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Hydroxyapatite, a bone mineral was extracted from different seashell species by hydrothermal method and investigated
by SEM-EDX, FTIR, TGA, DSC, XRD, and EPR analysis. Amongst, the seashell Dallarca subrostata was chosen for
composite preparation by incorporating chitosan and silver nanoparticles which could be used as fillers and films

for wound healing applications. Silver ions doped HA were examined using EPR for better biocompatibility. These
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findings further aim to create a patient-specific implant using 3D modelling. It paves the way for the potential
applications as a pre-operative surgical planning procedure and a better point of health care. Further, the biominerals

extracted would act as a source for the fabrication of designs and thereafter 3D modelling for investigation. It also
rectifies tissue engineering challenges faced so far.

© (2022) Society for Biomaterials & Atrtificial Organs #20057922

Introduction

The emerging interest for reconstruction matetrial for bone fixation
has seen as a driving force in Tissue therapy and organ regeneration
[1,2]. The current clinical remedy for bone imperfections
incorporates grafting techniques [3,4], the structure of counterfeit
bone scaffolds, surgical reconstruction, transplantation, drug
delivery, artificial prostheses, and therapeutic devices which have
been currently supplanted by means of additive technologies [5-
8], For example, 3D bio-fabrication platforms for patient-specific
implants [9-11] so as to defeat the impediments like danger of
infusions, hematoma, safe dismissal, contributor site grimness,
and transmission of viral infections studied by eatlier research
works [12]. Current metallic inserts made of titanium, stainless
steel, and cobalt-chromium amalgams for hip, knee and shoulder
abandons get debased in due course of time [13,14]. Further, the
latter technique would be increasingly critical in accomplishing the
high porosity and load-bearing limit, corrosion resistive, non-
carcinogenicity required for the bone scaffolds [15,16].

Bone comprises of both natural and inorganic constituents, of
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which 70 wt% of the inorganic constituent represents the bone
mineral named hydroxyapatite (HA). It is a notable mineral
segment of human teeth and skeletal framework seen as a
promising biomaterial, because of its unique attributes like
osteoconductivity [17], biocompatibility [18], bioactive [19],
bioresorbability [20], non-toxic, non-immunogenicity [21] which
favour cell adherence, cell growth and mineralisation in the recovery
process [22]. HA produced from the biogenic sources, for example,
eggshells [23,24], bovine bone [25], fish bone [26], crab shells
[27], corals [28], and nacreous [29] shows greater similarity with
the human bone.

In the present investigation, HA acquired from the marine waste
was subjected to the following investigations SEM-EDX, FT-IR,
TGA, DSC, XRD, and EPR analysis. The results were used to
confirm the morphological similarities and elemental compositions
of HA from marine waste with that of the calcium derivate present
in the natural bone.

Materials and Methods

Diammonium hydrogen phosphate (NH,),HPO,), Nitric acid
(HNO,), sodium hydroxide (NaOH), acctone, silver nitrate
(AgNO,), acetic acid (CH,COOH), chitosan was obtained from
Sigma-Aldrich (analytical grade).
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Synthesis of Hydroxyapatite (HA)

The resource used for the synthesis of hydroxyapatite (HA) by the
hydrothermal method is a biowaste (seashells) from marine
environment. According to the literature [30-32], the protocol
includes two phases CaO production and the conversion of CaO
to HA which are explained in detail below: Seashells collected were
washed, dried in a hot air oven at 80°C for 3h, then granulated by
mortar and pestle followed by calcination in a muffle furnace at
800°C for 4h prompts the production of CaO (white in nature).
The blend was completely broken down in 25% of conc. HNO,
and deionized water to form calcium nitrate (Ca (NO,),. To this
mixture, 0.6M of (NH,),HPO, was added drop by drop to acquire
Ca/P propottion as 1.67. 1M of NaOH was added gradually to
keep up the pH of the blend as 9.0. The resultant was subjected to
aging process for about 48h, after which the agglomerated precipitate
was isolated and dried in hot air oven at 80°C for 2h and then
repeatedly calcinated at 800°C for 3h to acquire HA, as a product.

CaCO, S, 050 + €O,

Ca0 + HNO, —25 CaNO ), + H,0

10 Ca(NO,), + 6(NH,)2HPO, ——— Cal0(PO )6(OH), + 6NH,NO,
. . (hydroxyapatite)

Composite formulation

Preparation of silver doped hydroxyapatite (Ag-HA)

150 ml of AgNO, nanoparticles were dissolved in 60 ml of distilled
water and stirred continuously for 4h. Further, 1.5g of HA were
added to the mixture, stirred magnetically for about 2h. The
resultant dried sol was kept in oven at 80°C for 2h which inevitably
brings doping of silver to HA nanoparticles, as a bio-composite

[33].
Preparation of Hydroxyapatite-Chitosan (HA-CS)

In the preparation of HA-CS composite as film and porous
scaffold, 1.2g of HA were dissolved in 60% (2 vol %) of acetic acid
followed by the addition of distilled water, the whole content was
stirred for 2h. Likewise, 1.8g of chitosan were dissolved in 40ml
of deionised water and mixed completely. Both the blends were
combined and kept in a constant magnetic stirrer for around 90
min. The subsequent sol was added to the petri dish for the film
development and further poured in a 12-well culture plate (2ml per
well). Then, the composite HA-CS films were formed by drying at
37°C for 24h and the porous HA-CS scaffolds were shaped by
freeze-drying [34].

Characterization

The morphology of HA samples was observed using Scanning
electron microscopy (SEM; FEI Qnanta) simultaneously coupled
with Energy Dispersive X-Ray (EDX; FEI Quanta) spectroscopy
for elemental analysis. The crystalline nature and phase composition
of HA were determined through X-ray powder diffraction (XRD;
Bruker) with Cu Kot radiation, 26 =10-80° operating at 30 kV and
15 mA by one step increment with a speed of 0.0005/deg, The HA
associated functional groups were characterized using FT-IR (GX-
Perkin Elmer) in the Attenuated Total Reflection (ATR) mode and
the transmittance was found to be in the regions of 4000-400cm™.
The thermal stability and weight loss with respect to temperature
was found by thermo gravimetric analysis and differential scanning
colorimetry analysis (TGA, DSC; LABSYS E170) at a heating rate
of 10°C/min in a nitrogen atmosphere. The free radicals were
trapped using the X-band electron paramagnetic resonance spin
technique (EPR; JOEL) with the spectrum as the energy absorbed
when applying energy to an unpaired electron.
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Figure 1: FTIR spectra of seashells (a) Anadara pumila, (b)
Agriopoma texasianum, (c) Dallarca subrostata (Ark shell),
(d) Clycymeris pectunculus (spotted clam seashell), (e)
Astartidae castanea (Polished Fossil astarae clam)

Results
Fourier Transform Infrared Spectroscopy (FTIR) analysis

FTIR was used to find the functional groups and their associated
phase transition of the shells (a-¢) at different wavelength. All the
samples (a-¢) were collected, calcinated at 800°C and the absorption
spectra were recorded. The spectrum representation reveals its peak
positions and intensities. Absorption data depicted were well
associated with the XRD results [35]. The four essential vibrational
modes (L, V,, v, and v,) for phosphate ions were found in the
apatite phase, all of which are high IR active. Figure 1 depicts the IR
spectra of the synthesized HA.

The broad and strong intensified IR band around the region of
1000-1100 em™'is a major representation for the formation of HA.
At 800°C, the high intense sharp peak observed at 3569- 3573cm’!
is due to the absorption of water. This indicates the conversion of
CaCO, to the CaO phase. This is supported by another evidence
that reveals no bands formation were observed around 1410-1425
cm ' which indicates the absence of carbonate groups. The peaks
found at 1015-1025 cm™ was due to the asymmetric stretching
vibration (v,) mode of the major phosphate group and also the
peaks found at 560 cm™ and 564 cm™ wete also caused by the
doubly degenerate bending mode (v,) of the P—O bond [36].

The peaks found around the regions of 600-620 cm™ indicate the
HPO,*ion vibrations show the weak existence of TCP due to the
pH maintenance at 9.0. Thus, all the FTIR peaks found in the
spectrum analysis strongly depicts the formation of HA. The present
study clearly states the decrease in calcite intensities, decomposition
of CaCO,, formation of CaO at 800 - 900°C, and also the purity of
HA extraction by the hydrothermal method [37].

Scanning electron microscopy (SEM) analysis

The morphology and fidelity in the shape of hydroxyapatite
nanoparticles were characterized using SEM. The microstructural
images reveal the distinct aggregation of nanoparticles and
interconnected porous structures. The nanocrystalline molecules
formed, which are bulky in nature, are agglomerated and of irregular
pattern clearly indicates the pores in between them. The pore




G. Renganathan, R. Dheivanai, K. Durai, S.L. Madurai / Trends Biomater. Artif. Organs, 36(S1), 59-66 (2022)

St

=

Figure 2: SEM images of seashells (A) Anadara pumila, (B) Agriopoma texasianum, (C) Dallarca subrostata (Atk
shell), (D) Clycymeris pectunculus (spotted clam seashell), (E) Astartidae castanea (Polished Fossil astarae clam)
with different resolutions. (1) indicates magnification at 10000%, (2) indicates magnification at 20000, (3) indicates

magnification at 27000%

formation aids in cellular regeneration and promotes ingrowth of
cells on the biological implants in the body [38]. Innumerable
agglomerated collection of spherical and rod-like structures of
smaller and larger particles was observed in figure 2 (a),(b) and (d)
at different magnifications. In figure 2 (c), predominantly rod like
structures were noticed, the individual crystals were well-defined at
higher magnifications, whereas in figure 2E, unlike other SEM
images the rhombus structure is also observed.

The rod-shaped HA nanoparticles observed from the SEM images
were well-dispersed and their average size of the nanohydroxyapatite
was found to be ~2-3 umin A, 400- 800 nm B, ~1-6 um in C, ~1-
2 umin D and ~1-3 pm in E respectively [39].

Energy dispersive X-ray (EDX) spectroscopy analysis

In order to identify the surface elemental composition, present in
the seashell derived hydroxyapatite (HA) produced by the
hydrothermal method elemental analysis using the EDX method
was employed. This analysis gives the amount of calcium and
phosphorous present in the sample and also the weight and atomic
petcentage of the element. The Ca/P ratio of ideal HA is 1.67 [40].
The element content of the calcinated HA was summarized in
supplementary.

X-ray diffraction (XRD) spectroscopy analysis

The diffraction pattern obtained from the synthesized nHA samples
is in fine agreement with those standard HA crystallites, (JCPDS
card No. 09-432) respectively [41]. Furthermore, there was no
incorporation of secondary trace elements in the XRD pattern.
This confirms the purity of the nHA crystalline phase produced in

the test samples (a-e). This observation also indicates that pH is an
essential criterion in determining the purity of phase apatite, which
is an ideal factor in the hydrothermal method. Broad peaks reveal
the nature of nanoparticles which is a key influencing factor in the
particle size. The misalignment in the diffraction peaks may be due
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Figure 3: XRD patterns of seashells (a) Anadara pumila, (b)
Agriopoma texasianum, (c) Dallarca subrostata (Ark shell),
(d) Clycymeris pectunculus (spotted clam seashell), (e)
Astartidae castanea (Polished Fossil astarae clam)
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Figure 4: FTIR spectra of Ag-doped HA

to lattice structural changes, residual stress absorption, and defect
concentration. The average crystallite size of nHA samples was
calculated using Debye—Scherrer’s equation is attached in
supplementary.

D, = KA/ cos0 (nm)

where K= 0.94 is a constant, ¢is the wavelength of monochromatic
radiation (A= 1.5405 A®), and B s defined as the diffraction peak
for full width at half maximum. The crystallite size D, and the
degree of crystallinity (X ) was calculated based on the previous
studies as follows,

X (%) = (area of crystalline peaks/area of all peaks) x 100

Their main characteristics are summarized in the supplementary.
From the data obtained, there is a strong decrease in the crystallite
size of the synthesized HA is clearly indicated. The average size of
the apatite crystal was calculated using an isolated diffraction peak
(20 =26°) corresponding to the (002) plane. From the XRD peaks,
HA nanopatrticles synthesized at pH 9, the fraction of crystallinity
was ~0.99% for crystallites 20-30 nm in size. Normally, nHA
particles with low crystallinity (~<=20 nm) were desirable for
biomedical applications exhibits zz vivo resorbable material property
[35].
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Thermo-gravimetric analysis (TGA)

Thermo gravimetric analysis (TGA) and differential thermal analysis
(DTA) were done, starting from room temperature to 900°C at the
heating rate of 10°C/min. TGA curves demonstrate the three stages
of weight loss in the samples in the temperature ranging from
49°C to188°C, 232°C to 580°C, 600°C to 1100°C. Stage 1 represents
the evaporation of absorbed water; stage 2 represents crystallization
of HA and the presence of solvent molecules. The stage 3 represents
the ammonia removal from the gel, breakdown of COQZ’ and
HPO 42’ ions, and the degradation of intermediate species during
the synthesis process respectively. The total weight loss obtained
was low and hence it is proved that the synthesized HA can
withstand high temperatures [38,42].

Differential scanning colorimetry (DSC) analysis

The DSC analysis is a thermo analytical technique used for
estimating the amount of energy absorbed or released by a sample
when it is subject to heating or cooling.

This analysis provides the quantitative and qualitative data on
endothermic (heat absorption) and exothermic (heat evolution)
processes. The peak at 105.31°C corresponds to the endothermic
reaction and 315.86°C corresponds to the exothermic reaction. A
peak at 360°C-420°C is due to the crystallization of hydroxyapatite.
No major loss was found up to 500°C which shows the thermal
stability of the HA powder with a stable curve within the
temperature range. These results are favourable to attain monophasic
biomaterial [38,43].

Characterization of hydroxyapatite composite (Ag-doped HA,
HA-CS)

Among the five marine sources, sample-c Dallarca subrostata (Ark
shell), found to be more suitable for bone engineering applications.
Hence, the composite formulation has been focussed and restricted
with sample C and considered as a test sample for further doping
and additional investigations.

FTIR of Ag-doped HA composite

Figure 4 shows the FTIR spectrum corresponding to HA and Ag-
HA nanocomposite respectively. The band observed at 559 cm
was due to the bending vibration of the phosphate functional
group (PO,*) of HA. The peak at 623 cm™ represents the stretching
and bending bands for OH-group respectively and 1014 cm™ can
be considered as the breathing modes of the P-O stretching
vibrations. The broad peaks at 3458cm ™ were associated with the
presence of OH group corresponds to H-O—H bands of water
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Figure 5: (a) EPR analysis of HA (b) EPR analysis of Ag doped HA
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Figure 6: FTIR spectra of HA-CS

lattice possibly might be due to the absorbed water.

Ag-doped HAP shows the prevalence of phosphate bending peaks
around the wave number 563 cm™ depicts the presence of HAP.
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The existence of phosphate groups in close to apatitic proximity
was revealed by the presence of majot bands at 634 cm™ and 1028
cm’ in the FTIR specttum of Ag” doped HAP.

The shift in the peak from 3458cm™ to the higher range of 3625
cm’in Ag-doped HAP attributes to the decrease in the water
content which is mainly due to the substitution of Ag NP into
Ca®" apatite lattice. This suggests that Ag-HAP interaction has
created structural changes in the nanocomposite.[33]

The FTIR spectra of nanocomposite show the presence of CO3*
around the wave numbers 1415 cm™ explains the stretching band
of carbonate groups which indicates that not all the calcites were
decomposed.

Electron paramagnetic resonance (EPR) analysis of Ag-doped
HA

The experimental investigations of free oxygen radicals rely on
EPR measurements of pure HAP as well as Ag-doped HAP at
normal room temperature and the absorption spectra were shown
in figure 5(a) and (b), clearly depicts the impact of unpaired electron
of the metal complexes in the structural elucidation. The fine sharp
peak in figure 5 (a) shows the hyperfine splitting of the spectrum
which reveals the high intensity of electronic interaction in the HAP
[44]. The anisotropic broad signal at g = 2.003 in Ag doped HAP
in figure 5 (b) confirms the formation of free radicals which implies
the inclusion of silver in the lattice of HAP.
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Figure 7: Novel clinical approach for Bio-fabrication [A —B] Mandible Reconstruction, [C] — Femur screw and

[D] — Craniofacial implant design
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FTIR of HA-CS composite

From IR spectroscopy of HA-CS composites, all the major
absorbance bands of the spectra inferred were correspond to HA,
their incremental width significantly shows the increase in chitosan
content which was shown in figure 6. The bands at 1000-1100 cm™
" and 500-600 cm™" correspond to different modes of the PO,
group in HA. Broaden band near 1000 cm™' shows the presence of
polymer and its interaction with the phosphate groups. The bands
at 1400-1500 cm™ and about 875 cm™is due to the carbonate ions
in apatite. The bands at 1550-1700 cm™ is attributable to the mode
superposition of the HA -OH group and the chitosan amide I and
amide II groups. The bands at 3600-3700 cm™ and 2800-2950 cm™
'is assigned to the hydroxyl groups present in chitosan. The
hydroxyapatite phosphate stretching (vibration) bands at 1000-
1100 cm™and the phosphate bending bands at 500-600cm™. The
strongest characteristic CO, bands are also visible, at 1420-1485
cm™'. The FTIR investigation aids in confirming the presence of
chitosan and its assimilation in the HA complex [45].

3D modelling

3D Modelling consolidates computer-aided design, which assists
with pre-preparing (fitting) abilities. To do as such, it takes a shot
at triangulated (STL) records, and all things considered are very
reasonable for freestyle 3D information, similar to the anatomical
information originating from the sections of radiological images.
Import the anatomical information in the 3D modelling platform
to study the models. The accompanying advances were pursued
for the displaying procedure. For constructing a complex anatomical
structure, arranging and reframing of bone could be done utilizing
a 3D programming bundle. The creation can be made by utilizing
the composite orchestrated for better biocompatibility with the 3D
bioprinter. The steps for 3D Modelling were cleatly explained below
as follows. The clinical approach for fabricated was depicted in
figure 7.

3D modelling implementation protocol

1. Collection of scanned datasets of injured patient data in (.dcm)
DICOM format.

2. Stack of images collected were visualized in 3D DICOM viewer-
based software such as Materialize MIMICS®, 3D Slicer®, etc., via 3
cardinal planes. (Transverse, Coronal and sagittal planc)

3. Selecting the fractured bone in the 3 planes by moving the slices
in the appropriate planes and then performing segmentation using
image processing toolkits

4. Performing segmentation based on histogram would yield better
3D volumetric reconstruction of the fractured bone.

5. Surgical planning involves the construction of fracture bone
with suitable suppott structures for surgery which also be analysed
using analysis toolkits such as FEA, COMSOL® based softwate
for mechanical properties.

6. The mechanical properties of biomaterials were cross-checked
with the properties of the bone which could be useful for planning
in fabrication and also for studying the design complexities from
the patient point of view

7. Implant design should be within the standard regulation
protocol and also be supportive to the patient by reducing
complexities and make them regain their normal mobility.

Discussion

Bone consists of both natural and inorganic components among
which HA, is the major inorganic constituent. Choosing marine
shells which has enormous calcium carbonate, act as a potential
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source of HAP is a compelling way for minimizing the biowaste to
an extent that could reduce the ecological contamination. From the
above strategy, hydroxyapatite which is absolutely inorganic in nature
when blended with metal ions might increase bioactivity, a crucial
criterion for biomedical applications.

The morphological examination of HA powder using Electron
Microscopy disclosed the structure of hydroxyapatite. From lower
to the higher magnification of SEM images, homogeneously
dispersed and uniform pattern of nanorods were observed with
elongated shapes and prominent structure, suitable for drug delivery
applications by agglomeration which preserves the nature of
nanostructures. This indicates that the high temperature was helpful
to improve the crystallinity of HA synthesized based on the
hydrothermal approach. Moreover, nanorods obtained were
extremely effective in building the framework suitable for cellular
growth which might be suitable for wound healing applications.
The EDX investigation of orchestrated HA shows that Ca/P
proportion was 1.67 which correlated well with a theoretical value,
implies calcium and phosphorous are the basic constituents of
HAP and their contributions were similar to that of the natural
existing bone.

The Fourier Transform Infrared Spectroscopy (FT-IR) results
confirm the presence of functional groups in the composites, reveals
that the sharp peaks acquired at high temperature are due to the
rapid movement of vibrating molecules. The CO,* and mass of
other contaminants decreases after the calcination process. The
proximity of phosphate groups shows the establishment of HA
during the precipitation reaction, which was also supported by
EDX investigation.

The thermal stability and the weight loss of HA were assessed by
TGA up to 1000°C revealed that there was a base weight reduction
in the powder, the results obtained were similar to that of
hydroxyapatite extracted from the natural bone, which was a rich
source for calcium has the ability to withstand thermal heat even at
elevated temperatures. TGA investigation shows that there was no
massive weight reduction up to 200°C and the reduction was
observed as 1.36%, 0.65%, 1.79%, 0.05%, and 2.01% individually
for the various marine shells. The freedom of synthetically reinforced
water and disintegration of carbonate were seen between the ranges
of 200°C to 600°C. It affirms the crystallization of HA powder
with stable bend was seen within the temperature range.

In DSC bend, the initial rise and consistent fall show the existence
of changes throughout the process of thermal treatment. The
sharp peaks around 400°C show the crystallization of HA. Thus,
the synchronizing results of TGA and DSC investigations aids in
understanding the thermal properties of the incorporated HA
which is a crucial and appropriate factor for biomedical applications.
The XRD diffractograms of the compound show the
nanocrystalline structure of HA, the maximum peak occurs at 800°C
for 4 hrs. The crystallization of the powder was determined utilizing
the force at (002) plane. The (h k1) records with gem planes affirm
its purity, hexagonal structure, and phase arrangement of HA. An
ESR reveals that the broad spectrum of Ag-doped HAP suggests
the formation of reactive species due to the inclusion of silver in
the nanocomposite while the high intensity of hyperfine structure
observed in HAP depicts a depletion of free radicals. This might
also impart scavenging and antimicrobial property to Ag-doped
hydroxyapatite, a crucial requirement for the attainment of bone
implants.

Conjuring HA content along with minerals could be appreciated
towards the Patient-Explicit implant structuring which could be an
additional favourable circumstance for the novel bone
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reconstruction. The advantage over this concept will be very much
useful to the clinician to perform pre-operative surgery planning
with respect to the cellular environment of the patient. In addition,
the level of complexity could also be reduced for better-targeted
size of wound or injury that need to be fixed. Bio-manufacturing
based fabrication methods would increase the suitable delivery of
scaffold as per the needs would be cleatly visualized with this state-
of-the-art technology. Patient-specific customized fabrication would
create the potential value of tissue engineering with a micro-
architectural matrix for tissue growth factor and spatial control over
the 3D bioprinting technologies.

Conclusion

The novelty in the current research encompasses the biogenic source
sea shell changed into a crucial hydroxyapatite for biomedical
applications. Biowaste gives an unpleasant odour, microbial
augmentation and emanates CO, to a lesser degree as they are
biodegradable and lead to ecological contamination. To reduce the
contamination in an eco-friendly approach, hydroxyapatite has been
sourced from the shells by the hydrothermal method. The FT-IR
spectra reveal the transition of phase from aragonite to calcite, the
close proximity of CO.>, PO > retention groups show the
arrangement of HA, the blend doesn’t contain any appreciable
crystalline contamination. SEM findings clearly observe the grain
and rod-like structures. TGA and DSC confirm the accuracy of HA
powder. The current investigation prescribes an eco-friendly
approach with minimal effort for the extraction of hydroxyapatite
(HA).

In the current strategy, the biowaste seashell can be successfully
recycled, the best method for bioremediation as well as an effective
way of constructing a litter-free environment. 3D Modelling, a
clinical approach that paves way for betterment in health care and an
add on value to patient-specific customization, rapid recovery, pre-
operative surgical procedures. This ideology gives a clear insight
into tissue engineering with a microarchitectural level of spatial
control and engineering the medical problems in a contemporary
manner.

Future Work

At present metals like steel, titanium and cobalt-chromium based
combinations are widely used as an embedded material, in
constructing hip, knee, shoulder, and elbow implant for load-
bearing applications. In a stipulated time, intense research in
bioactive materials that supersedes metallic inserts has been carried
out. As a construct, it has progressively hoped to incorporate
composite materials with extended bioactivity which favours cell
growth. In future, to enhance osteogenesis and chondrogenesis
on nanocomposite, it’s crucial to achieving more intense screening
on mechanical and biochemical properties that are mandatory for
the cells to enhance vasculogenesis. This may be achieved by
improvising the strategies in fabrication techniques and
computational manifestation. Therefore, the up gradation in the
technological aspect, is more useful for the betterment of human
health in an affordable manner.
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