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characterization of highly
crystalline hydroxyapatite (HAp) from the scales of
an anadromous fish (Tenualosa ilisha):
a comparative study with the freshwater fish scale
(Labeo rohita) derived HAp†

Mashrafi Bin Mobarak, *a Fariha Chowdhury b and Samina Ahmed *a

Waste generation from fish processing sectors has become a significant environmental concern. This issue

is exacerbated in countries with high aquaculture production and inefficient fish scale (FS) utilization. This

study prepared and compared highly crystalline hydroxyapatite (HAp) from the FS of an anadromous fish,

Tenualosa ilisha (I-HAp), and a freshwater fish, Labeo rohita (R-HAp). Acid–alkali treatment followed by

high-temperature calcination was employed for HAp synthesis. XRD analysis indicated a monoclinic

crystal structure for I-HAp and a hexagonal structure for R-HAp, with both containing b-TCP as

a secondary phase. Rietveld refinement quantified b-TCP at 8% for I-HAp and 7.2% for R-HAp. Crystallite

size of the samples was estimated by various methods (Scherrer's method, Scherrer equation average

method, linear straight-line method, straight line passing the origin method, Monshi–Scherrer method,

Halder–Wagner method, Williamson–Hall method, and size–strain plot method), consistently indicating

microcrystalline HAp. FESEM and TEM analyses revealed larger particle sizes for I-HAp, confirmed by DLS

measurements. Surface elemental analysis by XPS confirmed the presence of Na and Mg as impurities

along with the elements of the HAp structure. FTIR and Raman spectroscopy identified expected

functional groups, while EDX determined elemental composition. Both HAp samples exhibited bioactivity

through apatite layer formation in simulated body fluid. Furthermore, the combined results of the cell

viability and hemocompatibility studies indicate the biocompatibility of the prepared samples.
1. Introduction

Hydroxyapatite (HAp), with the chemical formula Ca10(PO4)6(-
OH)2, is a naturally occurring mineral form of calcium phos-
phate and the primary inorganic component of bone and
teeth.1,2 Structurally, HAp crystallizes in a hexagonal or mono-
clinic system, characterized by a lattice structure that includes
calcium ions occupying larger cationic sites and phosphate ions
in smaller anionic sites, forming a robust framework essential
for its biological functions. The hexagonal structure is more
commonly associated with biological apatite, while the mono-
clinic form is oen observed in synthetic HAp.3 The specic
structure can inuence properties like solubility, bioactivity,
and mechanical behavior. The stoichiometric ratio of calcium
d Testing (IGCRT), Bangladesh Council of

IR), Dhaka-1205, Bangladesh. E-mail:

amina@yahoo.com

nstitute (BTRI), Bangladesh Council of

Dhaka-1205, Bangladesh

tion (ESI) available. See DOI:

39889
to phosphate in HAp is approximately 1.67, which closely
resembles the composition of natural bone, contributing to its
excellent biocompatibility, osteoconductivity, and bioactivity.4,5

HAp's unique properties make it highly valuable in various
biomedical applications, including bone tissue engineering,6

orthopedic implants,7 and drug delivery systems.8 The
increasing importance of HAp in medicine stems from its
ability to mimic the natural mineral phase of bone, making it
a preferred material for implants and gras.9 Its versatility
allows for modications, such as doping with other elements to
enhance specic properties, thus broadening its applications in
both human health and environmental applications.10,11

HAp can be synthesized through various methods, including
wet chemical precipitation,12 solid-state reactions,13,14 hydro-
thermal processes,15 and microwave-assisted techniques.16 The
wet chemical method is particularly prevalent, where calcium
and phosphate sources are mixed in solution to precipitate HAp
at controlled pH and temperature conditions. Solid-state
synthesis involves high-temperature reactions between
calcium and phosphate powders, while hydrothermal synthesis
utilizes water at elevated temperatures and pressures to
produce highly crystalline HAp. Microwave-assisted synthesis is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a rapid method that employs microwave energy to achieve
uniform heating, resulting in smaller particle sizes and
improved purity of HAp. In recent years, utilizing waste mate-
rials for HAp synthesis has gained attention due to environ-
mental and economic benets. This approach not only reduces
waste but also provides a cost-effective source of calcium and
phosphate. For instance, waste from agricultural products, such
as eggshells and mussel shells, has been successfully converted
into HAp, demonstrating comparable properties to synthetic
HAp. This method not only addresses waste management issues
but also promotes sustainability in material production.17

Specically, the synthesis of HAp from sh scales has emerged
as a promising technique. Fish scales are protective structures
that cover the outer layer of a sh's body. These mineralized
plates are primarily composed of organic and inorganic mate-
rials. Approximately 41–45% of sh scales consist of organic
substances like collagen, fats, and vitamins, while the remain-
ing portion comprises inorganic minerals such as calcium-
decient hydroxyapatite, calcium phosphate, and trace
elements including magnesium, iron, and zinc.18 HAp can be
extracted from sh scales using several methods. Common
techniques include thermal treatment,19 alkaline or acidic
treatment,20 and microwave irradiation.21 Thermal treatment
involves heating sh scales at high temperatures to decompose
organic matter, leaving behind HAp. Alkaline heat treatment
uses a solution of alkali and/or acid, such as NaOH or HCl, to
dissolve organic components and isolate HAp. Microwave irra-
diation accelerates the process by using microwaves to heat the
scales and extract HAp.

Bangladesh currently stands 5th in the world aquaculture
production with a production of 4.759 million MT in the FY
2021–2022, according to the annual report published in 2023 by
department of sheries, Bangladesh.22 Fish scale accounts for
approximately 3% of the total weight and based on this
approximation, 0.143 million MT of sh scales was generated in
the FY 2021–2022. Around 30% of this sh scales are utilized,
mostly by exporting to countries like Japan, China, and Thai-
land. The export of sh scales has become a burgeoning
industry, with revenues reaching approximately 24 million USD
annually.23 Meanwhile, a staggering 70% remains unutilized,
highlighting a substantial waste management issue. Local sh
processors and traders are increasingly recognizing the
economic potential of sh scales, which are rich in collagen and
can be transformed into valuable products such as biomaterials
and gelatin for the healthcare, food and cosmetics industries.
However, despite this potential, a signicant portion of sh
scales continues to be discarded, resulting in environmental
pollution and lost economic opportunities, underscoring the
need for better waste management practices and commercial
utilization strategies in the country.24

Hilsa, an anadromous sh and the national sh of Bangla-
desh, constitutes 11% of the total sh production, contributes
1% to the country's GDP, and generates foreign exchange
through exports.25 Among the ve Hilsa species, Tenualosa ilisha
is the most common, migrating from the Bay of Bengal into
rivers like the Padma and Meghna.26,27
© 2024 The Author(s). Published by the Royal Society of Chemistry
This study pioneers the preparation of HAp from Tenualosa
ilisha scales using acid-alkali treatment and high-temperature
calcination. A comparative analysis was conducted with HAp
derived from the scales of Labeo rohita, a freshwater sh.
Comprehensive characterization was performed to elucidate the
properties of both HAp samples, and their bioactivity was
assessed.
2. Materials and methods
2.1 Materials

Fish scales were collected from Jatrabari sh market, Dhaka,
Bangladesh. HAp was prepared from both sh sources by
treating the FS with acid and base solutions. Hydrochloric acid
(HCl) and sodium hydroxide (NaOH) (both from Merck, Ger-
many) were used for this purpose. All experiments were con-
ducted using deionized (DI) water.
2.2 Methods

2.2.1 Preparation of HAp from scales of Tenualosa ilisha
and Labeo rohita. Freshly collected raw FS were initially
washed with tap water to remove dirt, esh, skin, and other
impurities. Aer thorough washing, the scales were sun-dried
for several days, followed by oven drying at 80 °C for four
hours. 10 g of dried FS were weighed and placed in a beaker. A
1 N HCl solution was added to the scales, maintaining a 1 : 2.5
ratio (sh scale weight in grams : HCl volume in milliliters) to
deproteinize the scales.28 The mixture was stirred vigorously
for 10–15 minutes and then le to soak in the acid solution for
24 hours at room temperature (25 ± 1 °C). Following the
soaking period, the acid solution was decanted, and the scales
were washed three times with DI water (150 mL each time)
using vigorous stirring. The washed scales were subsequently
treated with a 1 N NaOH solution, adhering to a 1 : 2.5 ratio
(initial sh scale weight in grams : NaOH volume in millili-
ters). This basic treatment involved vigorous stirring for 10–15
minutes, followed by soaking for 24 hours at room tempera-
ture. The base solution was decanted; the scales were washed
three times with DI water, and then boiled for 30 minutes at
80 °C. Aer another washing cycle, the scales were oven-dried
at 80 °C for four hours. The dried scales underwent calcination
at 1000 °C for three hours, with a temperature increase rate of
10 °C min−1, to obtain crystalline HAp. Both Tenualosa ilisha
and Labeo rohita FS were processed concurrently using this
methodology. The resulting HAp is referred to as I-HAp and R-
HAp, respectively.

2.2.2 Cell viability study. The cell viability study was con-
ducted at CARS, University of Dhaka. Vero cell lines of African
green monkey epithelial cells (ThermoFisher Scientic, UK)
were exploited for this experimentation. The procedure of the
cell viability assessment for the I-HAp and R-HAp samples can
be found in our previous study.1 25 mL of each sample with the
concentration of 100 and 200 mg mL−1 was introduced to the
wells. The cytotoxic effect was evaluated in terms of cell viability
(%) which is the ratio of number of live cells to the total number
of cells.
RSC Adv., 2024, 14, 39874–39889 | 39875
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Fig. 1 XRD patterns of the prepared HAp from scales of (a) Tenualosa
ilisha and (b) Labeo rohita.
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2.2.3 Hemocompatibility study. This study was also con-
ducted following our previously mentioned procedure.1,13 In
short, 100 mg mL−1 of each HAp samples (made with phosphate
buffer saline) were mixed with 0.4 mL of the incubated human
blood samples. This was incubated for 1 h, followed by centri-
fugation, collection of supernatants and UV-Vis measurements
at 545 nm. The hemocompatibility of the I-HAp and R-HAp
samples is evaluated using this absorbance data, which shows
the release of hemoglobin as a result of red blood cell lysis. The
phosphate buffer saline acted as the negative control whereas
Triton X-100 was the positive control.

2.2.4 Bio-activity study through immersion in SBF. For the
bioactivity test, I-HAp and R-HAp samples (0.2 g each) were
individually adhered to one side of a double-sided carbon tape
and xed to the bottom of separate beakers. Each beaker was
lled with 30 mL of SBF solution (pH 7.4) and sealed with
paralm tape. The beakers were then incubated at 37 °C for
three weeks. Aer this period, the SBF solution was decanted,
and the samples were oven-dried before FESEM analysis. The
samples were coated with platinum multiple times prior to
imaging. The SBF solution preparation procedure can be found
in our previous work.1,29

2.2.5 Characterization of prepared HAp. Phase conrma-
tion of FS-derived HAp was carried out using X-ray powder
diffractometry (XRD). A Rigaku Smart Lab X-ray diffractometer
was employed for this purpose. Samples were scanned within
a 2q diffraction angle range of 5° to 70° at a scan speed of 35°
per min. The X-ray generator was operated at 40 kV and 50 mA
to produce CuKa radiation with a wavelength of 1.54060 Å.
Pattern matching and Rietveld renement were performed
using Profex soware (version 5.2.4.0). Fourier-transform
infrared (FTIR) and Raman spectroscopic analyses were con-
ducted to study functional groups using an ATR-FTIR
(MIRacle10 ATR-IR Prestige21) and a Raman (HORIBA Macro-
RAM) instrument, respectively. Surface structure and
morphology of the prepared samples were examined using
a eld emission scanning electron microscope (FESEM; JEOL
JSM-7610F). Elemental analysis was performed using the
attached EDX analyzer. Hydrodynamic size and zeta potential of
the samples were determined using a Malvern Panalytical
Zetasizer Ultra instrument. Surface chemistry was evaluated
using an XPS device (Thermo Scientic K-Alpha). Ion beam
etching was done (5 nm surface, raster size 1 mm, ion energy
200 eV and etch time was 0.04 nm s−1) prior to the measure-
ments. UV-visible spectroscopic analysis was carried out by
dispersing 5 mg of HAp samples in 50 mL DI water (in 0.1 mg
mL−1 concentration) through 30 minutes of sonication,
following by measurements in a UV-Vis spectrophotometer
(Hitachi U-2910).
3. Results and discussion
3.1 X-ray powder diffraction study

The preparation of HAp from Tenualosa ilisha and Labeo rohita
FS sources was conrmed through the XRD analysis. The XRD
patterns of I-HAp and R-HAp are shown in Fig. 1.
39876 | RSC Adv., 2024, 14, 39874–39889
The XRD patterns indicate the presence of both HAp and
beta-tricalcium phosphate (b-TCP) phases, suggesting a bi-
phasic material. Conrmation was achieved by matching the
patterns with standard ICDD (International Centre for Diffrac-
tion Data) database. The HAp prepared from Tenualosa ilisha FS
had the closest match with ICDD PDF card #01-076-0694.30

Interestingly, the sharpest peak of I-HAp was seen at diffraction
angle of 25.97° that corresponds to the (0 0 2) plane and the
ICDD PDF card shows the I-HAp to be of monoclinic structure
that belongs to the space group P21/b (14).

The most intense and characteristic peaks of HAp observed
in the XRD patterns of I-HAp are: 10.94°, 31.89°, 32.29°, 33.02°,
34.16°, 39.91°, 46.79°, 49.58° and 53.28° which corresponds to
the crystal plane of (1 0 0), (2 2 1), (−2 2 2), (−3 6 0), (−2 4 2), (−3
8 0), (−2 8 2), (−1 6 3) and (0 0 4). Presence of b-TCP as
secondary phase was also conrmed through the search and
matching operation (ICDD PDF card #04-010-2972).31 The
secondary b-TCP phase is assigned to the peaks and planes at
31.32° (−2 2 −10), 32.67° (−3 1 8), 41.08° (−4 4 4), 42.11° (−3 3
12), 57.23° (−4 4 16), 60.04° (−6 2 10) and 60.52° (−5 2−16). For
the case of R-HAp, the XRD pattern had the closest match with
ICDD PDF card #01-074-0565.32 Sharpest peak of R-HAp was
seen at diffraction angle of 31.80° that corresponds to the (2 1 1)
plane and the ICDD PDF card shows the R-HAp to be of
hexagonal structure that belongs to the space group P63/m (176).
The most signicant and characteristic peaks of HAp that were
observed in the XRD pattern of R-HAp are: 10.86°, 25.88°,
31.80°, 32.20°, 32.94°, 34.08°, 39.84°, 46.72° and 49.48°. The
corresponding crystal plane of these diffraction angles are: (1
0 0), (0 0 2), (2 1 1), (1 1 2), (3 0 0), (2 0 2), (1 3 0), (2 2 2) and (2 1 3)
respectively. Existence of secondary phase of b-TCP was also
detected which corresponds to the ICDD PDF card #04-008-
8714.33 Observed peaks of b-TCP and their corresponding crystal
planes were 31.13° (−2 2 −10), 32.64° (−3 1 8), 33.82° (−2 2 12),
42.03° (−3 3 12), 57.12° (−5 5 −10) and 59.97° (−6 2 10).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rietveld refinement results of I-HAp and R-HApa

Sample % of HAp % of b-TCP Rwp Rexp c2 GoF

I-HAp 92.0 8.0 13.18 17.31 0.5797 0.7614
R-HAp 92.8 7.2 13.99 17.18 0.6631 0.8143

a Here, Rwp = weighted prole residual, Rexp = expected prole residual,
c2 = ratio of Rwp

2/Rexp
2, and GoF = goodness of t.
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3.1.1 Quantitative analysis by Rietveld renement. The
presence of b-TCP as a secondary phase was detected in the XRD
analysis of both I-HAp and R-HAp samples. The quantication
of HAp and b-TCP phase present in both the samples was
carried out through Rietveld renement using Profex soware.
There were 6500 points for both the XRD patterns where scan
range was 5° to 70° and the step width was 0.02°. The results of
Rietveld renement are presented in Table 1.

The results of Rietveld renement of the prepared samples
reveal the amount of HAp and b-TCP phases present. R-HAp has
a slightly higher percentage of b-TCP (7.2%) compared to I-HAp
(8.0%). The Rietveld-rened XRD patterns obtained using the
Profex soware is shown in Fig. 2.

3.1.2 Crystallographic analysis. Crystallographic analysis
plays a vital role in understanding, tailoring, and predicting the
properties and performance of HAp in various applications.5

The crystallographic information of the prepared I-HAp and R-
HAp was enumerated in terms of lattice dimensions, unit cell
Fig. 2 Rietveld refinement of XRD patterns of (a) I-HAp and (b) R-HAp.

© 2024 The Author(s). Published by the Royal Society of Chemistry
volume, micro-strain, crystallinity index, % of HAp and b-TCP,
and volume fraction of b-TCP. Detailed estimation of CS and the
corresponding dislocation density will be discussed in the next
topic.

Lattice parameter equation for the monoclinic I-HAp and
hexagonal R-HAp is given by the eqn (1) and (2),14,34

1

d2
¼ 1

sin2
b

�
h2

a2
þ k2 sin2

b

b2
þ l2

c2
� 2hl cos b

ac

�
(1)

1

d2
¼ 4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2
(2)

here, d= inter-atomic layer distance, also known as d-spacing; a,
b, and c = dimensions of the unit cell; h, k, and l = crystal plane
representative or Miller indices; b = angle between a and c.

Volume of unit cell (V) for monoclinic I-HAp and hexagonal
R-HAp is given by the eqn (3) and (4),35,36

V = abc sin b (3)

V ¼ O3
2
a2c (4)

Density of unit cell (r), micro-strain (3), and dislocation
density (d) are represented by eqn (5)–(7) respectively,

r ¼ nA

NAVc

(5)

3 ¼ b

4 tan q
(6)

d ¼ 1

D2
(7)

here, n = number of atoms per unit cell; A = atomic weight of
the molecule; NA = Avogadro number (6.023 × 1023 mol−1);
VC = volume of unit cel; b = full width half maxima; q =

diffraction angle; D = CS.
Relative intensity (RI) of I-HAp and R-HAp was calculated

using eqn (8) and (9) and the preference growth was calculated
using eqn (10),37

RII-HAp ¼ Ið002Þ
Ið221Þ þ Ið�222Þ þ Ið�360Þ

(8)

RIR-HAp ¼ Ið211Þ
Ið300Þ þ Ið112Þ þ Ið002Þ

(9)

Preference growth ¼ RIsample �RIstandard

RIstandard
(10)

The preference growth of I-HAp along the (002) plane and R-
HAp along the (211) plane was calculated by considering their
relative intensity along these planes. The RI of I-HAp was
calculated by comparing the intensity of (002) plane against the
next three most intense planes (221), (−222) and (−360). Simi-
larly, RI of R-HAp was calculated by comparing (211) plane
against the next three most intense planes (300), (112) and
RSC Adv., 2024, 14, 39874–39889 | 39877
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Fig. 3 Crystal structure of (a) I-HAp and (b) R-HAp.
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(002). The standard RI of I-HAp (0.52) and R-HAp (1.06) was
found from their respective ICDD PDF card.

The theoretical percentage of HAp and b-TCP present in I-
HAp was calculated using eqn (11) and (12), whereas eqn (13)
and (14) represents the same for R-HAp,12

% of HAp in I-HAp ¼ IHApð002Þ
IHApð002Þ þ Ib-TCPð�22�10Þ

� 100 (11)

% of b-TCP in I-HAp ¼ Ib-TCPð�22�10Þ
IHApð002Þ þ Ib-TCPð�22�10Þ

� 100 (12)

% of HAp in R-HAp ¼ IHApð2 1 1Þ
IHApð2 1 1Þ þ Ib-TCPð�22�10Þ

� 100 (13)

% of b-TCP in R-HAp ¼ Ib-TCPð�22�10Þ
IHApð2 1 1Þ þ Ib-TCPð�22�10Þ

� 100 (14)

Volume fraction of b-TCP (XB) and degree of crystallinity (XC)
of both I-HAp and R-HAp were calculated using eqn (15) and
(16) respectively,12

XB ¼ PWB

1þ ðP� 1ÞWB

(15)

XC ¼
�
Ka

b

�3

(16)

here, WB = % of b-TCP calculated from eqn (12) and (14); P =

constant (taken as 2.275); Ka = constant (taken as 0.24); b =

FWHM of the most intense peak. All the values obtained
through the crystallographic analysis of I-HAp and R-HAp is
tabulated in Table 2.

Based on the obtained crystallographic parameters, the
crystal structure of I-HAp and R-HAp was created using the
VESTA 3 soware and is presented in Fig. 3.38

3.1.3 Crystallite size (CS) estimation. In materials science,
CS refers to the coherent volume within a material that diffracts
X-rays to produce a specic peak in a diffraction pattern. For
powdered samples, it relates to the grain size, while for thin
lms, it corresponds to the thickness of the crystalline
regions.13 CS signicantly impacts the physical properties of
materials, especially nanomaterials. Careful control of CS is
Table 2 Crystallographic analysis of I-HAp and R-HAp

Parameters I-HAp ICDD PDF ca

Unit cell dimensions (Å) a = 8.08, b = 16.32, c = 6.86 a = 9.42, b =

Volume of unit cell (Å3) 904.24 1057.96
Density of unit cell (g cm−3) 3.69 3.15
Micro-strain 0.07 —
Relative intensity 0.51 0.52
Preference growth −0.02 —
% of HAp 95.5 —
% of b-TCP 4.5 —
Volume fraction of b-TCP 0.10 —
Degree of crystallinity 50.81 —

39878 | RSC Adv., 2024, 14, 39874–39889
crucial when designing materials with specic functionalities.
The broadening of diffraction peaks is directly related to CS,
allowing its estimation using the X-ray diffraction (XRD) tech-
nique.39,40 The most common method for quantifying CS is
through the Scherrer equation. Additionally, other methods like
Scherrer equation average method (SEAM), linear straight-line
method (LSLM), straight line passing the origin method
(SLPOM), Monshi–Scherrer method (M–SM), Halder–Wagner
method (H–WM), Williamson–Hall method (W–HM), and size–
strain plot method (SSPM) can be employed.41 The diffraction
angle, FWHM, d-spacing and related other conversions for I-
HAp and R-HAp are represented in Tables S1 and S2.†

3.1.3.1 Scherrer's method (SM). The classic Scherrer method
for determining CS is given by the following equation,

D ¼ kl

b cos q
(17)

here, D = CS; K = form factor (for ceramic materials is typically
taken as 0.9); l = wavelength of Cu Ka radiation generated in X-
ray machine (0.154060 nm for our instrument); b and q =

FWHM and diffracted angle of the sharpest XRD peak
correspondingly.

One of the vital factors for this calculation is to correct the
peak broadening as mentioned below,

bc
2 = bm

2 − bi
2 (18)

here, bc = corrected broadening originated for CS, bm =

measured broadening and bi = instrumental broadening.
However, most of the literature considers the sharpest peak for
calculating the CS using this equation. By doing so, the CS of I-
rd #01-076-0694 R-HAp ICDD PDF card #01-074-0565

18.84, c = 6.88 a = b = 9.41, c = 6.88 a = b = 9.42, c = 6.88
527.64 529.09
3.16 3.15
0.06 —
0.57 1.06
−0.46 —
94.46 —
5.54 —
0.11 —
52.73 —

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06662f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
22

/2
02

5 
5:

50
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
HAp and R-HAp was found to be 135 nm and 129 nm respec-
tively. The CS for both the samples exceeded the “nano-scale”
mark as the calcination temperature was more than 700 °C as
mentioned in previous studies.13,42

3.1.3.2 Scherrer equation average method (SEAM). Unlike the
SM, this method takes all the selected peaks into consideration
and uses the FWHM of these peaks for calculating the CS.43 The
nal CS represents the average of all these calculations. Tables
S3 and S4† represents the CS calculation based on SEAM for I-
HAp and R-HAp, respectively. Analyzing all the selected peaks
with their corresponding FWHM (b) values resulted in an
average crystallite size of approximately 120 nm and 115 nm for
I-HAp and R-HAp, respectively.

3.1.3.3 Linear straight-line method (LSLM). Introduction of
LSLM was done by rearranging the Scherrer equation (eqn (17))
as following,

cos q ¼ Kl

D
� 1

b
(19)

Eqn (19) can be compared with the linear straight-line
equation, and a plot of cos q versus 1/b will produce a linear
straight line (linear tting). The slope of the tted line will be

equal to
Kl
D
, from which CS can easily be estimated. Following

such, plots for I-HAp and R-HAp were plotted (Fig. 4) and the CS
was estimated to be 1626 nm and 10 271 nm, respectively.

3.1.3.4 Straight line passing the origin method (SLPOM). This
method was rst proposed by Rabiei et al. in their work41 for CS
estimation of HAp prepared from natural sources. This method
uses eqn (20) to calculate the slope by forcing the tted line to
pass through the origin. The values of x and y correspond to the
values of 1/b and cos q, respectively, taken from LSLM (eqn (19)).

Slope ¼ x1y1 þ x2y2 þ x3y3 þ/þ xnyn

x1
2 þ x2

2 þ x3
2 þ /þ xn

2
(20)

Using this method, slopes for I-HAp and R-HAp was found to
be 0.00112262 and 0.001155638, which resulted in CS of 124 nm

and 120 nm respectively (slope equals to
Kl
D
).

3.1.3.5 Monshi–Scherrer method (M–SM). In 2012, Monshi
et al. implemented adjustments to the Scherrer equation (eqn
(17)), presenting a new formula (eqn (21)).44 The Scherrer
equation typically yields larger nanocrystalline sizes as inter-
atomic layer distance (d) decreases and 2q values increase,
Fig. 4 CS estimation by LSLM: (a) I-HAp and (b) R-HAp.

© 2024 The Author(s). Published by the Royal Society of Chemistry
due to the inability tomaintain b cos q as constant. Additionally,
the M–SM offers the benet of reducing errors, thereby
enhancing the accuracy of CS derived from various peaks.

ln b ¼ ln
kl

D
þ ln

1

cos q
(21)

Fig. 5 represents the plots of ln b versus ln(1/cos q) for both I-
HAp and R-HAp where linear tting resulted in the following
eqn (22),

ln
kl

D
¼ intercept (22)

The CS can easily be calculated from eqn (22) and by doing
so; CS I-HAp and R-HAp were estimated to be 122 nm and
102 nm respectively.

3.1.3.6 Halder–Wagner method (H–WM). The H–W method
was introduced under the premise that peak widening follows
a symmetric Voigt function, formed by the convolution of Lor-
entzian and Gaussian functions.45,46 By assuming a symmetric
Voigt function for peak broadening, the Halder–Wagner
method aims to provide a more precise estimation of CS,
particularly in nanocrystalline materials, compared to tradi-
tional methods like the Scherrer equation. Voight function
comprising the FWHM of the physical prole is expressed by
eqn (23),

bhkl
2 = bL × bhkl + bG

2 (23)

here, bL and bG correspond to the FWHM of Lorentzian and
Gaussian functions. The H–W approach prioritizes areas with
limited diffraction peak overlap, giving Bragg peaks in the lower
and middle angle spectra greater relevance.46 The correlation
between CS and lattice strain (3), as per the H–W method, is
expressed by eqn (24), 

b*
hkl

d*
hkl

!2

¼ Kb*
hkl

D
�
d*
hkl

�2 þ ð23Þ2 (24)

here,

b*
hkl ¼

bhkl cos q

l
(25)

d*
hkl ¼

2dhkl sin q

l
(26)
Fig. 5 CS estimation by M–SM: (a) I-HAp and (b) R-HAp.
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Fig. 6 CS estimation by H–WM: (a) I-HAp and (b) R-HAp. Fig. 7 CS estimation by W–HM: (a) I-HAp and (b) R-HAp.
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Putting the values from eqn (25) and (26) into eqn (24) trans-
forms to eqn (27) as follows,�

b

tan q

�2

¼ Kl

D

b cos q

sin2
q

þ 1632 (27)

Plot of
�

b

tan q

�2

versus
b cos q
sin2 q

is represented in Fig. 6 where

linear tting of the data values resulted in the slope equal to
Kl
D
.

This was applied for both I-HAp and R-HAp samples and the CS
was estimated to be 106 nm and 126 nm respectively.

3.1.3.7 Williamson–Hall method (W–HM). The W–H method
was utilized to estimate the CS of I-HAp and R-HAp. In contrast
to the Scherrer method, the W–H method accounts not only for
the impact of CS on XRD peak broadening but also considers
the inuence of strain-induced XRD peak broadening. Addi-
tionally, the W–H model offers a computational approach for
estimating both CS and intrinsic strain. This model eliminates
the 1/cos q dependency by incorporating variation with tan q in
strain considerations.47–49 In a powdered sample, strain results
from aws and distortions in the crystals.41 In light of this, the
W–H technique combines the effects of size and strain to
describe the total physical line broadening (FWHM) of X-ray
diffraction peaks, as shown in eqn (28),

btotal = bsize + bstrain (28)

Strain is a result of crystal distortions and/or defects, and it
can be computed using eqn (29).

3 ¼ bstrain

4 tan q
(29)

Putting the value of strain in eqn (28) and rearranging it by
combining with eqn (17) resulted in eqn (30),

b cos q ¼ Kl

D
þ 43 sin q (30)

Fig. 7 represents the plots of b cos q versus 4 sin q for both I-
HAp and R-HAp where linear tting resulted in the following
eqn (31),

kl

D
¼ intercept (31)
39880 | RSC Adv., 2024, 14, 39874–39889
The CS can easily be calculated from eqn (31) and by doing so,
CS of I-HAp and R-HAp were estimated to be 120 nm and 88 nm
respectively.

3.1.3.8 Size–strain plot method (SSPM). The SSP method
gives the data gathered from reections at high angles less
weight. For isotropic broadening, this has a better outcome
since XRD data are of lesser quality and peaks overlap at higher
angles and higher diffracting. Presumably, the strain prole is
represented by the Gaussian function, while the crystallite size
is represented by the Lorentzian function. Additionally, eqn (32)
states the overall broadening of this approach, where bL and bG

represent the peak broadening by the simultaneous application
of Lorentz and Gaussian functions.41

bhkl = bL + bG (32)

The equation associated with SSPM is given by eqn (33),

ðdb cos qÞ2 ¼ Kl

D
� �d2b cos q

�þ 32

4
(33)

The inter-atomic layer distance (d) for I-HAp and R-HAp was
taken from eqn (1) and (2) respectively.

Fig. 8 represents the plots of db cos q versus d2b cos q for both
I-HAp and R-HAp where linear tting resulted in the following
eqn (34),

kl

D
¼ slope (34)

The CS can easily be calculated from eqn (34) and by doing
so, CS I-HAp and R-HAp was estimated to be 123 nm and 87 nm
respectively.
Fig. 8 CS estimation by SSPM: (a) I-HAp and (b) R-HAp.
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Table 3 Estimated crystallite size of I-HAp and R-HAp using various methods

Method Abbreviation

Calculated crystallite size (nm)

I-HAp R2 R-HAp R2

Scherrer's method SM 135 — 129 —
Scherrer equation average method SEAM 120 — 115 —
Linear straight-line method LSLM 1626 0.0807 10 271 0.0512
Straight line passing the origin SLPOM 124 — 120 —
Monshi–Scherrer method M–SM 122 0.0509 102 0.0490
Halder–Wagner method H–WM 106 0.9895 126 0.9602
Williamson–Hall method W–HM 120 0.0477 88 0.0049
Size–strain plot method SSPM 123 0.8580 87 0.9698
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Table 3 summarizes the calculated crystallite size of I-HAp
and R-HAp samples following different methods. Methods
such as Scherrer's method (SM), Scherrer equation average
method (SEAM), and straight line passing the origin method
(SLPOM) don't require the linear tting of plots to calculate the
CS and can be estimated directly from the respective equations.
According to these three methods, the estimated CS of I-HAp
ranges between 120 and 135 nm and for R-HAp it is 115–
129 nm. The CS of R-HAp estimated through these three
methods is slightly smaller than I-HAp.

When choosing the best tted data based on the highest R2

value, the Halder–Wagnermethod (H–WM) is the best suited for
estimating the CS of I-HAp (R2 = 0.9895) which resulted in
106 nm. For R-HAp, the best suited method was size–strain plot
method (SSPM) which resulted in CS of 87 nm (R2 = 0.9698).
The CS of R-HAp is also smaller in this case.
Fig. 9 I-HAp: (a) and (b) FESEM images and (c) corresponding size dist
distribution histogram; R-HAp: (g) and (h) FESEM images and (i) corresp
responding size distribution histogram.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.2 Morphological analysis

Morphological analysis of the prepared I-HAp and R-HAp
samples was carried out in terms of FESEM and TEM, which
is presented in Fig. 9.

The FESEM images of I-HAp at two different magnications
(Fig. 9a and b) clearly indicate the formation of large particles
(greater than 100 nm) that were thermally treated at 1000 °C for
3 hours. The particles are bulky in nature with multiple sides
and sharp edges. Both aggregation and agglomeration are
present in these particles. The size of the particles was
measured using ImageJ soware, and the procedure can be
found elsewhere.35 The average size of I-HAp particles was
found to be 703 ± 175 nm (n = 68). Particles of R-HAp samples
are comparatively smaller in size (Fig. 9g and h). The average
size of R-HAp particles was 565 ± 195 nm (n = 890).
ribution histogram, (d) and (e) TEM images and (f) corresponding size
onding size distribution histogram, (j) and (k) TEM images and (l) cor-
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The morphology of R-HAp particles is similar to I-HAp
particles; except for the fact that the surface of I-HAp particles
is smoother. Rough edges and fragmentation were more
frequent in the surfaces of R-HAp particles. The presence of
aggregation and agglomeration was also conrmed through the
TEM images for both of the samples (Fig. 9d and j). This caused
the distinction of particles very hard, and only a few particles
could be selected for the size calculation (Fig. 9f and l). Frag-
mentation of particles can also be found in the TEM images,
and they weren't considered as particles during the size calcu-
lation. Lattice fringes were visible at higher magnication, and
the interplanar distances (d-spacing) for both samples were
measured. For I-HAp, d-spacing was measured to be 0.333 ±

0.034 nm which indicates the (002) plane, as observed through
the XRD analysis. Similarly for R-HAp, d-spacing was 0.283 ±

0.032 nm, which was very much closer to the d-spacing value of
(211) plane (0.281 nm). The measured average size of R-HAp
particles based on the TEM image was smaller than that of
the I-HAp, which is conuent with the FESEM image-based size
estimation.
3.3 XPS analysis

The surface elemental composition of the prepared HAp
samples from Tenualosa ilisha and Labeo rohita FS was evalu-
ated by XPS analysis and presented in Fig. 10. The survey scan of
both of the HAp samples (Fig. 10a) produced a similar spec-
trum, and the elements of HAp (Ca, P, and O) were detected.
Additionally, C, Na, and Mg were also detected. The presence of
C can be attributed to the hydrocarbons, which are existent as
impurities and widely denoted as “adventitious carbon”.14 The
presence of Na and Mg in the HAp samples is likely due to the
natural composition of the FS. As mentioned in previous liter-
ature,50,51 FS can contain trace elements such as Na+ and Mg2+
Fig. 10 XPS analysis of the prepared HAp samples (I-HAp and R-HAp): (a
2p; (d) O 1s; (e) C 1s; (f) Na 1s and (g) Mg 1s.

39882 | RSC Adv., 2024, 14, 39874–39889
that substitute into the calcium positions of the HAp structure.
Apart from that, the use of NaOH during the alkali treatment
process is a potential source of Na incorporation into the HAp
samples. The narrow scan spectra were deconvoluted to analyze
the chemical states of these elements. For Ca 2p (Fig. 10b), the
deconvoluted spectra showed two peaks for both HAp samples,
corresponding to the Ca2+ ions in the HAp structure. For I-HAp,
peaks at 350.78 eV and 347.38 eV conned within the envelope
can be attributed to the Ca 2p1/2 and Ca 2p3/2 with the doublet
separation of 3.40 eV.

Similarly, R-HAp produced these peaks at 350.88 eV and
347.18 eV and the doublet separation was 3.70 eV. The differ-
ences in the doublet separation indicate differences in the
crystal structure and chemical environment between the two
HAp samples. A larger doublet separation suggests a more
crystalline structure of the R-HAp sample, which is also sup-
ported by the XRD report. The P 2p narrow scan spectra
(Fig. 10c) also produced two peaks upon deconvolution due to
the spin–orbit splitting, indicating the presence of phosphate
groups in the HAp lattice. For I-HAp, peaks at 133.88 eV and
133.08 eV correspond to P 2p1/2 and P 2p3/2, whereas peaks at
134.08 eV and 132.98 eV correspond to P 2p1/2 and P 2p3/2
respectively. Similarly, as the Ca 2p doublet separation, R-HAp
has a higher P 2p doublet separation (1.1 eV) compared to I-
HAp (0.8), indicating a more crystalline nature. The O 1 s
spectra (Fig. 10d) showed two peaks for both I-HAp (at 531.68 eV
and 532.78 eV) and R-HAp (at 531.18 eV and 532.78 eV), which
can be attributed to the lattice oxygen and surface hydroxyl
groups, respectively.

For both I-HAp and R-HAp, the C 1s spectra (Fig. 10e) showed
four peaks, suggesting the presence of various carbon species,
such as carbonate and organic contaminants, on the HAp
surface. Single peaks were seen in the Na 1s (Fig. 10f) and Mg 1s
(Fig. 10g) spectra for both I-HAp (1071.88 eV and 1304.18 eV,
) survey spectra; high resolution narrow scan spectra of (b) Ca 2p; (c) P

© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively) and R-HAp (1071.98 eV and 1304.38 eV, respec-
tively), conrming the incorporation of Na+ and Mg2+ ions into
the HAp structure.
3.4 DLS size and zeta potential analysis

Further analysis into the particle size of the prepared HAp
samples was done by DLS analysis, along with the surface
charge measurements in terms of zeta potential analysis. Fig. 11
illustrates the plots of DLS particle size and zeta potential
measurements.

The correlogram (Fig. 11a) for both I-HAp and R-HAp
samples indicates a larger size distribution (greater than 100
nm). The value of the Y-intercept of R-HAp was lower than that
of I-HAp. This indicates a weaker initial correlation, possibly
due to a higher level of noise in the measurement. The Y-
intercept value less than 1 for both samples indicate the pres-
ence of multiple scattering, which occurs when a photon of light
interacts with multiple particles before reaching the detector,
and this might happen several times before the light is nally
reached. Such phenomena might have occurred due to higher
sample concentrations.52 The DLS hydrodynamic diameter
(herein termed as DLS particle size) was presented in terms of
intensity, volume, and number percentages (Fig. 11b–d) to get
an overall picture of the size distribution. The intensity
percentage-based size distribution produced two peaks of
distribution, one at lower size with lower intensity and the other
one with higher size and intensity, for both of the samples. This
indicates the presence of two different sizes. The z-average sizes
of I-HAp and R-HAp were found to be 687 and 617 nm respec-
tively, based on the intensity percentage plot. This nding is
consistent with the size measurements based on the FESEM
images, where I-HAp had larger particles. The volume
Fig. 11 DLS particle size and zeta potential measurements of I-HAp and
number-based size distribution; (e) zeta potential measurements; and (f)
were carried out at a sample concentration of 0.1 mg mL−1, pH was sol

© 2024 The Author(s). Published by the Royal Society of Chemistry
percentage-based size distribution plot was consistent with the
intensity percentage plot; however, the number percentage-
based size distribution plot produced the scenario where
lower sizes had the highest intensity. The average sizes of these
particles were 108 and 146 nm respectively, and the presence of
such particles might be from the fragmentation of the larger
particles as seen in the FESEM images. The polydispersity index
(PDI) values were 0.6303 for I-HAp and 0.456 for R-HAp, indi-
cating a relatively broad size distribution.

The zeta potential analysis of I-HAp produced two peaks
(−38.73 mV and +28.38 mV) while for R-HAp, it produced three
peaks (−48.32 mV, −29.14 mV and +60.34 mV). The presence of
multiple peaks in the zeta potential plot (Fig. 11e), with both
positive and negative charges for both of the samples, indicates
their polydisperse nature. Such polydispersity depicts the vari-
ation in particle size and surface charge distributions. The
higher number of peaks and greater zeta deviation in R-HAp
compared to I-HAp suggests that the HAp derived from Labeo
rohita scales has a more heterogeneous surface charge distri-
bution. This could be attributed to differences in the compo-
sition and structure of the scales between the two sh
species.53,54 The quality factor, which represents the ratio of the
mean zeta potential to the zeta deviation, is higher for R-HAp
(3.003) compared to I-HAp (1.555). A higher quality factor
indicates better stability of the HAp particles in suspension due
to stronger repulsive forces between the particles, which
prevents agglomeration.55 Plots of phase analysis light scat-
tering (PALS-phase plot) for I-HAp and R-HAp samples show
(Fig. 11f) the change in phase difference over time between two
detection points that receive light scattered from the particles.
The plots with a saw-tooth like pattern at a lower time-frame
indicate the goodness of the data for electrophoretic mobility
and zeta potential.
R-HAp: (a) correlograms; (b) intensity-based, (c) volume-based, and (d)
plot of phase analysis light scattering (PALS-phase plot). Measurements
ution natural pH at 25 ± 1 °C.
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3.5 Elemental composition and mapping

Elemental composition, along with the mapping of these
elements for the I-HAp and R-HAp samples, is presented in
Fig. 12 respectively. The relative amounts of each element are
shown in the spectrum (Fig. 12a and g), while the mass and
weight percentages provide quantitative details about the
composition. Calcium (Ca Ka and Ca Kb), phosphorus (P Ka),
and oxygen (O Ka) were the primary elements detected and
quantied for both the samples. Apart from these elements, Na
Ka, Mg Ka and C Ka were also detected.

As mentioned in the XPS analysis, the presence of Na andMg
in the HAp samples is probably because of the natural makeup
of FS. These elements can take the place of Ca in the HAp
structure. Also, using NaOH during the alkali treatment process
can bring more Na into the HAp samples. The presence of C
could be due to the atmospheric CO2 or the carbon tape that was
used as a substrate for the samples. The Ca/P ratio of I-HAp and
R-HAp samples was 1.42 and 1.41, respectively (based on
atom%). Notably, the Ca/P ratios in both samples were very
similar, and both fell below the theoretical value of 1.67. In the
HAp crystal structure, some Ca positions might be replaced by
other elements like Mg or Na that were detected in the EDX
analysis. These elements have lower atomic weights than Ca,
affecting the overall Ca/P ratio.56

The elemental mapping of I-HAp and R-HAp samples
revealed distinct patterns of elemental distribution of HAp. For
I-HAp (Fig. 12b–f), calcium and phosphorus were strongly
correlated, while O was evenly dispersed. Na and Mg were
present in smaller amounts and were not as spatially correlated
groups. In contrast, R-HAp showed (Fig. 12h–l) a slightly more
Fig. 12 Elemental analysis of the prepared HAp samples: (a) EDX spectr
spectrum and (h)–(l) corresponding mapping of elements of R-HAp.

39884 | RSC Adv., 2024, 14, 39874–39889
heterogeneous O distribution and higher amounts of Na and
Mg. Amount of C was also higher, possibly due to more organic
impurities. These differences may be related to variations in
sh scales, as the processing conditions were the same.
3.6 Functional group analysis by FTIR and Raman
spectroscopy

Functional group analysis of the prepared I-HAp and R-HAp
samples was carried out by the aid of FTIR and Raman spec-
troscopic analysis. The FTIR spectra of the HAp samples are
presented in Fig. 13a. FTIR spectra of both of the samples are
analogous to the typical HAp spectrum, with the presence of
PO4

3− , OH− and CO3
2− groups. The characteristic bands of

PO4
3− group, symmetric and asymmetric bending (n2 and n4),

and symmetric and asymmetric stretching (n1 and n3) were
present for both I-HAp and R-HAp samples. The presence of
bands for structural OH− group was noticed at around 630 cm−1

and 3568 cm−1 for both of the samples. The intensity of these
bands was very low for the R-HAp sample, with the later one
being the lowest in intensity. The presence of CO3

2− group was
also detected for both samples, at two different positions.

For I-HAp sample, the band position at around 879, 1413 and
1458 cm−1 correspond to the CO3

2− group. For R-HAp, band
position of CO3

2− group was observed only at 1458 cm−1. The
presence of this CO3

2− group at these aforementioned positions
can be attributed to the B-type substitution, which is the
substitution of PO4

3− group by the CO3
2− group. The incorpo-

ration of this B-type CO3
2− into the HAp lattice occurs through

a process called carbonate substitution.57 There are quite a few
studies that report the effect of B-type substitution on the HAp
um and (b)–(f) corresponding mapping of elements of I-HAp; (g) EDX

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) FTIR analysis; (b) Raman spectroscopic analysis; (c) UV-visible spectra and (d) Tauc plot for band gap measurements of I-HAp and R-
HAp sample.
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lattice. For instance, the stability and solubility of HAp can be
affected by this substitution which ultimately inuences the
bioactivity in bone regeneration applications. In addition, such
substitution of carbonate group might enhance the resorption
rate of HAp implants in the body.58 All the FTIR bands that have
been detected and their assignments are summarized in
Table 4.

The Raman spectroscopic analysis of the samples was
carried out within the Raman shi range of 50–3500 cm−1

which produced broad shaped peak for both of the samples
(Fig. 13b). Peak at 964 cm−1 (shown in the inset plots) conrms
the presence of PO4

3− group within the samples. This peak
Table 4 FTIR vibrational frequencies and their corresponding
assignments for I-HAp and R-HAp

Vibrational
frequency (cm−1)

Corresponding
assignments MarkingI-HAp R-HAp

3568 3568 Structural OH− n

1458 1458 B-type CO3
2− n3

1413 — B-type CO3
2− n3

1085 1072 Asymmetric stretching of PO4
3− n3

1018 1020 Asymmetric stretching of PO4
3− n3

960 960 Symmetric stretching of PO4
3− n1

879 — B-type CO3
2− d

630 632 Structural OH− n

597 599 Asymmetric bending of PO4
3− n4

559 559 Asymmetric bending of PO4
3− n4

486 495 Symmetric bending of PO4
3− n2

© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponds to the characteristic symmetrical stretching vibra-
tion of these groups, indicating the formation of an apatite-like
structure.59
3.7 UV-visible spectroscopic analysis

The UV-visible spectra of the I-HAp and R-HAp samples,
dispersed in DI at solution pH is shown in Fig. 13c. Both of the
spectrum has similar pattern with an absorption at nearly
similar position. For I-HAp, absorption peak is observed at
269 nm whereas R-HAp shows peak at 271 nm. For pure HAp,
the peak of absorption is typically observed in the UV region of
200–340 nm. Ain et al. reported an absorption peak of HAp at
274 nm with a peak band at 247 nm.60 The most likely reason
behind this absorption peak is due to the scattering of irradi-
ated light by the colloidal HAp particles.61 The TEM measure-
ment revealed a portion of particles that are in the nanometer
scale and these nanoparticles might contribute to this scat-
tering. The small UV-visible absorption peak observed for both
HAp samples is attributed to the limited quantity of nanometer-
scale particles.

The optical bandgap of the prepared HAp samples was
calculated using the UV-visible data through the Tauc plot
method which is governed by the following equation,62

ahn = A(hn − Eg)
n (35)

here, a denotes the coefficient of absorption, h represents the
Planck's constant (6.626 × 10−34 J s), n is the frequency of
photon, A is the proportionality constant, Eg denotes the optical
RSC Adv., 2024, 14, 39874–39889 | 39885
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bandgap and n depicts the type of transition (n= 1
2 for direct and

n= 2 for indirect bandgap). In our case, the indirect bandgap of
Tenualosa ilisha and Labeo rohita sh scale derived HAp samples
were calculated (as shown in Fig. 13d) and found to be 4.75 eV
for both samples.
3.8 Biocompatibility study in terms of cell viability and
hemocompatibility study

The successful implementation of a biomaterial mainly
depends on its safety while it comes in contact with the physi-
ological environment. Keeping this in mind, the biocompati-
bility of the prepared I-HAp and R-HAp samples were examined
in terms of cell viability and hemolysis study.

Fig. 14a–g represents the results of cell viability of the
prepared HAp samples on vero cell lines. The assessment
reveals that, both I-HAp and R-HAp samples show no sign of
cytotoxicity as the cell viability was above 95% in both cases. For
a material to be termed as cytocompatible, the cell viability
should be more than 70%.63 Based on this denition, the Ten-
ualosa ilisha and Labeo rohita derived HAp samples are cyto-
compatible in nature.

Fig. 14h represents the hemocompatibility assessment results
of the HAp samples. This study is also an important examination
of biomaterials that come in close contact with blood. When
Fig. 14 Cell viability study of the prepared HAp samples from Tenualos
cultured with (a) 100 and (b) 200 mg mL−1 of I-HAp; (c) 100 and (d) 200 mg
summary of cell viability study (the amount of sample and incubation t
samples (for 100 mg mL−1 sample concentration each).

39886 | RSC Adv., 2024, 14, 39874–39889
a material causes lysis of red blood cell, it begets the release of
hemoglobin. By measuring the amount of hemoglobin through
UV-visible spectrophotometer, percentage of hemolysis is
measured. Both I-HAp and R-HAp samples showed around 1%
hemolysis, depicting their safety as a biomaterial.1,13,64
3.9 Bio-activity analysis

One way of studying the bio-active nature of biomaterials, in
this case HAp, is the conrmation of apatite layer formation
through an electron microscope aer immersing in SBF solu-
tion for a certain time.65,66 The prepared I-HAp and R-HAp
samples were examined with FESEM aer immersing them in
SBF solution for 3 weeks at 37 °C. The captured images are
presented in Fig. 15 where the formation of apatite crystals and
layers over the HAp particles is evident. The obtained images
reveal a rare occurrence of highly porous, hemispherical
globule-like structures coated with an interlinked apatite layer.
Identical structures were also reported by Chavan et al. which
also denoted the structures as interlinked apatite layers.67 This
observation indicates the formation of a bone-like apatite layer
on the surface of the sh scale-derived HAp samples, suggesting
their potential bioactivity and ability to promote bone cell
growth andmineralization. The formation of an apatite layer on
the surface of HAp materials when immersed in SBF is
a ilisha and Labeo rohita fish scale: microscopic images of vero cells
mL−1 of R-HAp; (e) negative control; (f) positive control; (g) results and

ime was 25 mL and 48 h respectively); (h) hemolysis study of the HAp

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Bioactivity assessment of the HAp samples after 3 weeks of
immersion in SBF solution at 37 °C: (a) and (b) I-HAp and (c) and (d) R-
HAp.
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considered a good indicator of their in vivo bone-bonding ability
and bioactivity.68 The apatite layer formation is facilitated by the
release of calcium and phosphate ions from the HAp material,
which leads to the nucleation and growth of a bone-like apatite
layer on the surface.

Interestingly, in our previous study following a similar
methodology, the 3 weeks of SBF immersed HAp samples
(prepared from waste chicken eggshells) resulted in supersat-
uration of particles rather than forming highly porous apatite
structures.1,13

4. Conclusion

This study compared two HAp samples derived from the scales
of Tenualosa ilisha and Labeo rohita sh in terms of their crys-
tallographic characteristics, functional groups, morphology,
elemental composition, particle size, and bioactivity. XRD
analysis revealed that HAp from Tenualosa ilisha scales
predominantly grew along the (002) plane, while that from
Labeo rohita scales favored the (211) plane. Crystallite size
calculations using different model equations indicated mostly
the formation of micro-sized HAp crystallites aer calcination
at 1000 °C. The Tenualosa ilisha-derived HAp (I-HAp) exhibited
larger crystallite and particle sizes than the Labeo rohita-derived
HAp (R-HAp), as determined by FESEM, TEM, and DLS. FTIR,
Raman, FESEM, TEM, EDX, DLS, and zeta potential analyses
indicated a high degree of similarity between the prepared
samples, including their bioactive nature. This research
framework will aid in selective preparation of HAp with
monoclinic crystal structure and bio-competency from waste
sh scales of Tenualosa ilisha.
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