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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this study, we have reported the sustainable synthesis of hydroxyapatite (HAp) nanorods using biowaste
materials such as sea shells and Citrus sinensis/Punica granatum fruit peel, as calcium and templating agents,

Keywords: respectively. The hydrothermal method was employed to prepare HAp nanorods with uniform size and shape.

Biowaste XRD, FTIR, SAED, HRTEM, and thermogravimetric analyses confirmed the formation of polycrystalline HAp with

Hydroxyapatite

rod-like morphology. The antibacterial activity of the HAp nanorods was evaluated against S. aureus and E. coli,

N d: . - s . . . . . .
Az?i?):it:rial while the antioxidant activity was assessed using the DPPH method. The incorporation of Citrus sinensis and
Antioxidant Punica granatum fruit peel extracts into the synthesis process imparted antibacterial and antioxidant properties to

Cell viability the HAp nanorods efficiently. The obtained results revealed that the HAp nanorods exhibited concentration-
dependent antibacterial and antioxidant activities. Moreover, Citrus sinensis fruit peel extract-mediated HAp
shows better antibacterial and antioxidant activities than Punica granatum fruit peel extract-mediated HAp.
Moreover, MTT assay and fluorescence-based live/dead staining demonstrated excellent biocompatibility of the
synthesized HAp nanorods with MG63 cells, confirming their suitability for biomedical applications. This
approach has the potential to obtain functional biomaterials while simultaneously promoting waste valorization
and environmental sustainability.

1. Introduction nanostructured hydroxyapatite (HAp) received great consideration for
dental and orthopedic applications owing to its resemblance with the

Current biomaterials research relies on nanotechnology to address mineral component of calcified tissues [4]. Also, nanostructured HAp
the limitations of bulk materials. Nanoscale materials exhibit unique exhibits excellent biocompatibility, bioactivity, and osteoconductivity
properties due to quantum confinement effects and exceptional surface [3,4]. The particle size and shape of nanostructured HAp have a major
area [1-3]. Among the variety of biomaterials available today, impact on its suitability for drug delivery, coatings on metallic implants,
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and making tissue engineering scaffolds. Hence, different methods have
been explored to synthesize nanostructured HAp with various mor-
phologies [4,5]. Moreover, a new technique to improve the properties of
nanostructured HAp may be developed by combining two or more
methods [5,6].

Bacterial infections on implant surfaces are a major issue in ortho-
pedic surgery because they often result in implant failure and need
further surgery [7]. Hence, the functionalization of biomaterials with
antimicrobials to increase their efficacy in treating post-implant in-
fections has been the subject of much investigation in recent years [8,9].
A fascinating new age of research has been opened by the many studies
that have shown the antibacterial and antioxidant properties of metal
nanoparticles made via green synthesis from plant extracts [10,11].
Therefore, HAp nanoparticles synthesized sustainably utilizing plant
extract as the solvent might potentially possess antibacterial and anti-
oxidant properties [12,13]. Unfortunately, uncontrolled nucleation
makes green synthesis a major challenge when trying to synthesize HAp
with a well-defined shape and size. Additionally, green synthesis is a
time-consuming method with limited yield and repeatability [12,13].
On the other hand, well-crystallized and dispersed HAp nanoparticles
with high purity may be achieved effectively using the hydrothermal
technique [4,14]. The key issue with the hydrothermal process, how-
ever, is the inclusion of specific compounds as chelating agents to
regulate the particle size and shape [14]. Phytochemicals in the plant
extracts can control morphology and provide intrinsic antibacterial and
antioxidant properties [12,13]. By combining green synthesis with a
hydrothermal process, it is now possible to synthesize well-defined HAp
nanostructures with inherent antibacterial and antioxidant characteris-
tics [13].

The possible uses of HAp nanoparticles derived from biowaste have
been extensively documented in the literature [5,15-18]. This process
improves material performance and sustainability while lowering
environmental waste and producing HAp with desired properties for
biomedical applications [15,19,20]. Sea shells are one of the best bio-
sources to employ as a precursor for HAp synthesis among the many
calcium-rich biowastes since they contain 95-99 % calcium carbonate
(aragonite) [21,22]. Fernandez-Penas et al. synthesized HAp nano-
particles using sea shells as a calcium source with enhanced osteoin-
ductive properties for biomedical applications [21]. Similarly, Agalya
et al. synthesized antibacterial HAp by doping with silver ions using sea
shells with enhanced mechanical properties [23]. Moreover, to control
the HAp particle size and shape, biowaste-derived phytochemical ex-
tracts have been widely used [12,13]. For example, Kumar et al.
described a biogenic method to prepare HAp nanorods using eggshell
biowaste as the calcium precursor and Curcuma longa tuber extract as the
solvent [16]. This novel approach demonstrated an economically
feasible technique for producing HAp nanorods by using waste materials
and natural components. Likewise, Ali et al. used the
microwave-assisted hydrothermal process to develop homogenous HAp
nanorods deploying licorice root extract as a template [24]. Citrus
sinensis fruit peel is referred to as a biowaste in citrus processing in-
dustries even though it contains abundant bioactive phytochemicals
such as flavonoids, polyphenols, and vitamin C [25,26]. Likewise, Punica
granatum peel is a type of agricultural and food waste that contains a lot
of beneficial substances, including polyphenols, vitamins, dietary fiber,
and antioxidants which possess potent pharmaceutical properties [27].
Hence, the present investigation is aimed at the controlled synthesis of
HAp nanorods by the hydrothermal method by employing seashell as the
calcium source and Citrus sinensis/Punica granatum fruit peel extract as
natural templating for controlling morphology and incorporating
intrinsic antibacterial and antioxidant activity to HAp nanorods for
biomedical applications. While the individual use of seashells as a cal-
cium source and fruit peels as templating agents has been reported, our
work introduces an integrated and one-pot hydrothermal synthesis
approach where both nanostructuring (rod-like morphology) and bio-
functionalization (antibacterial and antioxidant properties) are
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achieved simultaneously using biowaste-derived precursors—without
requiring additional dopants, surface modifiers, or post-synthesis
treatments. This dual-functionality incorporation during synthesis,
particularly using Citrus sinensis and Punica granatum peels, directly into
the HAp crystal structure and surface, imparts enhanced characteristics
in a simplified, sustainable, and scalable route. Furthermore, the
comparative evaluation of two different fruit peel extracts under iden-
tical synthesis conditions to optimize biological performance has not
been reported before, to the best of our knowledge. Thus, the novelty lies
in this concurrent valorization of two distinct types of biowaste to
fabricate multifunctional nanorods in a single step, making it a practi-
cally viable and eco-conscious strategy. The use of biowaste materials
like sea shells and fruit peels can promote sustainability and leverage
their beneficial trace elements and bioactive compounds, improving the
overall functionality of the HAp nanorods.

2. Experimental procedure
2.1. Materials

Sodium hydroxide (NaOH) solution, disodium hydrogen phosphate
(NagHPOy), hydrochloric acid (HCl), Citrus sinensis fruit peel, Punica
granatum fruit peel, and sea shell, were used for this investigation.
Analar-grade chemicals without any further processing were used.

2.2. Synthesis of HAp nanorods

The Citrus sinensis and Punica granatum fruit peel were first harvested
separately and dehydrated at ambient temperature for three days. The
dehydrated peel was then finely pulverized using an electric mixer.
Next, 10 g of peel powder was immersed in 200 mL of distilled water
separately and heated for 2 h at 150 °C under continuous mixing. After
cooling, the extract was filtered and used to prepare calcium and
phosphate precursors. Then, sea shells were collected, cleaned, and
dehydrated at 110 °C for 8 h in a vacuum oven. Afterwards, they were
pulverized into a powder form using a mortar and pestle. Next, 1M
calcium precursor (CaCly) was prepared by dissolving 10 g of seashell
powder in 2M HCI (10 mL) followed by 40 mL of distilled water. Seashell
powder (CaCO3) and HCl react as follows [16].

CaCO3 + 2HCI — CaCly + H0 + COat

Then, the phosphate precursor solution was prepared by dissolving
0.6 M NapHPO4 in 50 mL distilled water. Next, the prepared calcium and
phosphate solutions were added one by one slowly into 100 mL of
prepared peel extract under constant stirring. Consequently, NaOH so-
lution was used to raise the pH of the reaction mixture to 11. The HAp
precipitate was formed according to the below chemical reaction [28].

10CaCl, + 6NayHPO, + 8NaOH — Cajo(PO4)s(OH) + 6H,0 + 20NaCl

The resulting reaction mixture was subjected to hydrothermal
treatment at 120 °C for 10 h. Then, the centrifugation and washing
process were employed to remove the by-product from the resulting
reaction mixture. Finally, the resulting precipitate was subjected to heat
treatment at 100 °C for 10 h to get the final product. It is noted that
samples were prepared separately using Citrus sinensis and Punica gran-
atum fruit peel extract as the templating agent using the above proced-
ure and the obtained sample was named as CS-HAp and PG-HAp. Fig. 1
shows the schematic of the process involved in the synthesis of HAp
nanorods using Citrus sinensis and Punica granatum fruit peel extract and
sea shell calcium source.

2.3. Characterization

X-ray diffraction (XRD) data in the 26 range of 20-60° were obtained
using a Bruker D8 advance powder X-ray diffractometer that was
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Fig. 1. The schematic presentation of the process involved in the hydrothermal synthesis of HAp nanorods using Citrus sinensis and Punica granatum fruit peel extract

and sea shell calcium source.

operated at current and voltage settings of 30 mA and 40 kV using Cu-Ka
monochromatic radiation (1.5406 A). The lattice constants for hexago-
nal structured HAp were calculated using lattice spacing (d) and Miller’s
plane (hkl) value from the XRD pattern via the below relation [29].

1 4(R*+hk+k*) P
& 3@ &

Moreover, the unit cell volume (V) for hexagonal structured HAp was
calculated using the below relation.

3
V=-">xa®xc?
2 X a Xc

The KBr method was used with a Bruker Tensor 27 FT-IR analyzer to
get the FTIR spectra of the prepared samples in the 400-4000 cm ™!
range. A single droplet of sample dispersion prepared with ethyl alcohol
was positioned copper grid in a JEOL JEM 2100 high-resolution trans-
mission electron microscope (HRTEM) to analyze the size, shape, and
lattice structure of the samples. NETZSCH thermal analyzer (Model: STA
449F1 Jupiter®) was used to perform thermogravimetric tracing
(Heating rate: 10 °C/min; Temperature range:30-1000 °C) of the pre-
pared samples.

2.4. Antibacterial activity test

Bacteria that cause bone infections were the targets of the antibac-
terial activity tests. The well-diffusion assay was used to determine the
antibacterial activity of the produced samples against S. aureus and E.
coli [30]. The bacterial inoculum suspension was made by first preparing
nutrient broth, inoculating S. aureus and E. coli separately, and then
incubating them at 37 °C for 8 h. Each bacterial solution was then spread
out evenly on the agar plates’ surface. After that, a 6 mm diameter well
was cut out of the agar plates and then filled with different amounts of
the samples. Chloro tetrocycle (30 pg concentration)- CT-30 was used as
control. The plates were incubated for 24 h at 37 °C. After the time for
growth, the pictures were taken and used to pattern the inhibiting zone
of micro-organisms.

Acridine Orange/Propidium Iodide (AO/PI) dual-staining was
employed to assess the viability of bacterial cells after treatment with
the tested sample [31]. E. coli and S. aureus cultures were grown to the
late log-phase, harvested by centrifugation, and washed thoroughly with
0.85 % NacCl to remove growth media. The bacterial suspension was then
incubated with the test sample for 24 h at 37 °C. After treatment, cells
were centrifuged and washed to remove residual sample, followed by
staining with a 1:1 mixture of Acridine Orange and Propidium Iodide

(2-3 pL/mL) for 15 min in the dark. Fluorescence microscopy was per-
formed, where live (green, AO-stained) and dead (red, PI-stained) cells
were imaged to evaluate the antimicrobial efficacy of the tested
material.

2.5. Antioxidant activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was used to analyze
the antioxidant activity of the prepared samples [32]. The analysis of
antioxidant activity is based on the reduction of the DPPH radical by the
sample. This technique involves analyzing a color shift from violet to
yellow that occurs when the radical is neutralized. The dose-dependent
activity antioxidant activity was examined using the prepared samples
with different concentrations. DPPH was initially dissolved in methanol
at a concentration of 0.3 mM. Next, the DPPH solution (10 mL) was
transferred to test tubes and then prepared HAp samples were added at
different concentrations. The test tubes were then kept in darkness for 1
h. Subsequently, the absorbance of the tested DPHH solution was
determined using a UV spectrophotometer. The antioxidant activity was
calculated from absorbance using the below relation [33].

__ Control — Test

DPPH (%) ==~ —— x 100%

2.6. MTT assay

The MTT assay is a colorimetric assay mostly used in evaluating cell
viability, and cytotoxicity by measuring cellular metabolic activity [34,
35]. MTT assay is based on the enzymatic reduction of a yellow tetra-
zolium salt MTT into insoluble purple formazan crystals by mitochon-
drial enzymes in metabolically active cells. To check the samples for
cytotoxicity, MG-63 osteoblast cells were seeded into a 96-well plate at a
density of 10,000 cells/well in DMEM for 24 h standard culture condi-
tions (37 °C, 5 % CO5) in a CO4 incubator for attachment and stabili-
zation and then treated with for different HAp concentrations ranging
from 50 to 200 pg/mL, while untreated cells were maintained as con-
trols. After 24 h, cells were washed twice with phosphate-buffered saline
(PBS) to remove residual HAp nanoparticles. This allowed the meta-
bolically active cells to reduce the MTT to insoluble formazan crystals.
Subsequently, the MTT solution was removed and 150 pl of dimethyl
sulfoxide (DMSO) was added to each well to dissolve the formazan
crystals. The plate was then shaken gently for 15 min to ensure total
dissolution. The absorbance values were measured at 570 nm using an
ELISA reader Mindray MR-96 (Mindray, Nanshan, China) and cell
viability was calculated as a percentage against the untreated control
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cells.

2.7. Live/dead cell staining by fluorescence assay

Calcein AM is a cell-permeable dye which transforms intracellular
esterases of living cells into green fluorescence, whereas Propidium Ilo-
dide is a membrane-impermeable dye which stains nucleic acids in the
dead cells by emitting red fluorescence [36]. MG-63 osteoblast cells
were seeded for 24 h under standard culture conditions (37 °C, 5 %
COy). Then, cultured cells were treated with the prepared HAp samples
at different concentrations ranging from 50 to 200 pg/mL, whereas
untreated cells were maintained as controls. After 24 h of treatment, the
cells were washed using PBS to eliminate residual HAp nanoparticles.
Then staining solution with Calcein AM (2 pM) and PI (1 pg/mL) were
added to the cells followed by incubation for 15-30 min at 37 °C in dark
conditions. Then, stained cells were visualized under an Olympus fluo-
rescent microscope (CKX53, OLYMPUS, Japan), where fluoresce live
cells were green and dead cells red.

2.8. Statistical analysis

All experiments were performed in triplicates, and the results are
presented as mean + standard deviation (SD). The data were statistically
analyzed using the Statistical Package for Social Sciences (SPSS) soft-
ware (version 16.0; SPSS Inc., USA). Differences between the control and
treated groups were evaluated using a one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test for multiple group com-
parisons. A p-value of less than 0.05 (p < 0.05) was considered statis-
tically significant. Error bars representing the standard deviation were

Intensity (arb. unit)
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included in the respective figures to indicate variability within the data.
3. Results and discussion

Fig. 2 (a) revealed the XRD patterns of the CS-HAp and PG-HAp
samples. The measured angle of diffraction peaks closely matched the
JCPDS data for HAp (File No. 09-0432) in both samples, indicating the
formation crystalline phase as HAp with a hexagonal structure. A sub-
stantial peak resembling bone apatite mineral could be seen in the
31-34° area. This peak is ascribed to diffraction from the (211), (1 1 2),
and (300) Miller’s planes of HAp. The lattice constant and unit cell
volume of the hexagonal structured HAp phase in CS-HAp and PG-HAp
samples were calculated and provided in Table 1. There was a noticeable
difference in the lattice constants between the two samples. Further-
more, the CS-HAp has an increased unit cell size in comparison to the
PG-HAp. This demonstrates that the biomolecules present in Citrus
sinensis extracts interact with calcium ions efficiently and regulate the
growth of HAp crystals during synthesis, hence modifying the unit cell
characteristics. The variation in the lattice parameter could suggest the
interaction between HAp ions and phytochemicals present in the peel
extracts, as supported by Kumar et al. [28].

Fig. 2(b) revealed the FT-IR spectra of the prepared HAp samples and
raw peel extracts. Both HAp samples revealed the vibrations of PO~ and
OH™ ions of hexagonal structured HAp. The peaks at 472 cm ™, 564
em™Y, 602 em™!, 962 em™!, and 1024 cm™! were attributed to the
tetrahedral vibrational modes of the PO} groups of HAp [37,38]. The
peaks at 628 cm™ ! and 3570 cm™! were standard to characteristic
vibrational modes of OH™ ions in the HAp structure [37]. In the FTIR
spectra of both samples, a wide band spanning from 2600 to 3700 cm

."é
3
o
o
8
[1}]
Q
@
=
2 5 4
. ol <
il Citrus sinensis peel extract é oo g
= | —cs-HAp T
Punica granatum peel extract e}
—— PG-HAp
T T T T T
3500 2800 2100 1400 700

Wavenumber (cm™)

PG-HAp
& T s T x T ¥ T " T e T L2 T T
20 25 30 35 40 45 50 55 60
20 (degree)

1004/ \
\
I
954 \ |
— “ ‘I‘
-3 \
< 9049\
2 N
o
= 854
-y
K=
2 80
75
70

\ __.Removal of water

(c)

Decomposition of
_» phytochemicals

150

300

450 600 750 900

Temperature (°C)

Fig. 2. (a) XRD patterns (b) FTIR spectrum and (c) Thermogravimetric trace of the samples.
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Table 1

Ceramics International 51 (2025) 4430644316

The calculated lattice constants and unit cell volume of the hexagonal structured HAp phase in CS-HAp and PG-HAp samples.

Sample Lattice constants (A) Unit cell volume (A3) Lattice distortion c/a
a=b c

CS-HAp 9.4161 + 0.003 6.8791 + 0.005 528.22 + 0.07 0.7305 =+ 0.0008

PG-HAp 9.3784 + 0.002 6.8990 + 0.003 525.51 + 0.06 0.7356 =+ 0.0009

and a peak at 1630 cm ™! was found, which represents the existence of
lattice water molecules [28,37]. FTIR spectrum of raw peel extracts
revealed the fingerprints of phytochemicals. A prominent peak at 1080
cm ! indicates C-O-H interactions of alcohols and esters. The distinctive
peaks at 2929 cm ! and 1447 m ™! belong to C-H stretching and bending
vibrations related to aliphatic chains (-CHz and -CH3) [39,40]. A peak at
1711 ecm ™! indicates the presence of a carbonyl group, which was found
in esters [39-42]. Further, the band at 1632 em s presumably con-
nected to C=C stretching in aliphatic and aromatic compounds. Com-
parision of FTIR spectrum of HAp samples and peel extracts confirm the
existence of phytochemicals in the prepared HApsamples.

The TGA curve of CS-HAp and PG-HAp samples is shown in Fig. 2(c).
It shows the weight loss of the prepared samples as a function of tem-
perature. It revealed around 10-13 % weight loss in both samples up to
150 °C [43] which is owing to dehydration of the samples. Then, a
weight loss of around 10 % for CS-HAp and 7 % for PG-HAp was detected
between 150 and 450 °C representing the decomposition of phyto-
chemicals [44]. TGA results confirm the presence of phytochemicals and
water content in CS-HAp and PG-HAp samples and correlate well with
FTIR analysis.

HRTEM pictures shown in Fig. 3 (a&b) and (d&e) provide evidence
of the existence of HAp nanorods with 10-20 nm in width and 80-150

Fig. 3. HRTEM images of (a-c) CS-HAp and (d-f) PG-HAp samples.
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nm in length in CS-HAp samples, whereas PG-HAp samples contain
nanorods that are 20-30 nm wide and 100-200 nm long. Further, the
nanorods in PG-HAp have relatively uniform size distribution with less
degree of agglomeration than CS-HAp. This difference may be attributed
to the higher presence of phytochemicals in the CS-HAp sample, as
indicated by the FTIR and TGA results. HRTEM images of CS-HAp and
PG-HAp samples at high magnification are revealed in Fig. 3 (¢) & (f)
and show a clear periodic lattice structure which is one of the charac-
teristics of a crystalline material [45]. The regular arrangement of atoms
in the crystal lattice was seen by bright and dark spots. The lattice
spacing was found to be 0.28 A for CS-HAp whereas 0.25 A for PG-HAp.
In certain areas, there are noticeable changes in the orientation of the
crystal lattice, indicating the probable existence of defects within the
crystal lattice [45].

The phytochemicals present in the plant extract play a crucial role in
facilitating the development of HAp nanorod [15,16,21]. Citrus sinensis
and Punica granatum peel extracts are rich in bioactive compounds like
polyphenols, flavonoids, and organic acids [46,47]. These compounds
act as chelating, reducing, and capping agents, stabilizing calcium and
phosphate precursors (e.g., calcium nitrate and diammonium hydrogen
phosphate) while directing controlled nucleation [34]. During the hy-
drothermal process, the reaction mixture is heated in a sealed autoclave
at elevated temperatures and pressures, promoting crystallization and
anisotropic one-dimensional growth into nanorods. The bioactive mol-
ecules selectively interact with specific crystal facets of HAp, aiding in
morphology control [13]. Kalaiselvi et al. reported a mnovel
microwave-assisted green synthesis approach for synthesizing HAp
nanorods using Moringa oleifera flower extract [48]. Similarly, Kumar
et al. developed HAp nanorods using Curcuma longa tuber extract as a
soft template and eggshell as a calcium source via a sol-gel approach
[16]. Also, they synthesized HAp nanorods using Coccinia grandis and
Azadirachta indica through a green approach [28]. The above studies
indicate that the phytochemicals present in the plant extract have the
potential to facilitate the hydrolysis of precursors and the subsequent
growth of HAp nanorods. However, most of the studies show highly
agglomerated nanorods with inhomogeneity [13,28]. In the present
study, we have obtained well-defined HAp nanorod with uniformity. It
revealed phytochemicals present in the Citrus sinensis and Punica
granatum fruit peel extracts are more favourable for the hydrothermal
synthesis of homogeneous HAp nanorods.

The SAED pattern of both samples shown in Fig. 4 revealed a series of
concentric rings that confirm polycrystalline characteristics [45]. In
other words, the SAED pattern indicates that both samples are composed
of numerous small crystallites that are randomly oriented. The positions
of the rings can be indexed to (002), (211), (300), (202), and (310)
planes of hexagonal structured HAp which is well matched with XRD

Ceramics International 51 (2025) 44306-44316

results.

HAp-based materials with antibacterial activity are commonly
required in biomedical applications, such as bone replacement and
repair [13]. However, pure HAp does not possess inherent antibacterial
properties [28]. Fig. 5 revealed the antibacterial activity of CS-HAp and
PG-HAp samples against S. aureus and E. coli CS-HAp and PG-HAp
samples exhibit a large zone of inhibition compared to the control.
Further, Table 2 summarizes the zone of inhibition for each bacterial
strain and dose. As the concentration of the sample increased, both
bacterial strains revealed an increased zone of inhibition. This suggests
that the antibacterial action of CS-HAp and PG-HAp samples against
S. aureus and E. coli is concentration-dependent. Furthermore, the zones
of inhibition may fluctuate for different bacterial strains due to varia-
tions in their cell wall structures and levels of sensitivity to different
phytochemicals present in the CS-HAp and PG-HAp samples. An AO/PI
dual-staining methodology was utilized in fluorescence microscopy to
determine the bacterial cell viability treated with samples. Fig. S1 depict
a different fluorescence scenario, wherein green cells have intact
membranes and are stained by Acridine Orange, while red cells are those
that lost their membrane and were stained by Propidium Iodide. Both
green and red signals represent a mixed population, suggesting a partial
membrane disruption reflecting the antimicrobial activity of the sample
under test. The phytochemicals present in the peel extracts can accu-
mulate with HAp nanoparticles during the synthesis process and provide
inherent antibacterial characteristics, making them potentially anti-
bacterial materials [13]. Gopi et al. have successfully synthesized the
HAp nanoparticles employing Opuntia ficus indica fruit peel as a soft
template and observed intrinsic antimicrobial activity against different
micro-organisms [49]. Umesh et al. found that phytochemicals present
in piper betel extract are useful in incorporating antimicrobial properties
into HAp nanoparticles [50]. Also, Ragunath et al., HAp nanoparticles
with antibacterial activity using Wrightia tinctoria through green syn-
thesis [51]. Likewise, Moringa oleifer [48], Azardirachta Indica, Coccina
granadis [28] and Curcuma longa plant [16] extracts were found to offer
intrinsic antibacterial activity to HAp nanoparticles efficiently. It is well
known that the phytochemicals present in the Citrus sinensis and Punica
granatum fruit peel extract can inhibit the growth of bacteria by different
mechanisms including damaging bacterial membranes, inhibiting key
bacterial enzymes, reducing DNA and protein synthesis and by ROS
generation [52-54]. Fig. 6 revealed the different pathways which are
responsible for the effectiveness of HAp nanorods in inhibiting bacterial
growth. These actions eventually result in an inhibition of bacterial
growth or the death of bacterial cells. The efficacy of various phyto-
chemicals against different bacterial strains might vary owing to the
intricate nature of bacterial resistance mechanisms [55].

Fig. 7 shows the antioxidant activity of CS-HAp and PG-HAp samples

Fig. 4. SAED images of (a) CS-HAp and (b) PG-HAp samples.
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Fig. 5. Antibacterial activity of (a,b) CS-HAp and (c,d) PG-HAp samples against S. aureus and E. coli with 25 mg/mL, 50 mg/mL &100 mg/mL. Chloro tetrocycle with

30 pg/mL was used as control.

Table 2

Summary of inhibition zone diameters (mm) for different bacterial strains treated with varying concentrations of CS-HAp and PG-HAp samples, compared with the

standard antibiotic control, Chlortetracycline (30 pg) — CT-30.

Sample E. coli (mm) S. aureus (mm)

Control (CT30) 25 mg/mL 50 mg/mL 100 mg/mL Control (CT30) 25 mg/mL 50 mg/mL 100 mg/mL
CS-HAp 17 £ 01 22+ 03 25 + 04 26 + 03 20 + 02 25 + 04 30 + 08 33+ 06
PG-HAp 18 +£ 03 20 + 04 24 + 06 25+ 05 19 £ 02 24 + 03 26 + 01 30 + 02

evaluated by the DPPH method. CS-HAp samples had radical scavenging
activities of 77 % (25 mg), 84 % (50 mg), 89 % (75 mg), and 95 % (100
mg) while PG-HAp samples had radical scavenging activities of 58 %
(25 mg), 69 % (50 mg), 75 % (75 mg), and 84 % (100 mg). The obtained
results revealed that CS-HAp samples exhibited consistently higher
antioxidant activity than PG-HAp samples for all concentrations which
may be due to different bioactive compounds present in the respective
HAp samples. Citrus sinensis peel contains flavonoids, phenolic acids,
and ascorbic acid whereas Punica granatum fruit peel is rich in ellagi-
tannins, flavonoids, and phenolic acids [25-27,52,55]. The phyto-
chemicals present in both extracts are responsible for the observed
antioxidant activity of CS-HAp and PG-HAp samples. The phytochemi-
cals present in Citrus sinensis and Punica granatum fruit peel are
well-known for their strong antioxidant properties [25,27]. Therefore,
the inherent attributes of phytochemicals in peel extracts enable HAp
nanorods to successfully eliminate and neutralize reactive oxygen spe-
cies (ROS) and free radicals, which are crucial in preventing oxidative
stress-related harm in biological systems [56]. They can contribute to
primary tissue health by controlling cellular redox signaling pathways,

which help shield cells from oxidative damage.

The superior performance of CS-HAp in antibiosis and ROS scav-
enging compared to PG-HAp can be attributed to the higher concen-
tration of bioactive phytochemicals in Citrus sinensis peel extract. Citrus
sinensis peel contains a diverse range of bioactive compounds, such as
alkaloids, flavonoids, phenols, saponins, tannins, phytosterols, diter-
penes, and glycosides, which collectively enhance antibacterial and
antioxidant activities [25,27,52,54]. These compounds are more effec-
tive in functionalizing the HAp surface, promoting stronger interactions
with bacteria and ROS scavenging, and improving the overall activity. In
contrast, Punica granatum peel extract is rich in polyphenols, flavonoids,
tannins, anthocyanins, and organic acids, which also possess antibac-
terial and antioxidant properties but are less effective in comparison to
the phytochemicals in Citrus sinensis. As confirmed by FTIR analysis, the
higher concentration of active compounds in CS-HAp contribute to its
better performance in antibiosis and ROS scavenging. These phyto-
chemicals also play a key role in the formation and stabilization of the
HAp nanorods during synthesis, enhancing their activity [25,40].

The HAp nanoparticles prepared through plant extract-mediated
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Fig. 6. The schematic of different pathways that are responsible for the effec-
tiveness of HAp nanorods in inhibiting bacterial growth.
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Fig. 7. Antioxidant activity of CS-HAp and PG-HAp samples.

green synthesis are widely used as antioxidants and antibacterials in
biomedicine. Table 3 gives a summary of HAp nanoparticles obtained
via a green approach using different plant extract and their character-
istics. This table obviously supports our findings.

Fig. 8 shows the results of an MTT assay performed to evaluate the
cell viability of CS-HAp and PG-HAp samples at concentrations of 50,
100, and 200 pg/mL. Both biomaterials exhibit high cell viability (>80
%) across all tested concentrations, indicating excellent cytocompati-
bility and minimal cytotoxic effects. At 50 pg/mL, cell viability is close
to 100 % for both samples, while a slight decrease is observed at 100 pg/
mL and 200 pg/mL. However, the values remain well above the 80 %
threshold, confirming that both materials are biocompatible even at
higher concentrations. Fig. 9 shows microscopic images of MG63 cells
treated with synthesized HAp nanoparticles (CS-HAp and PG-HAp) at
varying concentrations (50 pg/mL, 100 pg/mL, and 200 pg/mL),
alongside untreated control cells. The control group demonstrates well-
grown, intact MG63 cells forming a monolayer, characterized by their
polygonal shape and visible cellular extensions. For the CS-HAp and PG-
HAp treated groups, the images show that the cells maintain their

Table 3

Recent studies on the development of HAp-based antioxidants and antibacterials

Ceramics International 51 (2025) 4430644316

using different plant extracts.

S. Plant extract Morphology of Application in Authors
No HAp biomedicine
1 Moringa oleifera Nanorods Antibacterial and [48]
antifungal activity
2 Curcuma longa Nanorods Antibacterial [16]
tuber activity
3 Azadirachta indica ~ Nanorods Antibacterial [28]
& Coccinia grandis activity
leaf
4 Opuntia ficus indica ~ Nanoparticles Antibacterial and [49]
fruit peel antifungal activity
5 Lavender and basil Nanoparticles Antibacterial [571
essential oils activity
6 Piper betel leaf Cylindrical-like Antibacterial and [50]
nanoparticles antibiofilm
activity
7 Parkia biglobosa Agglomerated Antioxidant [58]
pulp nanoparticles activity
8 Red beetroot Nanocomposite Antioxidant [59]
activity
9 Terminalia Arjuna Spherical Antioxidant [60]
bark nanoparticles activity
10 Citrus sinensis & Nanorods Antibacterial and Present
Punica granatum Antioxidant study
peel activity
120
| £%=3 CS-HAp
100{ . EER PG-HAp
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Fig. 8. Cell viability results of CS-HAp and PG-HAp at varying concentrations
evaluated using the MTT assay.

morphology and integrity across all tested concentrations. The cells
appear well spread with visible cellular extensions, resembling the
control group. No significant changes in cell density or morphology were
observed, indicating that the HAp nanoparticles did not cause toxicity or
adverse effects on the cells. These findings align with the MTT assay
results shown in Fig. 8 where cell viability remained greater than 80 %
even at the maximum concentration of 250 pg/mL. The compatibility
and retention of cell morphology in the treated samples demonstrate
that both CS-HAp and PG-HAp nanoparticles are biocompatible and
non-toxic to MG63 cells. This confirms the suitability of the synthesized
HAp nanoparticles for biomedical applications due to their excellent cell
compatibility and viability.

Fig. 10 shows live/dead cell staining of MG63 cells treated with CS-
HAp and PG-HAp nanoparticles at different concentrations (50 pg/mL,
100 pg/mL, and 200 pg/mL) using a fluorescence assay. The green
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Control

Fig. 9. Microscopic images of MG63 cells treated with CS-HAp and PG-HAp at different concentrations.
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Fig. 10. Live/dead cell staining of MG63 cells treated with CS-HAp and PG-HAp at different concentrations using a fluorescence assay.

fluorescence indicates live cells, while red fluorescence represents dead
cells. The control group shows a high density of live cells with no visible
cell death. For both CS-HAp and PG-HAp treatments, the cells retain
viability at lower concentrations (50 pg/mL and 100 pg/mL) with
minimal dead cells observed. At the highest concentration (200 pg/mL),
slight cytotoxicity is evident, as indicated by the presence of dead cells
(red staining), though the majority of cells remain viable. The results
confirm the biocompatibility of CS-HAp and PG-HAp nanoparticles, with
cell viability remaining high across all concentrations. This assessment
describes the appropriateness of CS-HAp and PG-HAp for biomedical
applications, such as in bone tissue engineering, requiring biocompati-
bility to promote cell growth and viability [61].

The search for advanced functional biomaterials with functional
properties is indeed a fascinating area in the field of nanotechnology and
biomedicine [1,2]. Hydrothermal-assisted phyto-fabrication presented
in the current study is one such method. This method not only enhances
the functional properties of HAp nanorods but also promotes environ-
mental sustainability. The significance of this study lies in its multifac-
eted approach to material synthesis, which addresses both
environmental and biomedical challenges. By utilizing waste materials
such as sea shells and fruit peels, the research promotes waste valori-
zation and environmental sustainability [12,13]. Sea shells, primarily
composed of calcium carbonate, serve as an abundant and cost-effective
calcium source for HAp synthesis. The conversion of these waste mate-
rials into valuable biomedical products supports the principles of green

chemistry and a circular economy [62,63]. Furthermore, the incorpo-
ration of natural extracts from Citrus sinensis and Punica granatum peel
peels incorporate the bioactive compounds that enhance the antibacte-
rial and antioxidant properties of the HAp nanorods, representing a
significant advancement in material science and biomedical engineer-
ing. These properties are crucial for biomedical applications, particu-
larly in bone tissue engineering, drug delivery systems, and
antimicrobial coatings [13]. This study not only highlights the potential
of waste materials in creating high-value biomedical products but also
demonstrates the importance of integrating natural bioactive com-
pounds to enhance the functional properties of synthetic materials [20].
This study also demonstrates how traditional waste materials can be
transformed into high-value products with significant therapeutic ben-
efits. The innovative approach of this research aligns with sustainable
development goals and paves the way for future advancements in the
development of eco-friendly and highly effective biomaterials.

4. Conclusion

This study demonstrates a successful sustainable synthesis of HAp
nanorods from biowaste materials such as sea shells, Citrus sinensis, and
Punica granatum fruit peels as calcium and templating agents. Hydro-
thermal treatment yielded uniform, well-defined HAp nanorods that
possess excellent antibacterial and antioxidant properties as well as
biocompatibility. Of the synthesized materials, Citrus sinensis-mediated
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HAp (CS-HAp) showed better antibacterial and antioxidant activity than
HAp mediated by Punica granatum (PG-HAp). Also, biocompatibility
tests comprising MTT assay and live dead staining for cells showed a
high cell viability, growth, and morphology integrity for MG63 cells
treated with the synthesized HAp nanorods, thereby affirming the ability
of these nanorods for biomedical applications. The influence of phyto-
chemicals from Citrus sinensis and Punica granatum moieties not only
controlled morphology but added value to the intrinsic bioactive prop-
erties of HAp. This research highlights the development of environment-
friendly and high-efficiency biomaterials further intended for bone tis-
sue engineering applications while upholding environmental sustain-
ability through biowaste valorization.
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