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SUMMARY

Research background. In India, widespread dietary deficiency in calcium and vitamin
D is a significant public health concern. Over the past five decades, evidence has shown
a decline in dietary calcium intake in rural, tribal and urban populations. This persistent
deficiency poses a serious risk to bone health and contributes to the development of rick-
ets, osteoporosis and osteopenia, as well as potential disturbances in metabolic rates and
physiological functions. A key factor in this decline appears to be the reduced consump-
tion of calcium-rich dairy products. As a result, research is exploring alternative, highly
bioavailable sources of calcium, such as those derived from fish bone waste. The potential
of nano-calcium supplements to improve absorption and bone density compared to tra-
ditional supplements is an area of active investigation.

Experimental approach. Nano-calcium powder was synthesised from the bones of two
commercial fish species, Daysciaena albida and Otolithes ruber, ethically sourced from the
Kerala coast following relevant regulations. Alkali extraction method was used and the
resulting nano-calcium powder was characterized by various physiological and chemical
analyses.

Results and conclusions. The yield percentage of two samples was different. Notably,
both samples had different colour properties, proximate composition and results of scan-
ning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). The na-
no-calcium from D. albida also contains slightly more calcium and phosphorus than that
from O. ruber. The nanoparticles of the calcium from D. albida (d=153.8 nm) were also small-
er than the nanoparticles of the calcium from O. ruber (d=337.1 nm). Interestingly, further
analyses using techniques such as Fourier transform infrared spectroscopy (FTIR), zeta
potential, thermogravimetric analysis (TGA) and X-ray diffraction (XRD) showed signifi-
cant similarity between the nano-calcium samples from D. albida and O. ruber, despite the
initial differences in yield, composition and particle size. This result suggests that the
choice of fish species significantly affects the yield, composition and properties of the
synthesised nano-calcium powder with D. albida appearing to be a more favorable source,
but both products can exhibit similar functionality and warrant further investigation.

Novelty and scientific contribution. This is the first report on the extraction and charac-
terization of biogenic nano-calcium from two commercial fish, Daysciaena albida and Oto-
lithes ruber from the Malabar Coast, India. The extracted nano-calcium powders from these
two fish are a good source of calcium and help overcome calcium-related disorders.

Keywords: fish bones; biogenic nano-calcium; particle size analysis; zeta potential; XRD
analysis

INTRODUCTION

Calcium is the most abundant mineral in the bones and teeth of the body (7). During
the growth phase of humans and animals, bones are formed and remodelled with constant
absorption and deposition of calcium. The Indian Institute of Medicine states that the dai-
ly calcium requirement varies from 600 to 1300 mg/day depending on age and gender (2).
The Indian Council of Medical Research (ICMR) recommends a daily calcium intake of 600
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mg/day for both genders (3). Typical daily calcium consump-
tion in South Asia and India ranges from 400 to 500 mg/day,
which is lower than in the USA and Northern Europe (900 and
1000 mg/day) (4,5). Calcium plays a crucial role in maintaining
the proper functionality of both circulatory and neuromus-
cular systems and acts as a cofactor for several hormones and
enzymes that also influence the immune system. However,
insufficient calcium in the body can lead to disrupted bone
growth, osteoporosis and osteomalacia (6,7). Despite health
risks, Asians consume a negligible amount of calcium <500
mg/day (8).

Calcium deficiency and metabolic bone disease are an
important co-morbidity in coeliac disease, with around
three-quarters of newly diagnosed patients having reduced
bone mineral density. As a result, osteopenia and osteoporo-
sis can be telltale signs of atypical coeliac disease (9). To rec-
tify this, coeliac patients should receive calcium supplements.
However, the exorbitant treatments and calcium supple-
ments taken for a prolonged period of time, such as calcium
sulfate (gypsum) and calcium carbonate (limestone) com-
pounds, can cause side effects such as breast cancer, heart
problem:s, etc. (10). To avoid this, the use of natural sources of
calcium is an effective way. Lactose intolerance, a condition
resulting from inadequate production of the enzyme lactase,
can hinder the digestion of lactose contained in dairy prod-
ucts, leading to possible side effects such as diarrhoea, flatu-
lence, abdominal cramps, abdominal distension and in-
creased bowel movements in affected individuals (77). As a
solution, calcium is extracted from food processing by-prod-
ucts such as eggshells and fish bones (72). Calcium from cow
and pig bones was frequently linked to health issues and re-
ligious restrictions (73). However, calcium from seafood is con-
sidered a promising supplement for a healthy diet (72).

Fish bones, which are commonly considered waste in
the seafood industry, contain large amounts of calcium and
phosphorus (74). They contain valuable minerals such as cal-
cium phosphate, creatine phosphate and hydroxyapatite
(Cay,(OH),(PO4),), which are crystalline structures attached
to collagen fibres (75). Furthermore, fish bones contain near-
ly 60-70 % mineral of its total mass (76) and 34-36 % calcium
(17), making them a promising source of calcium supple-
ments for humans. Transforming fish bone waste into bioac-
tive materials offers a novel and sustainable production
method in materials science (78). One of the major demersal
finfish resources exploited along the coast of Kerala is sciae-
nids, which constitute 6.9 % of the demersal fish landings
(19,20). Thus, the aim of this study is to produce and charac-
terize nano-calcium from two commercial fish, namely Day-
sciaena albida (two-bearded croaker) and Otolithes ruber (ti-
ger-toothed croaker) from the Kerala coast.

MATERIALS AND METHODS

Chemicals

NaOH and HCl were procured from HiMedia (Maharastra,
India) and Merck (Ahmedabad, India) respectively. Petroleum

benzene, boric acid, sulfuric acid, copper sulphate, potassium
sulphate, methyl orange and nitric acid were purchased from
HiMedia.

Extraction of nano-calcium from Daysciaena albida and
Otolithes ruber

Fish were purchased from a local fish market (Cham-
bakkara, Kochi, India). They were cleaned and filleted and the
bones were separated from the meat. Fish bones were stored
inafreezer until use. The production process of nano-calcium
powder is shown in Fig. S1. Frozen fish bones were thorough-
ly washed and boiled for an hour (27). The bones with pieces
of meat attached were separated and dried in a hot air oven
(model KOS-6; Kemi, Kerala, India) at 50 °C for 24 h. The fish
bone was autoclaved (model 7431 SLEFA; Equitron, Mumbai,
India) at 121 °C for 3 h followed by drying in a hot air oven at
50 °C for another 24 h. The fish bone was crushed in a mortar
and pestle and ground in a blender for 1 min. The obtained
powder was labelled as coarse calcium powder and the yield
(%) was calculated.

HCI (1 M) was added to the obtained powder (1:5 m/V) (15)
and stirred for 1 h (model KMS-350; Kemi) followed by incu-
bation (model CBS 260; Binder, Hong Kong, SAR China) for 24
h at room temperature. The solution was centrifuged (model
Sorvall™ ST 16; Thermo Fisher Scientific, Bremen, Germany)
at 1711xg for 15 min to remove HCl from the coarse bone
meal. The collected supernatant was mixed with NaOH at a
ratio of 1:5 (m/V), heated at 100 °C for 60 min and centrifuged.
The process was repeated three times. After that, the super-
natant was collected and adjusted to neutral pH (model pH
550 benchtop; Oakton, Bangalore, India) using 1 M HCl and
then centrifuged at 1711xg for 15 min. The sediment was then
transferred to a ceramic tray and dried in a hot air oven at 50
°C for 15-18 h. After drying, the sediment underwent a refin-
ing process for 45 min in a ball miller (model PM 100; Retsch
GmbH, Haan, Germany) and was sieved through a 50-um
mesh sieve. The powder obtained from Daysciaena albida
and Otolithes ruber was labelled as Daysciaena nano-calcium
(DNC) and Otholithes nano-calcium (ONC), respectively. The
obtained yield was calculated.

Determination of yield

Theyield of the extracted nano-calcium powders was cal-
culated using the following formula (72):

m(nano-calcium)
Y=| ——— = |-100 /1/
m(dried bone)

Colour analysis

L* (lightness), a* (redness/greenness) and b* (yellowness/
blueness) colour values of the extracted nano-calcium pow-
der were assessed using a colorimeter (model MiniScan EZ
4000; HunterLab, Reston, VA, USA). To measure the total col-
our difference (AE), the following equation was used:
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AE"=\(AL')? +(Aa")? +(Ab)? 12/
where AL*, Aa* and Ab* are the differences between the cor-

responding sample and the white standard (L¥*=93.63,
a*=—-0.94 and b*=0.40).

Particle size analysis

The particle size of different samples was measured as
described by Yin et al. (16) with slight modifications. The sam-
ple (50 mg) was dissolved in 50 mL ultrapure water and ad-
justed to pH=2.0 using 1 M HCl to facilitate particle disaggre-
gation. The mixture was homogenised (model Ultra-Turrax
50T; IKA Werke GmbH & Co. KG, Staufen, Germany) at 38xg
for 15 min. The particle size distribution of the powder sam-
ples was measured using a laser diffraction technique with a
particle size and zeta potential analyzer (model nanoPartica
SZ-100V2; Horiba, Kyoto, Japan).

Scanning electron microscopy with energy-dispersive
X-ray spectroscopy analysis

Energy-dispersive X-ray (EDX) spectrum and elemental
mapping were evaluated using a scanning electron micro-
scope (SEM) attached to an EDX spectroscope detector (mod-
el JSSM-5400; Joel, Tokyo, Japan) at 15 kV as described by Ben-
jakul et al. (17) with some modifications.

Proximate composition analysis

Proximate analysis of moisture (AOAC 950.46), protein
(AOAC 920.153), fat (AOAC 960.39) and ash (AOAC 928.08) con-
tent of nano-calcium powder was carried out following the
method of AOAC (22).

Inductively coupled plasma-mass spectrometry analysis

The determination of major and trace minerals such as
Na, K, Mg, P, Ca, Fe, Cu and Zn from the obtained nano-calci-
um powders was carried out with the use of an inductively
coupled plasma-mass spectrometer (ICPMS; model iCAP RQ;
Thermo Fisher Scientific, Waltham, MA, USA) with helium ki-
netic energy discrimination (KED) mode following the meth-
od of Leme et al. (23) with slight modifications.

Fourier transform infrared spectroscopy analysis

The functional groups of the obtained nano-calcium
powders were examined using a Fourier transform infrared
(FTIR) spectrophotometer (model-FT9700; Perkin Elmer,
Waltham, MA, USA) with a scan range from 400 to 4000 cm™.
The resolution was set at 0.2 cm™" and each sample under-
went 64 scans. The preparation of all samples was carried out
using the KBr pellet method (24).

Zeta potential analysis

Nano-calcium powders were diluted to 0.1 g/100 mL with
distilled water and the pH value was adjusted to 7.0 using 1M

HCL and NaOH (76). The zeta potential of the nano-calcium
powders was determined using a nanoparticle analyzer
(model SZ-100; Horiba, Kyoto, Japan) equipped with a di-
ode-pumped solid-state (DPSS) laser at 532 nm as the light
source.

X-ray diffraction analysis

Microstructural properties of the obtained nano-calcium
samples were analysed using an X-ray diffractometer (model
D8 Advance A25; Bruker, Karlsruhe, Germany). The sample
was spread over a low-background sample holder (amor-
phous silica holder) and secured on the sample stage within
the goniometer. The instrument was configured with B-B ge-
ometry and the material was examined at an angle of 26=8-
80°. The X-ray diffraction (XRD) pattern was recorded with a
current and voltage set at 40 mA and 40 kV, respectively. The
percentage of crystallinity was calculated using the following

equation:
A(peak
L].‘]OO /3/

Crystallinity—[A(t : I)
ota

Thermogravimetric analysis

The thermal properties of the extracted nano-calcium
powders were analysed using a thermogravimetric analyzer
(model STA 7300; Hitachi, Tokyo, Japan). A small portion of
the sample was weighed in an aluminium pan and sealed.
The scanning spanned from 300 to 800 °C at a heating rate of
10 °C/min in a nitrogen atmosphere.

Statistical analysis

Each experiment was conducted in triplicate and Statis-
tical Package for the Social Sciences (SPSS) v. 26.0 software
(25) was used to statistically analyze the data. The results
were presented in the form of mean valuetstandard
deviation (S.D.). One-way analysis of variance (ANOVA) and
Duncan’s multiple range tests were used to determine the
significant differences in mean values among the different
treatments. A significance threshold of p<0.05 was applied.

RESULTS AND DISCUSSION

Yield of nano-calcium powders

Yield of the product is of significant economic impor-
tance. The yield of the extracted nano-calcium varied be-
tween (41.0+1.0 %) from D. albida and (28.0+1.5 %) from O.
ruber samples. Nano-calcium from D. albida showed signifi-
cantly higher yield than that from O. ruber (p<0.05). This may
be due to the smaller and thinner bone structures of ti-
ger-toothed croaker (O. ruber), while two-bearded croaker (D.
albida) had larger, denser and thicker bone particles. This var-
iation inyield can also be attributed to the higher fat content
in tiger-toothed croaker bones, which led to saponification
between fat and alkali during the alkaline extraction process
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and thus to an increased loss of nano-calcium powder (12). A
longer heating period reduced the yield of nano-calcium
powders due to a large loss of solid fraction from the bones.
Thus, the amount of nano-calcium produced was mainly in-
fluenced by the heating method (26). However, the yield of
nano-calcium powder of 7.6-12.9 % from starry triggerfish
(Abalistes stellaris) and 7.8 % from red snapper (Lutjanus mal-
abaricus) bone (27,28) was lower than that obtained from the
powders of D. albida and O. ruber. Moreover, Zainol et al. (29)
obtained a relatively higher yield of 68 % from tilapia fish
scales using the alkali extraction method. Nano-calcium pow-
ders extracted from six commercial species had a yield of 20—
50 % (12) and Kastuwonus pelamis achieved a yield of 40 % (6),
which was closely related to the obtained nano-calcium pow-
ders. Thus, the extraction process and species affected the
yield.

Colour of nano-calcium powders

The highest L* value is favoured for the nano-calcium
powder (Fig. S2), which is similar to the hydroxyapatite crys-
tal products (29). L* a* b* and AE values of nano-calcium from
D. albida and O. ruber are shown in Table 1. The nano-calcium
powder from brackish water fish (D. albida) had a significant-
ly brighter colour than the marine fish (O. ruber) (p<0.05). This
was mostly due to the fat content of the nano-calcium from
O. ruber, which was higher than that of D. albida (Table 1). The
higher fat content contributed to a slightly darker hue of the
nano-calcium powder from O. ruber (p<0.05). The presence
of organic materials, especially protein and fat content in fish
bones plays a crucial role in influencing the colour of na-
no-calcium powder and results in a deeper shade (77). The
colour values determined by Kusumavati et al. (12) for nano-
-calcium powder from six commercial species were consist-
ent with the results of this study. In contrast, the L*value was
higher than the previous reports (77,30). Amos et al. (37) em-
phasise that the mostimportant factors influencing the qual-
ity of fishery products were time and temperature tolerance.

Proximate composition of nano-calcium powders

The comparison of the chemical composition of coarse
fish bone and nano-calcium powder is shown in Table 1. Both
types can maintain a moisture mass fraction of 0.5-0.7 %. The
increased ash mass fraction in nano-calcium powder, com-
pared to coarse bone powder, suggested that alkali-based

chemical extraction led to lower protein and fat content
(p<0.05). The comparison of chemical composition between
the brackish water (Daysciaena albida) and the seawater (Oto-
lithes ruber) fish did not show significant differences. The ash
mass fraction of 75.0 and 63.8 % of the nano-calcium from D.
albida and O. ruber, respectively, was lower than that of the
nano-calcium from Katsuwonus pelamis, an Indonesian com-
mercial fish bone waste and bones of Lutjanus malabaricus
and Channa striata, which had reported ash content of 85.72,
76.15-86.76, 87.08 and 98.09-99.04 %, respectively (6,12,28,
32). The higher ash mass fraction corresponded to a negligi-
ble amount of organic matter, such as fat and protein. The
nano-calcium from D. albida and O. ruber had protein mass
fraction of 4.7 and 6.9 % and fat mass fraction of 1.7 and 8.9
%, respectively, which was consistent with the study of Kus-
umavati et al. (12). However, previous studies had shown that
the protein and fat content of fish bone nano-calcium pow-
der varied and depended on the pre-treatment and fish spe-
cies (33-35).

Farticle size of nano-calcium powders

The nano-calcium powders obtained from the two fish
species had a particle size of less than 600 nm, with an aver-
age particle size of 153.8 nm for the powder from D. albida
and 337.1 nm for that from O. ruber. This was consistent with
the results of Zhang et al. (36) and Kusumavathi et al. (72),
where the particle size ranges 100-120 nm and 87.37-281.4
nm, respectively. In contrast, Anggraeni et al. (28), Gnanase-
karan et al. (37), Rashad (38), Le Ho et al. (39), Anggraeni (27),
Prinaldi et al. (30) and Benjakul et al. (33) reported different
particle size distributions of 440.41, 50-80, 250-2500, 39.42,
500, 259 and 17 070-20 290 nm, respectively. The nano-size,
which is smaller than the microscopic size, facilitated faster
entry into the mineral receptors and uptake by the cells, as
found by Sumarto et al. (40). Smaller particle sizes were asso-
ciated with greater degradation of the collagen matrix and a
larger surface area, resulting in higher solubility of the parti-
cles when introduced into a solution.

SEM-EDX morphology and elemental composition
of nano-calcium powders

The SEM-EDX images of nano-calcium from D. albida and
O. ruber are shown in Fig. 1. The SEM-EDX scan showed that
the nano-calcium powders from both fish species tended to

Table 1. Colour and proximate composition of coarse fish bone and nano-calcium powders

Sample L* a* b* AE
DAB (54.4+0.8)° (10.3£0.2)* (23.0+0.8)° (46.7+1.0)
DNC (78.1£0.6)° (3.3+0.1)¢ (13.8+0.6)° (21.1£0.5)°
ORB (53.3+0.9)¢ (7.7+0.1)° (23.9+0.6)° (47.6+1.0)°
ONC (70.7+0.4)° (3.8+£0.4)° (12.3£0.4)° (26.3+0.4)°

w/%
Moisture Ash Fat Protein
(0.049+0.004)° (54.5+2.6)° (7.02+0.04)¢  (19.763+0.683)°
(0.08+0.03)° (75.0+3.6)° (1.7£0.5)¢ (4.7+0.5)4
(0.7+0.4)° (54.6+2.7)° (22.6+1.0)° (25.7+1.8)%
(0.08+0.034° (63.8+2.6)° (8.9+1.2)° (6.9+0.9)¢

Results are expressed as mean valuexS.D. (N=3). Different letters in superscript in the same column indicate significant differences (p<0.05).
DAB=bone of Daysciaena albida, DNC=nano-calcium from Daysciaena albida, ORB=bone of Otolithes ruber, ONC=nano-calcium from Otolithes

ruber
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Fig. 1. The appearance of nano-calcium powder particles from two
different fish species and the composition of their elements were de-
termined by SEM-EDX: a) nano-calcium from D. albida, b) EDX spectra
of nano-calcium from D. albida, c) nano-calcium from O. ruber and d)
EDX spectra of nano-calcium from O. ruber

agglomerate in the dry state and had an asymmetric shape
with a size ranging from 100 to 600 nm. The SEM-EDX analy-
sis of the elements showed significant amounts of oxygen
and carbon in addition to Ca and P, as well as other trace ele-
ments such as Na, Cl, Mg, Fe and Zn. The mass fraction of Ca
varied between 12.25 and 2.62 % for the nano-calcium from
D. albida and O. ruber, respectively. The nano-calcium from D.
albida and O. ruber had phosphorus content of 8.31 and 1.59
% respectively. Interestingly, the Ca/P molar ratio of the na-
no-calcium from D. albida and O. ruber was 1.47 and 1.64, re-
spectively, which differs from the stoichiometric value of hy-
droxyapatite of 1.67 and is referred to as calcium-deficient
hydroxyapatite (CDHA) by Janek et al. (47). The Ca/P molar
ratio of nano-calcium from tiger-toothed croaker (1.64) was
closest to the stoichiometric value of hydroxyapatite. Similar
results were reported by Benjakul et al. (77) and Kusumavati
etal. (12), with Ca/P ratios ranging from 1.62 to 1.65 and 1.41
to 1.57, respectively. In contrast, Wijayanti et al. (35) reported
that the Ca/P molar ratio of bio-calcium powder from Asian
seabass ranged from 1.29 to 1.31, which was lower than the
current results. However, Rashad et al. (38) and Le Ho et al. (39)
reported that the Ca/P ratio of Egyptian Nile tilapia and Lates
calcarifer bone was 2.25 and 1.84, which was higher than the
stoichiometric value of hydroxyapatite and showed that they
belong to B-type biological hydroxyapatites. FTIR analysis sup-
ported the SEM-EDX test and showed a significant amount
of carbon and oxygen components in these fish bone nano-
-calcium powders. These powders contain phosphate groups

and various organic compounds, including lipids and pro-
teins, as confirmed by the proximate analysis results.

Mineral composition of nano-calcium powders

Trace mineral composition analysis (Table 2) showed that
the nano-calcium from D. albida and O. ruber had an in-
creased calcium and phosphorus content due to the higher
ash content as a result of alkali extraction. The bones of brack-
ish and saltwater fish showed no significant differences in
chemical composition, except for the bones of tiger-toothed
croaker, which had significantly different fat values. Defatting
of the bones of tiger-toothed croaker with petroleum ether
improved mineral extraction. The results showed that phos-
phorus and calcium were the most abundant minerals in the
nano-calcium from D. albida and O. ruber, followed by sodium
and magnesium and then trace elements such as Fe, Zn and
Cu. Similar results were obtained in the study of Le Ho et al.
(39), where nano-hydroxyapatite from the bones of Lates cal-
carifer contained major and trace elements such as Fe, K, Mg,
Na, Zn and Se. Compared to other studies, lower mineral val-
ues were observed, such as sodium content of 0.19 % in na-
no-calcium from Litopenaeus vannamei shells (42) and calci-
um and phosphorus content of 2.9 and 6.84 %, respectively,
in nano-calcium from Katsuwonus pelamis (6). Nilsuwan et al.
(26) reported that the scales produced by the heating/ther-
mal method still contained large amounts of retained organ-
ic compounds, especially collagen, which resulted in a lower
mineral content and a higher protein content.

FTIR spectra of nano-calcium powders

The FTIR spectra of the nano-calcium from D. albida and
O. ruber (Fig. 2) showed no observable differences between
the two fish species. The spectra showed strong phosphate
absorption in the 1023.5 cm™ region and confirmed the ex-
istence of hydroxyapatite crystals. The split-shaped phospho-
rus absorption bands in the 560.67 and 601.61 cm™ areas in-
dicated the presence of hydroxyapatite crystals. The FTIR
spectra also showed the presence of carbonate, amine, hy-
drocarbon and hydroxyl groups, indicating the presence of
organic compounds such as protein, fat and water in small
amounts. Previous studies have identified various spectral
peaks indicating the presence of specific functional groups
in nano-calcium products, such as the phosphate group:
peaks at 564 cm™ (76), 603 cm™ (43) and 1033 cm™ (44), carb-
onate ions: peak at 1414.93 cm™ (16), amide group: peak at
1533 cm™ (29), organic material (C-H): peaks at 2852 and 2922
cm™' (45), water content: bands above 3300 cm™ with low

Table 2. Elemental analysis of nano-calcium from Daysciaena albida (DNC) and Otolithes ruber (ONC)

Sample wi%
2Na* e 2Mg* Ca Fe Cu Zn
DNC 0.28 0.0018 0.14 19.76 9.93 0.61 BDL 0.002816
ONC 0.27 0.0026 0.16 18.89 9.80 0.61 0.000074 0.006679

*Indicates isotope used for analysis, BDL=below detection limit (0.000001 %)
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Fig. 2. FTIR spectra of nano-calcium powders from Daysciaena albida
(DNC) and Otolithes ruber (ONC)

intensity (46). These results indicate the presence of minute
amounts of organic compounds such as protein, fat and wa-
ter in the nano-calcium products. Notably, the uniform ex-
traction method resulted in identical FTIR spectra for all sam-
ples, indicating a highly uniform chemical composition.

Zeta potential of nano-calcium powders

Zeta potential, a measure of the electrical potential dif-
ference between the surface of a particle and the surround-
ing solution, plays a crucial role in the stability of colloidal
suspensions such as nano-calcium. The zeta potential of the
nano-calcium from D. albida and O. ruber was —34.4 and —39.2
mV, respectively, indicating good stability in dispersions and
suspensions. The negatively charged surfaces showed excel-
lent biocompatibility, which was consistent with studies
showing that values above —30 mV generally provided good
stability (47,48). Furthermore, negatively charged surfaces,
such as those of the nano-calcium from D. albida and O. ruber,
have been associated with the promotion of the differentia-
tion of osteogenic cells, according to Xu (49). This suggests
potential biocompatibility advantages for these nano-calci-
um products.

XRD patterns of nano-calcium powders

X-ray diffraction (XRD) analysis showed the crystallinity
of nano-calcium from D. albida and O. ruber (Fig. 3). Both sam-
ples have similar peak patterns around 26=10-80° (31-64°),
indicating common crystal phases and a hexagonal system.
This result is consistent with Prayitno et al. (50) and indicates
the successful formation of nanoparticles. The percentage of
crystallinity of nano-calcium from D. albida (73.7 %) and O.
ruber (78.1 %) shows sharp and thin peaks, indicating high
crystallinity (>70 %). The degree of crystallinity of both

4000 +
3500 +
3000 + —ONC
2500 1 ——DNC
2000 1
1500 +

Intensity/count

1000 +

500 +

8 16 24 32 40 48 56 64 72 80
20r°

Fig. 3. X-ray diffraction patterns of nano-calcium powders from Day-
sciaena albida (DNC) and Otolithes ruber (ONC)

samples in this study is higher than that of bio-calcium from
skipjack tuna, yellowfin tuna and Asian seabass (17,33,57) ob-
tained by alkaline pretreatment. However, a crystallinity of
60-90 % indicates the hydroxyapatite in biomedical applica-
tions (52). Therefore, these fish bone nano-calcium products
have a potential for biomedical use. Interestingly, although
the alkaline extraction method retained the crystal phase, it
significantly increased the degree of crystallisation. This find-
ing emphasises the effectiveness of this approach to produce
highly crystalline nano-calcium for potential biomedical ap-
plications.

TGA patterns of nano-calcium powders

Analysis of the thermal stability of nano-calcium from D.
albida and O. ruber using TGA revealed four different stages
of mass loss between 30-800 °C (Fig. 4 and Table 3). Initial
water release (1-6 %) occurred around 80 °C, followed by
decomposition of organic compounds such as proteins and
fats at 250-244 °C. Similar reports have been documented for
various fish bones (53,54). Higher temperatures triggered

100
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Fig. 4. Thermogravimetric analysis of nano-calcium powders from
Daysciaena albida (DNC) and Otolithes ruber (ONC)

Table 3. Thermal degradation onset temperatures, mass loss and residue of nano-calcium (NC) extracted from Daysciaena albida (DNC) and

Otolithes ruber (ONC)
Sample ty/°C Am,/% ty./°C Am,/%
DNC 80.05 6.05 250.52 2.84
ONC 88.08 1.19 244.33 2.20

t45/°C Amy/% t/°C AM/%  WING)egqe/%
471.00 10.54 758.36 5.06 75.41
482.56 15.05 755.47 5.89 75.58

Am,, Am,, Am; and Am, denote the first, second, third and fourth stages of mass loss, respectively, of samples during the TGA heating scan

(30-800°C)
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greater mass loss (10-15 %) due to complex molecular deg-
radation, with nano-calcium from O. ruber showing slightly
higher resistance. Finally, decarbonization at above 750 °C led
to a final mass loss (5-6 %). Interestingly, despite minor vari-
ations in mass loss at certain stages, nano-calcium from both
species of fish showed remarkable thermal stability, retaining
over 75 % of their mass even at 800 °C. Nevertheless, the ther-
mal stability of pure hydroxyapatite from Sardinella longiceps
was in the range of 600-1000 °C, which was consistent with
this research (55). This outstanding resistance emphasises its
potential for applications requiring high thermal perfor-
mance. In summary, the comprehensive analysis of the na-
no-calcium powders extracted from fish bones showed their
potential for various applications, including biomedical uses,
due to their stability, composition of elements and suitable
crystallinity.

CONCLUSIONS

The extracted nano-calcium powders from two Malabar
Coast croakers, Daysciaena albida (DNC) and Otolithes ruber
(ONC), show significant similarities in their results of Fourier
transform infrared spectroscopy, zeta potential, X-ray diffrac-
tion and thermogravimetric analyses, but exhibit marked dif-
ferences in chemical composition, physiological properties
and Ca/P molar ratio. Although both raw materials are suita-
ble for nano-calcium production, D. albida proved to be the
preferred choice. These results suggest that the bones of the
two commercial croaker species from the Malabar Coast can
serve as a suitable raw material for the production of na-
no-calcium and have an average particle size from 153.8 to
3371 nm. In particular, the bones of the two-bearded croaker
(D. albida) were the preferred choice for further study. Its
higher calcium content, higher yield of extraction and aver-
age particle size make it a promising candidate for further
research and development in this area. This paves the way for
exciting advances in the use of two-bearded croaker as a val-
uable source for the production of nano-calcium.
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