% BM-Alg 700 °C).
The result shows 298.67 m” g ' surface area (Fig. 1a) with
2.4 nm average pore size (Fig. 1b). It was observed that the
calcination of 1% BM-Alg at 700 °C helps to enhance the
surface area when compared with the as-synthesized BM (74.65
m?® g ). For a clear understanding, the separate BET and BJH
plots of 1%, 3%, 5% BM-Alg, and 1% BM-Alg 700 °C composite
were plotted as shown in Fig. S3.f

The XRD study was performed to detect the phase and crystal
structure present in 1% BM-Alg and 1% BM-Alg 700 °C and the
results were compared with the 70S30C BM. Fig. 1c shows an
XRD pattern of 70S30C BM, 1% BM-Alg, and 1% BM-Alg 700 °C
composite. The 70S30C BM, 1% BM-Alg, and 1% BM-Alg 700 °C
showed crystalline nature with ~35, ~14, and ~10 nm crystal-
lite size, and all diffraction peaks were matched with JCPDS-
027-0088. It was observed that the 1% BM-Alg composite
showed a small hump between 8 and 20° due to the presence of
Alg.”” Whereas, the hump is not seen in the 1% BM-Alg 700 °C
composite due to calcination at 700 °C. In addition, the
synthesized samples show a crystalline nature due to the
formation of sodium calcium silicate crystal phase.”®** The
bonding between BM and Alg was analyzed using FTIR data.
Fig. 1d demonstrates FTIR spectra for 70S30C BM, 1% BM-Alg,
and 1% BM-Alg 700 °C. The 70S30C BM showed Si-O-Si
stretching (symmetric and asymmetric) at ~638, 1021, and
1074 ecm ™', Si-O-Si bending at ~450 cm™", and Si-O-NBO non-
bridging oxygen at ~897, ~930 cm™".2* The 1% BM-Alg 700 °C

o [-@— 1% BM-AlL —@— 1% BM-AL
%" 250 4-g 35 Bm.Aly a a 0.71b -@-3% um-/u:
—@—5% BM-Al off —@—5% BM-AL
% 200 1-0-1% BM-A]; 700 °C -Q -/-’ a 0.6 1% BM-AIi 700 °C}
g
Z 1501
>
g 1001
=
=
2 504
2
0+

0.0 02 04 06 08 1.0 o 20 40 60
Relative pressure P/Pg) Pore radius (nm)

1% BM-Alg 700 °C
3
<
r;\ :; 1% BM-Alg
\c;‘: E 70S30C BM
oy £
£ = u
£ g %
= £ -3
= $3 58 g
il R T —f
10 20 30 40 50 6I0 4000 3000 2000 1000
20 (degree) Wavenumber cm™)
Fig.1 (a) BET (surface area analysis). (b) BJH (pore size distribution) of

1% (red curve), 3% (black curve), 5% (purple curve) BM—-Alg, and 1%
BM-Alg 700 °C (blue curve). (c) XRD and (d) FTIR analysis of 70S30C
BM, 1% BM—-Alg, and 1% BM-Alg 700 °C composite.
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Fig.2 SEM images of 1% BM-Alg and 1% BM—-Alg 700 °C composite at
different magnification.

shows peaks for Si-O-Si stretching, bending, and non-bridging
oxygen. Whereas, an intense peak observed in 1% BM-Alg 700 °
C at ~1474 was due to calcination. In addition, to analyze the
crosslinking between BM, Alg, and CaCl,, peaks present in 1%
BM-Alg composite were interpreted. The Alg consists of man-
nuronic acid and glucuronic acid.**° The 1% BM-Alg composite
shows a peak at ~1424 cm™" attributed to the -COO™ group.
Whereas, ~1608 and ~1251 are detected for glucuronic acid
and mannuronic acid.®* The peaks at ~3450 (-OH) and
~1635 cm ™" (H-O-H) present in all samples were associated
with the hydroxy group. Further, the surface morphology of 1%
BM-Alg and 1% BM-Alg 700 °C composite were analyzed by
SEM analysis as shown in Fig. 2. The 1% BM-Alg composite
shows compacted particles (Fig. 2) whereas, 1% BM-Alg 700 °C
(Fig. 2) demonstrates uneven surface morphology with free
particles. The change in morphology between 1% BM-Alg and
1% BM-Alg 700 °C composite was observed due to calcination.
It was observed that, charging effect leads to blurred images of
the samples despite epitaxial coating to minimize charging
effect with the understanding that the thicker conductive
coating would affect the observed morphology. It is interesting
to note that the calcination of the composite results in the
decomposition of alginate in the composite and it was intended
to enhance the porosity by creating channels for ion transport.
The respective insets in the images show magnified SEM
images. Further, the chemical composition in the 1% BM-Alg
700 °C was studied by XPS analysis. Fig. S3at shows the XPS
spectrum of the synthesized material. The XPS survey spectrum
of 1% BM-Alg 700 °C (Fig. S31) shows peaks related to C1s, O1s,
Ca2p, and Si2p elements having binding energies of 285 eV,
533 eV, 349 eV, and 104 eV respectively.** Further, the TEM
study for 1% BM-Alg 700 °C was carried out as shown in
Fig. S3b.T It is observed that the 1% BM-Alg 700 °C particles
show combination of spherical and rod like morphology with
~76 nm size. The earlier literature reports also reveal the
spherical particles with the formation of rod like structures.** In
addition to this, the plausible mechanism between BM and Alg
was depicted as shown in Fig. S4.1 The sodium alginate consists
of carboxyl and hydroxyl groups. The functional groups present
on polymer leads to crosslinking through hydrogen, covalent,
and ionic bonding and then the addition of BM further helps for
crosslinking due to presence of calcium, sodium ions attached
to silicate network. After confirmation of composite formation,
the in vitro pH study was performed in SBF solution to monitor
the HAp growth by measuring the change in pH values observed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Changes observed in pH values up to 10 days of immersion

of 70S30C BM, 1% BM—-Alg, and 1% BM-Alg 700 °C composite in SBF as
a function of time. (b) Weight loss percentage of 70S30C BM, 1% BM—
Alg, and 1% BM-Alg 700 °C pellet after 3, 7, and 14 days of immersion
in SBF. (c) Representative XRD and (d) FTIR spectra of 70S30C BM, 1%
BM-Alg, and 1% BM-Alg 700 °C after 14 days of in vitro bioactivity
study.

due to the release of ions from the BM-Alg composite in SBF
solution.

Fig. 3 displays the pH study for 70S30C BM, 1% BM-Alg, and
1% BM-Alg 700 °C composite after immersion in SBF for up to
10 days. The pH of the solutions was checked after 24 h up to 10
days. The changes in pH values were associated with HAp
formation by ion exchange between the sample surface and the
SBF solution. The 70S30C BM, 1% BM-Alg, and 1% BM-Alg
700 °C showed an incremental change in pH values as a func-
tion of time (days) as shown in Fig. 3a, and the major change
was observed within 6 days after which the pH remains
constant. The 1% BM-Alg showed higher pH values than
70S30C BM because of the higher surface area which leads to
faster ion exchange between the composite surface and SBF
solution. Whereas, the 1% BM-Alg 700 °C demonstrated more
pH values because of the porous nature produced due to the
decomposition of the Alg. The change in pH values is indicative
of the degradation rate of the sample. Thus, the degradation
study of the synthesized samples was performed in SBF
solution.

The degradation of the scaffold in host tissue is a requisite
characteristic property that any composite should possess. The
degradation rate is reliant on immersion time, molecular
weight, crystallinity, and hydrophilicity.*® Fig. 3b shows the
degradation rate in terms of weight loss percentage for 70S30C
BM, 1% BM-Alg, and 1% BM-Alg 700 °C after 3, 7, and 14 days
of SBF immersion. The 70S30C BM displayed a 3.96% weight
loss percentage, whereas, 1% BM-Alg and 1% BM-Alg 700 °C
showed 58% and 22.6% weight loss percentage after 14 days.
The 1% BM-Alg revealed more weight loss percentage than 1%
BM-Alg 700 °C even though the porous nature of 1% BM-Alg
700 °C is more than 1% BM-Alg. This is because, during the
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experiment, it was observed that after immersion of 1% BM-Alg
composite in SBF solution, the pellet was converted into powder
form (within 2 h) due to the breaking of bonds between BM, Alg,
and CaCl,, which leads to more weight loss. In addition, the
differences in degradation percentage in the present study
make manifold choices in the regeneration field because in
gene delivery fast-degraded composites were used; whereas, in
nerve regeneration, the composites having a moderate degra-
dation rate are preferred.® In addition, during bone regenera-
tion, the synthesized material should degrade at a rate
corresponding with rate of bone formation to maintain the
stability of bone and implanted material and allow the bone to
grow.

Further, the growth of HAp on the composite surface was
analyzed by XRD, FTIR, and SEM analysis. Fig. 3c displays the
XRD pattern for 70S30C BM, 1% BM-Alg, and 1% BM-Alg 700 °©
C composite after 14 days of SBF study. The XRD pattern for
70S30C BM, 1% BM-Alg, and 1% BM-Alg 700 °C displayed
reflection planes at (200), (111), (002), (210), (112), (202), (212),
(221), (113), (320), (213), (402), and (004) characteristic of HAp
(JCPDS no: 09-0432). It was observed that 1% BM-Alg showed
intense peaks for HAp as compared with 1% BM-Alg 700 °C.
The HAp formation on 1% BM-Alg and 1% BM-Alg 700 °C
surface was further analyzed by FTIR analysis. The newly
observed peaks for Si-OH were detected at ~565 and ~894 cm ™
after an exchange of H' ions with Na' and H'. Then the
carbonate (CO;>7) groups were attracted and showed C-O
stretching frequency at ~1422 cm . Finally, the phosphate
groups were adsorbed on the carbonate group leading to HAp
formation. The peaks for the phosphate group were detected at
~642, ~1014, and ~1086 cm™.® Thus, FTIR data revealed the
growth of HAp on the sample surface. To support the XRD and
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Fig. 4 SEM images of (a) 1% BM—Alg and (b) 1% BM—-Alg 700 °C (inset
showed magnified images) after 14 days of SBF immersion. (c) In vitro
haemocompatibility assay using human blood (d) Suspension solution
of (i) positive control, (i) negative control, (iii) 70S30C BM, (iv) 1% BM—
Alg, and (v) 1% BM—-Alg 700 °C (n =3) p < 0.05 at *p = 0.05, **p = 0.01,
***p = 0.001 by one-way analysis of variance (ANOVA) with Dunnet
comparison test.
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Fig. 5 (a) Angiogenesis study of 70S30C BM, 1% BM-Alg, and 1% BM—
Alg 700 °C composite as a function of time (0, 24, 48 and 96 h) (n = 3).
(@') Corresponding images obtained after processing the images using
ImageJ software (Mexican Hat Filter) for clarity of presentation.

FTIR data, the actual morphological changes on the surface
were observed by SEM analysis.

Fig. 4a demonstrates the SEM images for 1% BM-Alg and 1%
BM-Alg 700 °C composite after 14 days of immersion in SBF
solution. The 1% BM-Alg and 1% BM-Alg 700 °C revealed the
formation of globular HAp after 14 days of the SBF study. The
magnified image as shown in Fig. 4a inset for 1% BM-Alg dis-
played the dense nature of HAp formation due to the hydro-
philic nature of Alg, whereas, the magnified image of 1% BM-
Alg 700 °C displayed a porous nature because calcination
creates more pores for ion exchange (Fig. 4b inset). The 1% BM-
Alg images matched very well with the results reported by Sri-
nivasan et al. study for alginate/nano BG-ceramic composite.**
Thus, the changes observed in SEM images before and after
immersion in SBF reveal the growth of HAp on the synthesized
samples. Further, the haemocompatibility of the 70S30C BM,
1% BM-Alg, and 1% BM-Alg 700 °C samples were examined.

A haemolysis study was performed because if the sample is
considered as an implant material, it ultimately comes in
contact with blood and thus it is recommended to follow ASTM
756-00 and ISO 10 993-51,992.% If the samples possess less than
5% haemolysis, it is considered as hemocompatible. Fig. 4c
demonstrates that the haemolysis percentage of 70S30C BM,
1% BM-Alg, and 1% BM-Alg 700 °C is 0.96 + 0.057, 1.92 +
0.035, and 1.92 £ 0.040, respectively. In addition, after the
completion of haemolysis experiments, the images were
captured as shown in Fig. 4d. Fig. 4d showed images of positive
control, negative control, 70S30C BM, 1% BM-Alg, and 1% BM-
Alg 700 °C. The positive control is the ruptured blood cells,
whereas, a negative control is demonstrated for unruptured
blood cells. The sample images were compared with negative
control and all the samples showed unruptured blood cells,
which revealed its haemocompatibility. A haemocompatibility
study of Alg, nBG-Alg, and nBG-Zr/Alg hydrogels reported by
Bargavi et al. showed <1% haemolysis.® Further, the angiogen-
esis study was performed on the ex ovo CAM model.

Angiogenesis is the formation of the blood vessels that help
to transport nutrients and ions during the bone healing
process. Thus, the CAM study was performed to study the
angiogenic nature of the synthesized samples. The 70S30C BM,
1% BM-Alg, and 1% BM-Alg 700 °C demonstrated the forma-
tion and growth of the new blood vessels with time (24, 48, and
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Fig. 6 Percentage cell viability of 70S30C, 1% BM-Alg, and 1% BM-Alg
700 °C at 2.5, 5, and 10 mg mL~* using MG-63 bone cells (n = 3) p <
0.05 at *p = 0.05, **p = 0.01, ***p = 0.001 by one-way analysis of
variance (ANOVA) with Dunnet comparison test.

96 h) without sign of toxic effect as shown in Fig. 5. To support
the angiogenesis, the biocompatibility study, which means
brine shrimp lethality and MTT assay was also performed.

The brine shrimp lethality assay is employed to assess the
toxicity of a synthesized sample by exposing it to shrimp larvae.
This method serves as an initial analysis for toxicity testing. The
toxicity evaluation for 1% BM-Alg and 1% BM-Alg 700 °C
samples is shown in Table S1.7 As shown in Table S1,7 there is
no notable mortality observed for the samples at 10, 100, and
1000 pg concentrations and it showed a marginal increase with
the increase in concentration. These findings are further veri-
fied by a cell viability assay conducted using MG-63 cells.

Fig. 6 shows in vitro biocompatibility results for 1% BM-Alg
and 1% BM-Alg 700 °C composite. The 2.5-10 mg mL " sample
concentrations were used to detect the percentage cell viability
of the samples. The 1% BM-Alg and 1% BM-Alg 700 °C display
98.30 + 0.977, 95.21 & 0.898, 89.78 = 0.455, and 96.81 + 1.546,
95.25 +1.911, and 88.12 £ 0.496 percentage cell viability at 2.5,
5, and 10 mg mL~" concentrations after 24 h. The 1% BM-Alg
and 1% BM-Alg 700 °C demonstrate more than 70% cell
viability revealing a non-toxic nature according to the Interna-
tional Organization for Standardization (ISO) 10993-5.*® Thus,
the present study reveals that 1% BM-Alg and 1% BM-Alg 700 °©
C composite show a non-toxic nature. Further, the study was
supported by checking the in vivo biocompatibility results.

The in vivo biocompatibility study was investigated for 1%
BM-Alg and 1% BM-Alg 700 °C, through subcutaneous
implantation in rat skin pockets as shown in Fig. 7a and b. After
14 days, the surgery was reopened and biocompatibility was
checked by taking photographic images (Fig. 7c and d). It was
seen that, the 1% BM-Alg and 1% BM-Alg 700 °C composite
pellet completely degraded without causing inflammation or
adverse effects. Further, it was supported with the histological
analysis, and the H&E-stained images of 1% BM-Alg and 1%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vivo biocompatibility study. Photographs of (a) 1% BM-Alg
and (b) 1% BM—Alg 700 °C sample during the implantation and (c) 1%
BM-Alg and (d) 1% BM-Alg 700 °C after 14 days of implantation,
respectively (n = 3).

1% BM-Alg

b

1% BM-Alg 700 °C
R T

Fig. 8 Histological images of (a) and (a’) control (normal skin tissue);
(b) and (b’) 1% BM-Alg; and (c) and (c’) 1% BM—Alg 700 °C. The figure
shows endothelial cells having blood cells (highlighted by a star mark).

BM-Alg 700 °C were compared with the control as shown in
Fig. 8a-c’. All samples exhibited the presence of endothelial
cells containing blood cells indicating a positive tissue
response. The findings highlight the favorable in vivo biocom-
patibility of both composites showing promise in fostering
neovascularization for the regeneration of large bone defects.

4. Conclusion

The porous and biocompatible composite was synthesized
using BM and Alg through simple cross-linking. Primarily, the
BM was prepared by rice husk and eggshell as a source of silica
and calcium. The BET results suggested 275.79, 62.35, and
27.36 m> g ' surface area for 1%, 3%, and 5% BM-Alg
composite having mesoporous nature. The porosity of the 1%
BM-Alg was found to increase after calcination (700 °C) due to
the decomposition of Alg in the composite, which enhanced its
porous nature. The synthesized materials were characterized by
XRD, FTIR, and SEM analysis. The in vitro bioactivity results
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showed growth of HAp formation on the 1% BM-Alg and 1%
BM-Alg 700 °C surface. In addition, the 1% BM-Alg and 1%
BM-Alg 700 °C showed 58% and 22.6% weight loss percentage
after 14 days. Further, the in vitro haemolysis results demon-
strate less than 5% haemolysis which revealed the haemo-
compatibility of the samples. The ex ovo CAM assay was
performed and the result revealed the growth and development
of blood vessels without adverse effects. The in vitro biocom-
patibility results on MG-63 cells showed a non-toxic nature at
2.5-10 mg mL ™" concentration. Further, outcomes from the in
vivo biocompatibility assessment demonstrate the non-toxic
nature of the material even after 14 days of subcutaneous
study. Thus, the present work serves as a cost-effective, eco-
friendly, acid-free, and binder-free approach and the 1% BM-
Alg and 1% BM-Alg 700 °C composite demonstrated its appli-
cability towards bone regeneration along with drug delivery and
nerve regeneration.
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