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Abstract - Large quantities of seashells and squid bones are discarded globally as biowaste, leading to serious environmental
concerns. This work explores the conversion of these wastes into nano-hydroxyapatite (nHAp) using a simple and sustainable
precipitation technique. The aim of the study was to establish an economical synthesis route while assessing the materia/’s
suitability for biomedical applications. Hydroxyapatite is valued for its osteoconductivity - the ability to guide new bone
formation and bioactivity- and its capacity to bond with living tissues, making it a promising candidate for bone regeneration.
Comprehensive material characterization was carried out through FT-IR, XRD, SEM, TEM and EDAX. The analyses confirmed
the development of phase-pure nHAp with uniform hexagonal and rod-like morphologies and high elemental purity.
Antibacterial studies demonstrated significant inhibition zones against Listeria and Salmonella, with greater activity observed
against Salmonella. The findings demonstrate that dual marine waste sources can be transformed into functional nHAp suitable
for biomedical use. Beyond addressing waste management challenges, the study establishes a pathway toward scalable, low-

cost biomaterials with potential applications in bone tissue engineering, implants, and regenerative medicine.
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1. Introduction

The need for advanced biomaterials in the field of bone
tissue engineering has been escalating due to the rising
prevalence of bone-related diseases and the aging global
population. Hydroxyapatite (HA), a naturally occurring
mineral form of calcium phosphate, plays a crucial role in
bone and dental structures due to its excellent
biocompatibility, osteoconductivity, and bioactivity. As
such, it has been extensively explored for use in bone grafts,
implants, and coatings in orthopedics and dental applications.
Despite its widespread use, traditional methods of
synthesizing HA can be costly, energy-intensive, and
environmentally damaging, necessitating the search for
sustainable, cost-effective, and eco-friendly alternatives.

One promising approach for addressing these challenges
is the use of natural sources, particularly marine waste, for
HA synthesis. Sea shells and squid bones, often discarded as
by-products in the seafood industry, are rich in calcium
carbonate  and phosphate—key  precursors  for
hydroxyapatite. These organic wastes provide an ideal
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alternative source for HA production, offering a sustainable,
cost-effective, and environmentally friendly option for the
development of advanced biomaterials.

The synthesis of nano-hydroxyapatite (nHA) from these
waste materials is particularly advantageous. Nanoscale HA
particles possess enhanced surface area, improved
mechanical strength, and superior bioactivity, all of which are
critical properties for effective bone regeneration and
healing. The precipitation method, which involves the
controlled chemical precipitation of calcium and phosphate
ions to form HA, is a widely used, scalable, and
straightforward approach for synthesizing nHA. By
optimizing this method, it is possible to produce nHA with
tailored properties such as particle size, morphology, and
crystallinity, which are crucial for its performance in
biomedical applications.

This study focuses on the synthesis of nano-
hydroxyapatite from marine waste, specifically sea shell and
squid bone waste, using the precipitation process. The project
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aims to evaluate the feasibility of utilizing these natural waste
materials as a source of calcium and phosphate, investigate
the effect of synthesis parameters on the properties of the
resulting nHA, and assess its potential for advanced bone
applications. Furthermore, the project aligns with the
principles of the circular economy by transforming waste
materials into high-value products, thereby contributing to
both environmental sustainability and the advancement of
biomedical technologies.

Through this approach, the work aims to provide an eco-
friendly and cost-effective pathway for producing high-
performance biomaterials that can significantly impact the
fields of bone tissue engineering and regenerative medicine.

Hydroxyapatite (HA) is a component that comprises
many minerals like calcium, phosphate, and oxygen, along
with the formula Caio(PO4)s(OH),. It resembles the natural
substance in human bones quite a bit. Its biocompatibility,
bioactivity, and osteoconductivity make this a suitable
material for a variety of biomedical [1] purposes, particularly
in bone tissue engineering. However, conventional methods
for producing nano-hydroxyapatite (nHA) often involve
expensive raw materials and complex processes, limiting
their scalability and economic feasibility. In recent years, the
utilization of biogenic waste materials as alternative calcium
sources for nHA synthesis [7] has garnered significant
interest. Sea shells and squid bones, primarily composed of
calcium carbonate (CaCOgs), represent abundant and
renewable waste resources [4, 13]. Recycling these wastes
addresses environmental [2] concerns and provides a cost-
effective route for synthesizing high-quality nHA.

The precipitation method is a popular way to make nHA
because it is simple, inexpensive, and can create
nanoparticles with a controlled shape and size. Marine shells
are mainly made up of an inorganic substance called CaCO3
(calcium carbonate) in different forms like calcite, aragonite,
and others, which makes up about 95% of their composition
[3]. The remaining 5% is made up of organic materials like
proteins, lipids, chitin, and more. These mixed materials
make shells more treasured; hence, they are adopted for
organic and inorganic applications. Nevertheless, every year,
around 2.7 trillion tons of shell waste are produced, with only
450-1,000 billion tons being used for various purposes. The
rest, about 50%, ends up as unwanted bio-waste. This waste
can accumulate in marine environments, causing significant
harm to the ecosystem. Shells also take a long time to break
down, which can damage land quality, deplete natural
resources, and harm aquatic life. Therefore, it is important to
find ways to use waste shells to create valuable products like
Hydroxyapatite without causing environmental or health
problems.

Numerous reports have documented the conversion of
seashells and squid bones into calcium carbonate. The
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present study focuses on synthesizing nano-hydroxyapatite
from the waste material obtained from squid bone and
seashells, investigating various procedures, which include
antibacterial activity, XRD, FT-IR, TEM, and SEM with
EDAX [5, 9]. The objective is to develop scalable and
environmentally sustainable methods for producing high-
quality hydroxyapatite from these marine resources [6], with
the resulting nHAp composite being utilized in a range of
biomedical applications [12]. By addressing existing research
gaps, this work aspires to enhance sustainable resource
utilization, broaden the range of biomaterials available for
medical applications, and promote the integration of eco-
friendly practices within the field of biomedical engineering
[14].

2. Research Gap

The accumulation of seashell and squid bone waste
extends beyond localized pollution, contributing to
ecological imbalance in marine habitats, deterioration of land
resources and added strain on waste management systems.
While prior studies have mainly focused on single-source
materials for hydroxyapatite synthesis, little attention has
been given to combining multiple marine wastes to enhance
efficiency and sustainability. In addition, many reported
approaches rely on costly or chemical-intensive processes,
with limited emphasis on scalable, eco-friendly methods that
also validate antibacterial performance. To bridge these gaps,
the present study investigates a dual-source precipitation
route for producing nano-hydroxyapatite, offering both an
environmental solution and a potential biomedical material.

2.1. Novelty

In comparison with existing research, this study
introduces distinct advances in the synthesis of nano-
hydroxyapatite. Earlier works have largely utilized single-
source precursors such as eggshells, bovine bones or
seashells or relied on chemical reagents that are costly and
less sustainable. While these methods have produced
hydroxyapatite with acceptable structural characteristics,
they often face limitations in scalability and environmental
impact. Recent studies (Lubna et al., 2022; Abere et al., 2022;
Alam et al., 2024) highlight the importance of eco-friendly
and renewable sources, but most still focus on individual
waste streams. By contrast, the present work employs a dual-
source marine biowaste system, seashells and squid bones,
which ensures a more consistent calcium yield and promotes
waste valorization. The adopted precipitation route is energy-
efficient compared with sol-gel, pyrolysis or sonochemical
techniques, yet it vyields high-purity, nanostructured
hydroxyapatite confirmed by FT-IR, XRD, SEM, TEM and
EDAX. Importantly, the study goes beyond structural
characterization by demonstrating antibacterial activity
against two pathogenic strains, linking material performance
with biomedical functionality. These aspects collectively
establish the novelty of this work and position it as an



Saravanan M et al. / IJME, 12(9), 130-138, 2025

advancement over existing approaches by integrating
sustainability, cost-effectiveness and biomedical potential in
a single framework.

This study advances existing research by demonstrating
a dual-source approach that combines seashells and squid
bones for the sustainable synthesis of nano-hydroxyapatite.
While previous studies have predominantly relied on
synthetic chemicals or single-source natural materials, this
method ensures better resource utilization and consistency in
calcium supply. The precipitation route adopted here is cost-
effective and environmentally benign and yields high-purity
nanostructures with confirmed antibacterial activity. By
integrating  environmental waste valorization  with
biomedical functionality, the present work provides a
distinctive contribution that bridges sustainability and
medical innovation.

3. Materials and Methods

Natural hydroxyapatite (NHAp) can be extracted from a
wide range of calcium-rich biological waste materials,
primarily in the form of calcium carbonate (CaCOs) or
calcium phosphate (Cas(PO4)2). These include livestock
bones and marine industry by-products such as shells and
internal skeletal structures. Utilizing such biowastes not only
addresses waste disposal challenges but also supports
sustainable material sourcing for biomedical applications.
This study explores five key biogenic sources for NHAp
synthesis: seashells and squid bone. Each of these offers
distinct structural, compositional, and functional advantages,
making them suitable candidates for conversion into
hydroxyapatite for bone tissue engineering.

3.1. Seashells

Seashells are abundant marine biowastes composed
predominantly of aragonite or calcite forms of CaCOs. They
are widely available in coastal regions and can be easily
converted into HAp through sol-gel-assisted calcination
followed by phosphatization. Their transformation into HAp
is energy-efficient and cost-effective, aligning with eco-
friendly manufacturing principles. Additionally, seashell-
derived HAp often contains trace elements such as strontium
(Sr**) and magnesium (Mg?"), which are known to enhance
osteogenesis and provide antimicrobial benefits. These
properties make seashell-based HAp particularly attractive
for use in bone graft substitutes, scaffolds, and composite
matrices in regenerative medicine.

3.2. Squid Bones

Squid bone, or cuttlebone, is a lightweight internal shell
structure characterized by a highly porous and lamellar
architecture. It consists mainly of calcium carbonate and
exhibits a honeycomb-like morphology that is advantageous
for bone tissue engineering. When subjected to sol-gel
processing and controlled sintering, squid bone can be
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converted into porous hydroxyapatite while retaining its
native microstructure. This interconnected porosity facilitates
cell adhesion, proliferation, nutrient exchange, and
vascularization—features essential for successful scaffold
integration and bone regeneration. Furthermore, the
mechanical strength of squid bone-derived HAp can be
optimized, making it suitable for load-bearing implant
applications.

In this study, nano-hydroxyapatite (nHA) is synthesized
from sea shell and squid bone waste using a precipitation
method. The seashell waste, rich in calcium carbonate, is first
calcined at 900°C to convert it into calcium oxide, while the
squid bone waste, containing calcium and phosphate, is used
directly as a calcium and phosphate precursor. The
precipitation process involves mixing calcium nitrate (or
calcium hydroxide) with phosphoric acid to form calcium
phosphate, followed by pH adjustment to 9-10 with
ammonium hydroxide, leading to the formation of a
precipitate. The precipitate is then filtered, washed, dried at
60°C, and calcined at 800°C to obtain hydroxyapatite. To
achieve nanoscale hydroxyapatite, the obtained powder is
mechanically milled.

The synthesized nHA is characterized using X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), Fourier-
Transform Infrared Spectroscopy (FTIR), and particle size
analysis. Bioactivity is evaluated through in vitro
mineralization tests in Simulated Body Fluid (SBF) and cell
culture studies using osteoblast-like cells to assess
cytotoxicity and cell proliferation. This process offers an eco-
friendly and cost-effective approach to producing high-
quality nHA for advanced bone applications, while utilizing
marine waste and contributing to sustainable biomaterials
production. In this study, seashells and squid bones were first
cleaned with boiling water to remove organic residues and
then dried at 100 °C for two hours.

The dried materials were finely ground and subjected to
calcination at 900 °C for three hours, resulting in the
decomposition of CaCOs into CaO. The obtained CaO was
dissolved in nitric acid to produce Ca(NOs): solution, which
served as the calcium precursor. Diammonium hydrogen
phosphate was gradually introduced to maintain a Ca/P ratio
of 1.67, and the solution pH was carefully adjusted to 9-10
using NaOH to create conditions favorable for
hydroxyapatite nucleation. The mixture was aged, filtered
and oven-dried at 120 °C, followed by a secondary
calcination at 600 °C to enhance crystallinity. This optimized
precipitation pathway ensured the formation of high-purity
nano-hydroxyapatite particles.

The FT-IR spectra confirmed the presence of phosphate,
hydroxyl and carbonate groups, indicating the successful
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formation of hydroxyapatite with B-type carbonate
substitution. XRD analysis revealed sharp diffraction peaks
matching standard JCPDS patterns, verifying phase purity
and high crystallinity, with no detectable secondary phases
such as CaO.

SEM and TEM imaging demonstrated rod-like and
hexagonal nanostructures with uniform distribution, which
are known to support improved cell adhesion and biological
response in biomedical applications. EDAX analysis
confirmed the elemental composition, with calcium,
phosphorus, and oxygen as the primary constituents, which is
consistent with stoichiometric hydroxyapatite.

The antibacterial activity test revealed clear inhibition
zones against both Listeria monocytogenes (Gram-positive)
and Salmonella enterica (Gram-negative). Notably, greater
inhibition was observed against Salmonella, which may be
attributed to differences in bacterial cell wall structures.
These results suggest that the synthesized nHAp possesses
desirable  physicochemical properties and exhibits
antimicrobial potential, enhancing its applicability in bone
grafts and implant coatings where infection control is critical.

3.3. aterials

Squid bone

Sea shell .
Fig. 1 Sea shell and squid bone

Figure 1, the gathered sea shells and squid bones
underwent an initial washing with tap water multiple times,
followed by a treatment with boiling water for a duration of
30 minutes. Next, deionized water is used to wash the
leftovers in the shell, like algae and shell meat. The following
materials are sourced from Merck: Diammonium hydrogen
phosphate (NH4) 2HPOQ4, acetone, Nitric acid (HNOs3),
deionized water, and Sodium hydroxide (NaOH). All
chemicals utilized were of analytical reagent grade, boasting
a purity of 99%.

3.4. Synthesis of Hydroxyapatite from Sea Shells and
Squid-Bone

The flowchart Figures 2 and 3 show that the synthesis of
nano-hydroxyapatite (nHA) powder from natural calcium
sources such as sea shells or squid bones involves several key
steps. First, the raw materials are dried at 100°C for 2 hours
in a hot air oven to remove moisture, and then finely crushed
using a pestle and mortar.
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Fig. 2 Synthesis of Hydroxyapatite from Seashells and Squid-bone

Sea Shells/Squid Bones

Calcination (900°C)

Dissolve in Acid (Nitric/Phosphoric)

Ca Precursor

Adjust pH (NH4OH — pH-10)

Calcinate (~600°C)

v

Nano-Hydroxyapatite Powder

Fig. 3 Synthesis of Hydroxyapatite from Sea shells and Squid-bone

The powdered material is gradually heated in a muffle
furnace, increasing the temperature by 10°C every 10
minutes over 3 hours, until reaching 900°C. This calcination
step removes organic matter and converts calcium carbonate
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(CaCO0:s) into calcium oxide (CaO). The resulting CaO is
dissolved in nitric or phosphoric acid to produce a calcium
ion (Ca?") solution, serving as the precursor. The pH of the
solution is adjusted to 10 using ammonium hydroxide
(NH4OH), creating an alkaline environment suitable for
hydroxyapatite formation.

This solution is stirred and aged, leading to gel
formation. The gel is then dried and calcined again at
approximately 600°C to enhance its crystallinity. The final
product,  nano-hydroxyapatite  powder, is  highly
biocompatible and closely resembles natural bone, making it
ideal for biomedical applications such as bone grafts and
dental implants [18]. The precipitation process was optimized
by maintaining the pH in the range of 9-10 through the
dropwise addition of NaOH, creating favorable conditions for
hydroxyapatite nucleation and growth.

The calcination of the raw materials was carried out at
900 °C for 3 hours to decompose CaCO:s into CaO, followed
by a secondary heat treatment at 600 °C to improve
crystallinity of the final nHAp. For antibacterial testing,
Listeria monocytogenes (Gram-positive) and Salmonella
enterica (Gram-negative) were chosen because they represent
two distinct bacterial groups of clinical and food safety
importance. Their structural differences in cell wall
composition allow a comparative evaluation of the
antibacterial potential of synthesized nHAp.

CaCO3 ——» Ca0 +CO21

Hydroxyapatite nanoparticles were made using the
precipitation method. First, 2.36 g (0.1 mole) of the calcined
CaO from sea shell and squid bone waste was dissolved in
25% pure HNO3. After dissolving, the solution was mixed
with 75% deionized water to create a 0.1 M Ca(NOs),
solution. Next, 0.769 g of a 0.06 M solution of Diammonium
hydrogen phosphate (NH4). HPO4 was incorporated into the
Ca(NOs); solution to attain a Ca/P ratio of 1.67.

The 1M NaOH solution was then added incrementally,
drop by drop, simultaneously stirring the solution with a
magnetic rod to increase the pH to 9. A milky white
precipitate was formed as NaOH was added. Deionized water
was used to wash away the precipitate using Whatman 40
filter paper to remove any residue of ammonium (NH.) ions
and sodium (Na). The obtained precipitate was further dried
at 120°C in a hot air oven. The composite scaffolds exhibited
improved mechanical strength, reaching up to 0.99 + 0.19
MPa [11].

The series of chemical reactions engaged in the process
is described here.
Ca0O + 2HNO3 ——» Ca (NOg3), + H01

@)
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10 Ca (NO3)2 +6 (NH4)2 HPO+—»Cayo (PO4)6 (OHz) +6
NH4 NO3 @)

Caio(PO4)s (OH) + 6NH4 NO3 ml 3hr

Caio (PO4)s (OHy) + 6NH4 NO; (Hydroxyapatite)

4. Results and Discussion
4.1. FT-IR Analysis of HAp Derived from Sea Shell and
Squid Bone Waste

Figure 4 presents the FTIR spectrum of the synthesized
hydroxyapatite (HAp) at 900°C. The spectrum displays key
peaks at 3447, 2924, 2310, 1750, 1642, 1334, 1043, 873, 601,
and 569 cm-1.

The asymmetric stretching of the phosphate group in
HAp correlates with the acute and intense peak at 1043 cm-
1. The bending mode (v4) of the PO43-group is associated
with the peaks at 601 and 569 cm-1.

Like bone mineral, the peak at 873 cm-1 marks the
existence of carbonated apatite with B-type substitution in the
tetrahedral position. Whereas the peaks at 2400 cm-1 and
1750 cm-1 are ascribed to the amine (NH) and amide groups,
respectively, the 2924 cm-1 peak is connected to the
stretching mode of the C-H bond. Along with a minor band
at 1642 cm-1, a broad band spanning 3000 to 3700 cm-1
points to the existence of absorbed water [16, 17].

Both hydroxyapatite samples have peaks with some
variations and additional peaks. The strength of the peaks is
higher in case two. Overall, the synthesized samples of the
hydroxyapatite have been presented in all samples, asserting
that the material is indeed hydroxyapatite, consistent with
previous studies.

100~

3000 2500 2000 1000 500 400

3000 2500 2000 1500 1000 500 400

Fig. 4 FTIR spectrum of the HAp derived from sea shell (top) and
squid bone waste (bottom)
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4.2. XRD Analysis of HAp Derived from Sea Shell and
Squid Bone Waste

Figure 5 illustrates the X-ray diffraction (XRD) patterns
of hydroxyapatite (HAp) obtained from sea shell waste. Main
diffraction peaks are seen at 20 values of 25.87°, 31.80°,
32.19°, 32.54°, 32.94°, and 39.86°, which correspond to the
(hkl) indices of (002), (211), (112), (300), (202), and (310),
respectively. These peaks match well with the standard
values for HAp from the JCPDS File no. 09-0432. No further
impurity peaks were found, even if certain peaks were not
completely resolved. This indicates that the synthesized
material is primarily pure HAp.
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XRD pattern of the HAp derived from sea shell waste
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Fig. 6 XRD pattern of the HAp derived from squid bone waste
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Figure 6 illustrates the X-ray Diffraction (XRD) patterns
of hydroxyapatite (HAp) obtained from Squid bone waste.
Figure 4 presents the X-ray Diffraction (XRD) pattern of
hydroxyapatite (HAp) synthesized from squid bone waste.
The XRD profile exhibits distinct diffraction peaks located at
20 values approximately 25.9°,31.8°,32.2°,32.5°,32.9°, and
39.8°, which correspond to the crystallographic planes (002),
(211), (112), (300), (202), and (310), respectively. These
peaks are in good agreement with the standard reference data
for hydroxyapatite (JCPDS File No. 09-0432), indicating
successful phase formation. The intense peak at 31.8°,
associated with the (211) plane, reflects a high degree of
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crystallinity. The overall absence of impurity peaks such as
those corresponding to calcium oxide (CaO) or other calcium
phosphate phases confirms the phase purity of the
synthesized material.

Furthermore, the moderate broadening of diffraction
peaks suggests the presence of nano-sized HAp crystals.
These observations affirm that the thermal and chemical
treatment of squid bone waste effectively formed pure,
nanocrystalline hydroxyapatite, making it highly suitable for
biomedical applications like bone tissue engineering and

dental regeneration.

4.3. EDX Mapping Analysis and FE-SEM of HAp Derived
from Sea Shell and Squid Bone Waste

The EDX spectrum has helped to establish the elemental
composition of the produced HAp. Figures 7 and 8 show the
EDX spectra of HAp derived from Sea shell waste (Figure 5)
and squid bone waste (Figure 6).

The EDX spectrum shows peaks for oxygen,
phosphorus, calcium, and carbon in both samples, indicating
that these elements are present in the material. This indicates
the formation of hydroxyapatite, which demonstrates its
extreme purity.

Weight MD!

4108 1008 09196 0.10%0 1.0000

Q2 10.30 08281 0.0767 1.0000

4% 1930.17 164 09515 0.7607 10158

1232 002 an

Fig. 7 EDX spectrum of HAp derived from sea shell waste

343403 186 09633 08443 10161

The FE-SEM images of HAp derived from sea shell
waste (on the left side of Figure 9) and squid bone waste (on
the right side) show that the HAp has a hexagonal and rod-
like shape. These rods formed through a process of
crystallization, nucleation, surface regulation, and growth,
where nanoplates attach in an organized way.

This is possible because the nuclei tend to grow along
the c-axis, with phosphate and calcium ions being attracted to
it. The shape of these structures helps improve antibacterial
activity and cell viability because of their high surface area
and aspect ratio.



Saravanan M et al. / IJME, 12(9), 130-138, 2025

OK
612k

s44k cil
476k
408k
34.0k

204k
13.6k
6.8k

0.0k A
0.0 13 26 39 52 6.5 78 9.1 104 1.7 13.0
Det Element
Quant Results
Element Weight % MDL Atomic %  Net Int. Error % R A F
CcCK 4728 006 5766 144275 s 09252 0.1280 1.0000
oK 4148 005 3797 198309 1030 09342 00785 10000
PK 252 001 119 1011.19 67 09563 0.7692 10145
Cak 872 002 319 219360 186 0.9663 09517 10186

Fig. 8 EDX spectrum of HAp derived from squid bone waste
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Fig. 9 FE-SEM image of HAp derived from sea shell waste (left side)
and squid bone waste (right side)

4.4. HR-TEM Analysis of HAp

Figure 8 presents HR-TEM images (top left and top
right) and the corresponding Selective Area Electron
Diffraction (SAED) patterns (bottom left and bottom right)
of HAp derived from sea shell and squid bone waste.
Irregular needle-like structures and hexagonal rods are shown
in the microstructure of HAp.

The results of HR-TEM are consistent with the FE-SEM
outcomes. The SAED patterns (Figure 10) indicate that the
HAp derived from sea shell waste is crystalline, whereas the
HAp derived from squid bone waste shows some differences.

100; n"m
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Fig. 10 TEM image of HAp derived from sea shell waste (top left side)
and squid bone waste (top right side) and the corresponding SAED
patterns

4.5. Antibacterial Activity Test

The synthesized hydroxyapatite with antibacterial [8]
effectiveness was administered against the bacteria with two
strains using the diffusion method with agar. The outcome of
the results is shown in Figure 11. The results indicate that the
samples exhibit effectiveness against both Listeria and
Salmonella, while the negative control, deionized water,
shows no antibacterial activity [10]. The zone of inhibition in
Table 1 shows that HAp nanoparticles have antibacterial
characteristics, suggesting possible microbial control.
Several factors may elucidate these findings. Particularly,
gram-negative bacteria have a thin peptidoglycan layer and a
lipopolysaccharide component that define their cell wall
structure, affecting the permeability of synthetic chemical
molecules, which can disrupt respiratory functions and lead
to cell death. The data suggest that HAp displays marginally
greater antibacterial activity against Salmonella in
comparison to Listeria. Consequently, this sample is deemed
suitable for biomedical applications [19, 20].

Table 1. Antibacterial activity zone of inhibition against Listeria and

Salmonella
HAp HAp
from from
Cultures +Ve -Ve Sea Squid
shell bone
Listeria 16mm _ 6mm 6mm
Salmonella 19mm _ 8mm 11mm

> \f;%wl'i"/rlag, .

Fig. 11 Image of the HAp antimicrobial test results, and negative
control against (a) Listeria, and (b) Salmonella,
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5. Conclusion

Seashell and squid bone waste are promising sources
for creating hydroxyapatite for biomedical use. This study
promotes a simple, affordable, and eco-friendly precipitation
method to produce nano-hydroxyapatite (nHAp) from these
waste materials. The hexagonal and rod-like shapes of the
hydroxyapatite are confirmed using Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), and
Transmission Electron Microscopy (TEM). Additionally, the
phase purity XRD and Fourier-Transform Infrared
Spectroscopy (FT-IR) are used to confirm the substance. The
synthesized hydroxyapatite exhibits superior antibacterial
activity against Salmonella compared to Listeria.
Consequently, the findings indicate that hydroxyapatite may
offer enhanced efficacy and biological safety for promising
medical applications. By recycling seashell and squid bone
waste through this method, society can significantly enhance
waste management practices and promote ecological
sustainability.

5.1. Future Scope and Limitations

The study presents an eco-friendly and cost-effective
method to synthesize nano-hydroxyapatite from sea shells
and squid bone waste with promising biomedical

References

applications. However, further research is needed to test its
antibacterial activity against a wider range of pathogens,
including drug-resistant strains. Key material properties such
as surface area, porosity, and drug-loading capacity were not
examined. The mechanical strength remains insufficient for
load-bearing applications, and essential biocompatibility
studies, including cytotoxicity and in vivo testing, have yet to
be conducted. Future work should focus on improving
scalability, addressing raw material variability, and
integrating advanced fabrication techniques like 3D printing.
Additionally, optimization using pore size and porosity data
can support detailed mechanical analysis and simulation to
enhance structural performance for biomedical use.

Ethical Sourcing Statement

The squid bones used in this study were collected as
waste by-products from seafood consumption and local
markets. No additional animals were harvested for research
purposes, and the study did not involve any live subjects.
Since squid fishing is not restricted in the study region, the
use of discarded squid bones complies with ethical research
standards and promotes the valorization of biowaste for
sustainable material development.

[1] Khelendra Agrawal et al., “Synthesis and Characterization of Hydroxyapatite Powder by Sol-Gel Method for Biomedical Application,”
Journal of Minerals and Materials Characterization and Engineering, vol. 10, no. 8, pp. 727-734, 2011. [CrossRef] [Google Scholar]

[Publisher Link]

[21 TIwekumo Ebibofe Agbozu, and Omatosan Patrick Wategire, “Evaluation of Extracted Cow Bone Hydroxyapatite,” Scholars International
Journal of Chemistry and Material Sciences, vol. 8, no. 3, pp. 138-147, 2025. [CrossRef] [Google Scholar] [Publisher Link]
[3] Richard E. Riman et al., “Solution Synthesis of Hydroxyapatite Designer Particulates,” Solid State lonics, vol. 151, no. 1-4, pp. 393-402,

2002. [CrossRef] [Google Scholar] [Publisher Link]

[4] K. Donadel et al., “Structural, Vibrational and Mechanical Studies of Hydroxyapatite Produced by Wet-Chemical Methods,” Arxiv
Preprint, pp. 1-10, 2004. [CrossRef] [Google Scholar] [Publisher Link]

[5] Shanta Pokhrel, “Hydroxyapatite: Preparation, Properties and Its Biomedical Applications,” Advances in Chemical Engineering and
Science, vol. 8, no. 4, pp. 225-240, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[6] Lubna et al., “Nano Hydroxyapatite in Bone Regeneration: A Literature Review,” World Journal of Advanced Research and Reviews, vol.
16, no. 3, pp. 600-608, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[71 Dare Victor Abere et al., “Mechanical and Morphological Characterization of Nano-Hydroxyapatite (nHA) for Bone Regeneration: A
Mini Review,” Biomedical Engineering Advances, vol. 4, pp. 1-12, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[8] J.H. Shepherd, R.J. Friederichs, and S.M. Best, 11 - Synthetic Hydroxyapatite for Tissue Engineering Applications, Hydroxyapatite (Hap)
for Biomedical Applications, Woodhead Publishing, pp. 235-267, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[91 Hongjian Zhou, and Jacbeom Lee, “Nanoscale Hydroxyapatite Particles for Bone Tissue Engineering,” Acta Biomaterialia, vol. 7, no. 7,

pp. 2769-2781, 2011. [CrossRef] [Google Scholar] [Publisher Link]

[10] Kalpana S. Katti, “Biomaterials in Total Joint Replacement,” Colloids and Surfaces B: Biointerfaces, vol. 39, no. 3, pp. 133-142, 2004.

[CrossRef] [Google Scholar] [Publisher Link]

[11] Md. Kawcher Alam et al., “Synthesis of Nano-Hydroxyapatite Using Emulsion, Pyrolysis, Combustion, and Sonochemical Methods and
Biogenic Sources: A Review,” RSC advances, vol. 14, no. 5, pp. 3548-3559, 2024. [CrossRef] [Google Scholar] [Publisher Link]
[12] A. Beganskiené et al., “Water Based Sol-Gel Synthesis of Hydroxyapatite,” Materials Science, vol. 9, no. 4, pp. 383-386, 2003. [Google

Scholar] [Publisher Link]

[13] J.M. Coelho et al., “Synthesis and Characterization of HAp Nanorods from a Cationic Surfactant Template Method,” Journal of Materials
Science: Materials in Medicine, vol. 21, pp. 2543-2549, 2010. [CrossRef] [Google Scholar] [Publisher Link]

[14] Sanosh Kunjalukkal Padmanabhan et al., “Sol-Gel Synthesis and Characterization of Hydroxyapatite Nanorods,” Particuology, vol. 7,
no. 6, pp. 466-470, 2009. [CrossRef] [Google Scholar] [Publisher Link]


http://dx.doi.org/10.4236/jmmce.2011.108057
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+and+Characterization+of+Hydroxyapatite+Powder+by+Sol%E2%80%91Gel+Method+for+Biomedical+Application&btnG=
https://www.scirp.org/journal/paperinformation?paperid=20905
https://doi.org/10.36348/sijcms.2025.v08i03.007
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluation+of+Extracted+Cow+Bone+Hydroxyapatite&btnG=
https://saudijournals.com/articles/11601/
https://doi.org/10.1016/S0167-2738(02)00545-3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Solution+synthesis+of+hydroxyapatite+designer+particulates&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0167273802005453
https://doi.org/10.48550/arXiv.physics/0402002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Structural%2C+Vibrational+and+Mechanical+Studies+of+Hydroxyapatite+produced+by+wet-chemical+methods&btnG=
https://arxiv.org/abs/physics/0402002
https://doi.org/10.4236/aces.2018.84016
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hydroxyapatite%3A+preparation%2C+properties+and+its+biomedical+applications&btnG=
https://www.scirp.org/journal/paperinformation?paperid=87542
https://doi.org/10.30574/wjarr.2022.16.3.1382
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nano+hydroxyapatite+in+bone+regeneration%3A+A+literature+review&btnG=
https://wjarr.com/content/nano-hydroxyapatite-bone-regeneration-literature-review
https://doi.org/10.1016/j.bea.2022.100056
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical+and+morphological+characterization+of+nano-hydroxyapatite+%28nHA%29+for+bone+regeneration%3A+A+mini+review&btnG=
https://www.sciencedirect.com/science/article/pii/S2667099222000329
https://doi.org/10.1016/B978-1-78242-033-0.00011-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthetic+hydroxyapatite+for+tissue+engineering+applications&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9781782420330000110
https://doi.org/10.1016/j.actbio.2011.03.019
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nanoscale+hydroxyapatite+particles+for+bone+tissue+engineering&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1742706111001310
https://doi.org/10.1016/j.colsurfb.2003.12.002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Biomaterials+in+total+joint+replacement&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0927776503003060
https://doi.org/10.1039/D3RA07559A
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+of+nano-hydroxyapatite+using+emulsion%2C+pyrolysis%2C+combustion%2C+and+sonochemical+methods+and+biogenic+sources%3A+a+review&btnG=
https://pubs.rsc.org/en/content/articlehtml/2024/ra/d3ra07559a
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water+based+sol-gel+synthesis+of+hydroxyapatite&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water+based+sol-gel+synthesis+of+hydroxyapatite&btnG=
https://www.matsc.ktu.lt/index.php/MatSc/article/view/26744
https://doi.org/10.1007/s10856-010-4122-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+and+characterization+of+HAp+nanorods+from+a+cationic+surfactant+template+method&btnG=
https://link.springer.com/article/10.1007/s10856-010-4122-5
https://doi.org/10.1016/j.partic.2009.06.008
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sol%E2%80%93gel+synthesis+and+characterization+of+hydroxyapatite+nanorods&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1674200109001096

Saravanan M et al. / IJME, 12(9), 130-138, 2025

[15] Feray Bakan, Oral Lagin, and Hanifi Sarac, “A Novel Low Temperature Sol-Gel Synthesis Process for Thermally Stable Nano Crystalline
Hydroxyapatite,” Powder Technology, vol. 233, pp. 295-302, 2013. [CrossRef] [Google Scholar] [Publisher Link]

[16] S. Ramesh et al., “Characteristics and Properties of Hydoxyapatite Derived by Sol-Gel and Wet Chemical Precipitation
Methods,” Ceramics International, vol. 41, no. 9, pp. 10434-10441, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[17] S. Roopalakshmi et al., “Investigation of Structural and Morphological Characteristic of Hydroxyapatite Synthesized by Sol-Gel
Process,” Materials Today: Proceedings, vol. 4, no. 11, pp. 12026-12031, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[18] Obinna Anayo Osuchukwu et al., “Taguchi Grey Relational Optimization of Sol-Gel Derived Hydroxyapatite from a Novel Mix of Two
Natural Biowastes for Biomedical Applications,” Scientific Reports, vol. 12, no. 1, pp. 1-17, 2022. [CrossRef] [Google Scholar] [Publisher
Link]

[19] Makoto Otsuka et al., “Mechanochemical Synthesis of Bioactive Material: Effect of Environmental Conditions on the Phase
Transformation of Calcium Phosphates During Grinding,” Bio-Medical Materials and Engineering, vol. 4, no. 5, pp. 357-362, 1994.
[CrossRef] [Google Scholar] [Publisher Link]

[20] Tadashi Kokubo, Hyun-Min Kim, and Masakazu Kawashita, ‘Novel Bioactive Materials with Different Mechanical
Properties,” Biomaterials, vol. 24, no. 13, pp. 2161-2175, 2003. [CrossRef] [Google Scholar] [Publisher Link]

138


https://doi.org/10.1016/j.powtec.2012.08.030
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+novel+low+temperature+sol%E2%80%93gel+synthesis+process+for+thermally+stable+nano+crystalline+hydroxyapatite&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0032591012005955
https://doi.org/10.1016/j.ceramint.2015.04.105
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characteristics+and+properties+of+hydoxyapatite+derived+by+sol%E2%80%93gel+and+wet+chemical+precipitation+methods&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0272884215008615
https://doi.org/10.1016/j.matpr.2017.09.126
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+structural+and+morphological+characteristic+of+hydroxyapatite+synthesized+by+sol-gel+process&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S221478531731859X
https://doi.org/10.1038/s41598-022-22888-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Taguchi+grey+relational+optimization+of+sol%E2%80%93gel+derived+hydroxyapatite+from+a+novel+mix+of+two+natural+biowastes+for+biomedical+applications&btnG=
https://www.nature.com/articles/s41598-022-22888-5
https://www.nature.com/articles/s41598-022-22888-5
https://doi.org/10.3233/BME-1994-4502
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanochemical+synthesis+of+bioactive+material%3A+effect+of+environmental+conditions+on+the+phase+transformation+of+calcium+phosphates+during+grinding&btnG=
https://journals.sagepub.com/doi/abs/10.3233/BME-1994-4502
https://doi.org/10.1016/S0142-9612(03)00044-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Novel+bioactive+materials+with+different+mechanical+properties&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0142961203000449

