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Abstract

In this research, we developed strontium-substituted apatite (Sr-HAP) scaffolds using the polymeric sponge replication
method. Tissue engineering is a potential new technology for replacing damaged tissue with biocompatible artificial tem-
plates. The scaffolds prepared with an interconnected porous microstructure with pore sizes ranging from 400 to 622 pm
were created as engineering constructions. The physicochemical properties of the Sr-HAP scaffolds were characterized by
various techniques such as X-ray diffraction (XRD), Field emission scanning electron microscopy (FE-SEM), and Energy
dispersion spectroscopy (EDS). Immersion tests in simulated body fluid (SBF) solution was used to assess the surface
reactivity of the resulting scaffolds. More critically, MTT assay tests were utilized to investigate the cell viability of porous
Sr-HAP scaffold at varying doses of 10-1000 pg/mL for 24 h. The porosity Sr-HAP scaffolds developed in this study are a

potential tissue engineering candidate.
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Introduction

Accidental bone defects and fractures, as well as skeletal
disorders and tumour resections, have become a world-
wide problem and clinical concern. Tissue engineering
and regenerative medicine have been establishing their
potential value to transform critical fields of medicine,
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such as bone treatment, artificial skin, and cardiovascular,
since the 1980s and especially in the last decade [1, 2].
Tissue engineering is a method that combines biological
features like growth with engineering concepts and syn-
thetic materials to build new tissue [3, 4]. The temporary
three-dimensional (3D) scaffolds play a crucial role in the
modification of osteoblast functions and the steering of
new bone formation into desired shapes in the tissue engi-
neering technique [5]. Scaffolds must have strong biocom-
patibility to avoid immunological rejection by the host,
osteoconduction capacity to help bone regeneration, and
appropriate mechanical qualities to provide mechanical
compatibility with surrounding tissues [6]. The ability of
cells to differentiate, proliferate and penetrate as well as
the pace of scaffold disintegration, is greatly influenced
by the pore distribution and shape of the scaffold [7].
These inorganic compounds of hydroxyapatite (HAP),
biphasic calcium phosphate (BCP) and beta tricalcium
phosphate (B-TCP) materials are used in a variety of bio-
medical applications, including dental and orthoptics
surgery [8—10]. Synthetic apatite (HAP) has been one of
the biomaterials most commonly utilized to make scaf-
folds because of its remarkable osteophilic property and
a great likeness to the mineral component of bone [11].
As a result, the crystal phase and functional group of apa-
tite (HAP) allow for a wide range of substitutions, such
as Mg, Sr, Zn, Si, and Mn as Ca substitutes, which have
been used to achieve excellent mechanical strength and
biocompatibility [12, 13]. Strontium (Sr) is widely known
for its function in remodelling; it stimulates bone synthesis
and reduces bone resorption [14]. These are research on
tissue engineering with created porous scaffolds and vari-
ous techniques. Developed porous scaffolds are made vari-
ously of techniques, including gel-casting, freeze-casting,
foam-casting, and 3D printing [15—18]. Polymeric sponge
replication has recently been demonstrated as a promising
and successful technology for producing scaffolds with
density, good macropore interconnectivity, open porosity
and pore size similar to cancellous bone [19, 20].

In this work, the fabrication of strontium-substituted
apatite (Sr-HAP) scaffolds for bone tissue engineering. The
PP120 type of polymer sponge was square shaped into a
slurry with 30% solid load and 20% organic binder to create
polymer sponge replication techniques. The benefit of this
approach is that it permits a high degree in the intercon-
nected porous structure, pore size and biological degradation
of 3D scaffolds. The structure and physicochemical proper-
ties are characterized by X-ray diffraction and field emis-
sion scanning electron microscopy. In vitro bioactive and
biocompatibility of Sr-HAP scaffolds were was evaluated
by using simulated body fluid (SBF) and MG-63 cell lines
studies. The Sr-HAP scaffolds with interconnected porosity
might be employed in bone tissue engineering.

Experimental Methods
Chemicals and Reagents

Calcium nitrate (Ca(NO;),-4H,0; SDFCL, India), strontium
nitrate (Sr(NO;),; SDFCL, India), di-ammonium hydro-
gen phosphate (NH,),HPO,; SDFCL, India), ammonium
hydroxide solution (NH,OH; SDFCL, India), N,N,N'N"-
tetramethylethylenediamine-TEMED (Thomas scientific,
India), polyvinyl alcohol-PVA (SDFCL, India) and N,N"-
methylenebisacrylamide-MBA (Thomas scientific, India).
All of the compounds were analytical grade and were not
purified before use.

Preparation of Sr-Substituted HAP

The synthesis of Sr-substituted HAP powders with a molar
ratio of (Ca+ Sr)/P was equal to stoichiometric value
(0.98+40.02/0.6 =1.666) of were made by simple precipita-
tion. Then 0.98 mol of calcium nitrate (Ca(NO;),-4H,0) was
dissolved in 250 mL of double distilled water and 0.6 mol
amount of di-ammonium hydrogen phosphate ((NH,),HPO,)
mixtures was added to the cationic and anionic solutions,
under stirring for a period of 30 min by a stirring condition
200 rpm. After complete dissolution, the 0.02 mol of stron-
tium nitrate (Sr(NO;),) was added gradually to cationic solu-
tion and continue stirring room temperature. The pH was
adjusted to 10.5 by drop wise drop addition 1 mol of ammo-
nium hydroxide (NH,OH) solution with vigorous stirring for
30 min. The precipitates solution was magnetic stirred for
2 h and then separated through filtration technique and dried
in the oven at 80 °C for 24 h. As a result, dried powders
were heat-treated for 2 h at 800 °C before being crushed in a
planetary ball mill (Retsch, Germany) to reduce particle size
and fine-filtered through a 75 um screen [21, 22].

Fabrication of Three-Dimensional (3D) Scaffolds

The scaffolds were made using a combination of gel-cast-
ing and polymeric sponge replication methods (Fig. 1).
To make slurries with a solid load of 30%, the gel-cast-
ing technique was used, which involved dispersing Sr-
HAP in an aqueous solution containing 20% organic
polymers binder (polyvinyl alcohol-PVA), crosslinker (V,N"-
methylenebisacrylamide-MBA) and dispersant (N, N,N'N'-
tetramethylethylenediamine-TEMED) in a 3:3:1 mol. Ball-
milling (Retsch planetary) has been used to deagglomerate
the prepared slurry for 48 h at 600 rpm. After the slurry had
been prepared, the polymer sponge (PP120 type) suspen-
sion was infiltrated. To remove all volatile contaminants,
the dried sample was heated to 800 °C with a heating rate
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Fig. 1 Schematic representation
of HAP and Sr-HAP scaffolds
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of 1 °C min and a dwell time of 90 min. Following that, the
temperature was raised to 1000 °C to 1200 °C with a 1 °C/
min heating rate and a 2 h well time [23, 24].

Physicochemical Characterization of Scaffolds
X-ray Diffraction (XRD)

The crystal phase and structure of the fabricated Sr-HAP
scaffolds were investigated X-ray diffraction (XRD). A
Bruker AXSD-8 advance X-ray diffraction was used for
the measurement, which was done at (A=1.5406 A) using
monochromatic CuK « radiation. Dates were collected at a
scan rate of 0.1° min~! form two theta (26) range of 2060°.

Field Emission Scanning Electron Microscopy (FE-SEM)

The microstructure analysis was obtained by using scan-
ning electron microscopy (Model: FE-SEM-FEI Quanta-250
FEG) with accelerating voltage 200 V to 15 K V. To avoid
charging, a small layer of gold was sprayed onto the porous
scaffolds’ surfaces using an ion sputtering instrument.

In vitro Tests of Scaffolds in a SBF

In vitro testing was done on the bioactivity of the apa-
tite (HAP) and Sr-substituted apatite (Sr-HAP) scaffolds
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in simulated body fluid. The simulated body fluid solu-
tion was made by combining 142.0 mM NaCl, 4.2 mM
NaHCO;, 5.0 mM KCI, 1.0 mM K,HPO,-3H,0, 1.5 mM
MgCl,-6H,0, 2.5 mM CaCl,, and 0.5 mM Na,SO, (Merck,
India) which buffered at pH 7.4 +2 with [(CH,OH);CNH;;
Merck, India] and hydrochloric acid (HCI; Merck, India).
After 3, 7 and 14 days of immersion in a 50 mL simulated
body fluid (SBF) solution, samples were withdrawn from
the SBF, gently washed with double distilled water, dried
at room temperature and surface reactivity of character-
ized [25].

In Vitro Cell Line Studies
Cell Culture Reagents

MG-63 cell lines (National Centre for Cell Science
(NCC), Pune, Maharashtra and India). 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide-MTT (Bio
Basic Canada Inc, Canada). Dulbecco’s modified eagle’s
medium-DMEM (Sigma-Aldrich, India), Penicillin-PEN
(Sigma-Aldrich, India), Foetal bovine serum-FBS (Sigma-
Aldrich, India) and phosphate buffer saline—PBS (Sigma-
Aldrich, India). All of the compounds were analytical
grade and were not purified before use.
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Cell Viability Study on the Scaffold

The MG-63 cell line was approved for use in this study by
the National centre for cell science (NCC) in Pune, Maha-
rashtra, India. The MG-63 cells were grown in Dulbecco's
Modified Eagles Medium (DMEM) which included 1% peni-
cillin, 10% foetal bovine serum (FBS), and 10% streptomy-
cin sulphate. The cell lines were maintained at 37 °C in a
5% CO, atmosphere, with the medium changed every three
days. The cell lines were seeded at a density of 1x 10* cells
per well in 96-well plates and then treated for 24 h with 100
pL of complete culture media in the negative and positive
control of a series of escalating concentrations of 10, 30,
100, 300, and 1000 g/mL of scaffolds. The absorbance of the
coloured solution at a wavelength of 570 nm can be meas-
ured using a microplate absorbance spectrophotometer [26].

Results and Discussion
X-ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the samples obtained sug-
gested that they were pure HAP and Sr-HAP crystal phase
Fig. 2i(a and b). The characteristic peaks at 20 =25.53,
28.63,31.51,32.58, 39.48, 46.11, and 48.85° correspond to
the (002), (211), (112), (300), (310), (222), and (004) planes,
verifying the hexagonal structure. The predominant crystal
phase was HAP, and the strong peak in the patterns showed
good coincidence. However, no distinct peaks were detected
for St-HAP compared to apatite (HAP), implying that the Sr
substitution in the apatite matrix has no significant effect on
the crystalline phase due to the low concentration of Sr ions.

Figure 2ii(a and b) shows the XRD patterns of the three-
dimensional (3D) porous Sr-HAP scaffolds prepared at
1000 °C and 1200 °C which displays the reflection of crystal
phase. The prominent peaks in the spectrum are 20=21.71,
25.75, 27.76, 28.84, 30.96, 32.44, 34.31, 46.90, and 52.95
corresponding to (200), (002), (214), (210), (211), (300),
(220), (222), and (213) which exactly matched with the
(JCPDS card no. 09-0432) for apatite (HAP) and 09-0169
for -tricalcium phosphate (B-TCP) mixture of crystal phase.
These findings suggest that high-pore scaffolds can be sin-
tered and densified at 1200 °C without the production of
other calcium phosphate crystalline phases other than apatite
[27].

FE-SEM and EDS Analysis

Figure 3a—c shows the morphological investigation of apatite
(HAP) and Sr-substituted apatite (Sr-HAP) using field emis-
sion scanning electron microscopy (FE-SEM). The typical
size of HAP is estimated to be between 100 and 150 nm,
with greater agglomeration due to Sr substitution. Figure 3d
presents that calcium (Ca), oxygen (O), strontium (Sr), phos-
phate (P), and carbon (C) elements are visible in the EDS
spectra of the powder in the as-dried conditions. Figure 4a
shows an optical image of interconnected pore structures in a
three-dimensional Sr-HAP scaffold. In Figure 4b and c, after
sintering at 1200 °C for 2 h, the scaffold was shaped into a
square shape with a diameter of 4.5 cm 4.56 cm, which was
sufficient for a conditioned biological habitat. The macropo-
res have pore diameters ranging from 400 to 622 um, and
produced utilizing the polymer sponge process. The pore
shape of a Sr-HAP scaffold for tissue regeneration should
be restricted to facilitate proliferation and cell migration.
Furthermore, the scaffold’s pore size is likely to play an
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Fig.2 XRD patterns for i HAP and Sr-HAP powders and ii pure HAP and Sr-HAP scaffold after heat treatment at 1000 °C and 1200 °C
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Fig. 3 FE-SEM morphology of
a and b pure HAP, ¢ S--HAP
and d EDS spectrum of Sr-HAP
powder

Fig.4 Optical image of scaffold
after sintering and FE-SEM
morphology of HAP and Sr-
HAP porous scaffolds obtained
through polymeric sponge
replication method
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essential role in tissue engineering since they have a higher 120
proclivity for providing room for cell uptake [28]. mm HAP scaffold

. A L. . 100 1 mm Sr-HAP scaffold
In Vitro Bioactivity of SBF Studies
The in vitro bioactivity analysis of the pure HAP and Sr- 80 1

HAP scaffolds was assessed by immersing the samples in
SBF solution for various times, respectively (Fig. 5). After
three days of immersion, the surface of pure HAP and Sr-
HAP scaffolds showed deposition of small amount of cal-
cium phosphate granules, as shown in Fig. 5. The bone-like
HAP crystallites grew and were spared over on the surface
of both discs after seven days of soaking in SBF (Fig. 5b).
For both samples, there was a rapid rise in HAP precipitation
when the incubation duration was extended. The carbonate
apatite layer had entirely covered the surface of the scaf-
folds after 14 days of immersion. The results show that the
manufactured porous scaffold has outstanding bioactivity,
implying that the created scaffolds are well suited to tissue
engineering [29].

In Vitro Cell Viability Studies

To investigate bioactivity, MG-63 cell lines were grown for
24 h on pure HAP and Sr-HAP scaffolds at concentrations
ranging from 10 to 1000 pg/mL (Fig. 6). For concentrations

SBF immersion
(3 days)

%,

(a) Pure HAP

(b) Sr-HAP

SBF immersion
(7'Qa s) _

% Cell viability
3

5

10 30 100 300 1000
Concentration (pg/ml)

Fig.6 In vitro cell viability analysis of HAP and Sr-HAP scaffolds
for different concentrations (10 to 1000 pg/mL) to MG-63 cells at
24h

of 10 and 1000 g/mL, respectively, cell viability was signifi-
cantly reduced to pure 92 and 46 percent (%) in the MTT
assay. With increasing concentrations of pure HAP and

SBF immersion

a3z

Fig.5 FE-SEM image scaffold porous a HAP scaffold and b Sr-HAP scaffold prior to SBF immersion experiments. Soaking by SBF solution

a—f 3, 7 and 14 days immersion test
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Sr-HAP scaffolds, cell viability declines gradually. These
characteristics demonstrated that the porous scaffolds system
is capable of tissue engineering [30].

Summary

A new method for fabricating three-dimensional Sr-HAP
scaffolds for tissue regeneration using a combination of gel-
casting and polymer sponge technology has been devised. In
the Sr-HAP scaffolds, researchers discovered interconnected
pore diameters ranging from 400 to 622 pm structures, oste-
oconductivity improved physio-mechanical properties. The
biological response of the Sr-HAP scaffold was investigated
using simulated body fluid (SBF) and MG-63 cell lines test.
As a result, the evolution of porous Sr-HAP scaffolds for
future medicinal applications in tissue regeneration has pro-
duced a more acceptable option.
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