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Abstract: Using raw fish scales as a hydroxyapatite (HAp) source for tissue engineering applications is
gaining attention. In this study, hydroxyapatite was derived from Catla (Catla catla) and Tilapia
(Oreochromis niloticus) fish species to develop load-bearing biomaterials required for bone tissue
ingrowth. The sample groups were labeled as S, T, and C (for standard HAp, Tilapia-derived HAp, and
Catla-derived HAp, respectively). However, naturally derived HAp scaffolds are limited by low
physico-mechanical stability. Therefore, this study aimed to enhance their physical properties by doping
with Sodium chloride. FTIR analysis revealed peak positions for CaCO3? and PO, groups present in
all samples at around 712 cm, 1407 cm, and 1036 cm. The XRD studies indicated prominent 20
values (at 26, 32, 39, 49, and 64) corresponding to standard HAp powder, confirming its presence and
crystallinity in all samples. Elemental analysis with EDS confirmed the presence of Ca and P in the
ratio of almost 1.8:1 (wt%) in all sample groups. The tailored material developed from fish scales
showed potential in supporting bone tissue regeneration, as suggested by biorelevant studies. These
findings suggest that fish scale-derived HAp could be a promising resource for developing load-bearing
biomaterials for bone tissue engineering applications.
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1. Introduction

The occurrence of bone lesions and fractures pose as one of the most common large
organ injuries in humans, [1] also leading to traumatic complications, especially in the aged
population [2]. As the second most transplanted tissue, diseased or injured bones demand
numerous substitutes [3]. This is typically performed directly by the patient or from appropriate
donors. The dearth of tissue supplies, morbidity at the donor site, and incompatibility make
these procedures only effective for smaller-size abnormalities [4]. Treatment of bone defects
through the multidisciplinary field of tissue engineering is the newest choice [5], which
involves optimum scaffold interactions with the cells and other regulatory factors to mimic the
target tissue [6,7] effectively. The physicochemical characteristics of the scaffolds serve as
essential requirements for achieving desired cell growth. This necessitates that materials and
bone tissue engineering work synergistically to develop biomaterial alternatives, along with
controlled architecture for bone remodeling [8].
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Hydroxyapatite is being extensively studied and explored in this field due to its
presence in the natural bone [9] and its ability to activate osteoblast proliferation and
mesenchymal stem cell differentiation by increasing the concentration of calcium ions at the
local site [10]. It is chemically synthesized [11,12] or obtained from natural sources, such as
bovine bone [1]. The major hindrances to these methods are high manufacturing costs and
utilization of many chemicals [1], thus leading to environmental degradation. A strategy that
can replace these issues involves the use of abundantly available fish residues. Fish-derived
HAp is easily obtainable through a simple process involving calcination [13,14] while serving
as an economical and environmentally friendly source. It is also known for its higher calcium-
phosphate content [15] and lower crystallinity [16] in comparison to the synthetically derived
HAp [15]. These characteristics contribute towards higher surface reactivity in-vivo [17] and
can be further improved by incorporating various dopants [16].

Herein, we describe the preparation of HAp from the fish scales of Tilapia
(Oreochromis niloticus) and Catla (Catla catla) and compare it with the chemically
synthesized. Further studies involve the preparation of NaCl-doped HAp, with a
comprehensive evaluation of its physico-chemical characteristics. This co-substitution of Ca
with Na and OH with Cl can make the HAp energetically unstable due to variations in
electronegativity and ionic sizes, thus imparting them with improved in-vivo solubility. This,
in turn, can lead to improved osseointegration capacity [16], which is relevant for bone tissue
engineering.

2. Materials and Methods

2.1. Materials.

The chemicals utilized in the subsequent methodologies were of analytical grade. The
scales for both fish varieties were obtained from the local market of Oman.

2.2. Methodology.

2.2.1. Preparation of undoped and doped synthetic hydroxyapatite.

The synthetic HAp, hereby referred to as ‘S’, was prepared chemically [18]. 0.5 M of
calcium nitrate solution was added with 0.3 M ammonium phosphate solution dropwise, under
continuous stirring at 90°C. The system’s pH was checked to 11.0 using ammonia solution,
and the precipitate was washed through centrifugation. The precipitate was further dried at
120°C and divided into two parts. One of the parts was doped with 5% NacCl, and then both
doped and undoped parts were sintered at 800°C for 2 hours to obtain the dry powder [18].

2.2.2. Preparation of undoped and doped hydroxyapatite from fish scales.

The fish scales from Tilapia and Catla were used to derive HAp. Scales from the two
fish varieties were pre-processed by overnight soaking in distilled water. They were further
soaked in 1 N HCI for 30 minutes to remove the protein content while subsequently increasing
the pH to 11 with 6 N NaOH. The scales were then boiled in a water bath, and a part was doped
with 5% NaCl. Both the parts were then placed at -80°C for overnight freezing. They were
further incubated at 160°C and sintered at 800°C for 2 hours to obtain the dry powder [18].
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2.2.3. Characterization of synthetic and fish scale derived undoped and doped Hap.

The HAp obtained was studied for its physical characteristics by using electron
microscopy and X-ray diffraction analysis. Samples S, T, and C (both doped and undoped)
were placed over a clean stub using conductive carbon paint. The samples were completely
dried and coated with platinum prior to their analysis by the Field Emission Scanning Electron
Microscope, FESEM, JEOL (JSM-7600F). The surface morphology of all the sample types
was further analyzed using ImageJ's image-processing software [19]. The 3-dimensional
surface plots were constructed by first setting the scale (from the known distances) [20] and
employing the pluggin' “Interactive 3D surface plot” [21]. Further, the average surface
roughness of the samples was also determined by the prior elimination of background noise
and light [20], followed by the utilization of the plugin “Roughness_calculation” [22]. The
powdered HAp from all the sample types was used to study crystallinity through the
PANalytical X, Pert Pro X-ray diffraction system. The measurements were performed by using
Cu Ka radiations as the source of X-rays [23], keeping the 26 range between 20 to 70° [24].
The 20 peaks were compared with PDF-2 release 2012 (ICDD) and ICSD database for a
comprehensive analysis. In addition, the elemental composition of the HAp samples was
obtained through energy dispersive X-ray (EDX). The Fourier-Transform Infrared
spectroscopy (Bruker ALPHA 11 spectrometer equipped with ATR) was further used at a
scanning range of 400-4000 cm™ to assess the presence of different chemical groups and their
interactions. Finally, the Thermogravimetric analysis (TGA) and Differential Scanning
calorimetry (DSC) were performed over a temperature range of 30-900°C and a heating rate of
10°C min™, using Perkin Elmer Pyris STA 6000. TGA was performed under atmospheric
conditions to monitor the weight loss of all the HAp samples on encountering an increase in
temperature, while DSC was carried out under a nitrogen atmosphere to determine their thermal
transition point for melting or change in crystallinity.

3. Results and Discussions

The HAp was synthesized using chemical precursors and is further referred to as ‘S’,
while that derived from Tilapia and Catala fish scales is labeled “T* and ‘C’, respectively. The
undoped and the doped HAp samples were thoroughly examined for their physical features
through FESEM, as shown in Figures 1 and 2.

All the undoped samples revealed micro-scale architecture and the presence of densely
packed HAp. Samples ‘T’ and ‘C’ comprised mixed morphologies of sticks, flakes, and
particles when compared with ‘S’, which only had particle morphology. Such polygonal
morphologies have also been described in some of the earlier reports [15,25,26], making it a
characteristic feature of the HAp derived from fish scales. The samples also exhibited porous
morphology. Samples ‘S’ and ‘T’ showed similar surface roughness values of 38.06 um and
37.41um, respectively, while for ‘C’, the surface was comparatively smoother (30.53 pm). This
was also evident from the 3-dimensional surface plots of the undoped °S’, “T’, and ‘C’ (Figure
1). In comparison, the doped samples (Figure 2) revealed less density of HAp packing which
can lead to improved interconnectivity [13]. The average surface roughness of “T” and ‘C’ was
enhanced after doping, while that of ‘S’ decreased a little (Table 1). It was evident that
improved cell adhesion would follow among the doped samples, with ‘T’ presenting the best
from among the group.
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Figure 1. FESEM images of undoped (a) Synthetic HAp (S); (b) Tilapia derived (T); (c) Catla derived (C); with
(d), (e), and (f) representing their 3-dimensional surface roughness plots respectively.

Figure 2. FESEM images of doped (a) Synthetic HAp (S); (b) Tilapia derived (T); (c) Catla derived (C); with
(d), (e), and (f) representing their 3-dimensional surface roughness plots respectively.
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Table 1. Average surface roughness values of undoped and doped S, T, and C Hap.
Undoped Doped

HAp type S T C S T C
Average surface roughness (um) 38.06 | 3741 | 3053 | 37.72 | 5317 | 37.18

The elemental analysis for the doped sample types, ‘T, and ‘C’ (Figure 3), showed the
O, Ca, C, P, Al, CI, and Na peaks, confirming the NaCl doping. The absence of N and S
demonstrated the complete removal of the protein part while processing the fish scales, thus
leading to the purity of the fish-derived HAp. The greater Ca/P ratios of 1.92 and 1.76 for ‘T,
and “C’, respectively, compared to the stoichiometric ratio of 1.67 generally obtained during
chemical synthesis, are characteristic of the HAp derived from the fishes [15]. The Ca/P ratio
exhibited by ‘T’ is similar to that found in normal human bones (1.9 to 2.1) [27], thus making
it comparatively a more favorable choice than ‘C’.
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Figure 4. XRD spectrum of doped S, T, and C Hap.

The XRD analysis of doped, ‘T’, and ‘C’, depicted in Figure 4, revealed the prominent
20 positions at 26°,32°,39°,49°, and 64°, which were similar in HAp extracted from bovine
bone waste [28]. These also corresponded well with the 20 values obtained with ‘S’, in
comparison with the ICDD database- which provides primary and secondary peaks of HAp at
https://materials.international/ 50f9
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32.08° and 25.94°, respectively [15]. The absence of peak positions at 6°, 21°, or 33° also
confirmed the absence of collagen protein [15], thus reinstating the results obtained in the
elemental analysis.

The chemical features ascertained through FTIR measurements are shown in Figure 5.
Undoped ‘S’ revealed the presence of hydroxyl, OH™ group at 3642 cm™, while the same was
present at 3563 cm™ for “T” and ‘C’ [29,18]. This corresponded to the stretching and bending
vibrations of the hydroxyl ions in the adsorbed water [25]. The asymmetric stretching vibration
peaks of carbonates, COs? were confirmed by the bands at 1403 cm™* for *S” and 1461 cm™ for
‘T’ and ‘C’[15,30]. The v vibration band of phosphate, PO4> was centered about 1033 cm™
for *S’, “T°, and ‘C’[25]. Similarly, the bending vibrations of COs% and calcium the intense
peaks at 872 cm-1 confirmed Ca2?* and 707 cm™ respectively [25]. The absence of the amide
bands further confirmed the purity of the developed scaffolds, as discussed earlier through
EDX and XRD. The analysis of the doped samples revealed OH-CI interactions at 3570 cm™
and —HO: OH- ‘head-on’ configuration at 606 cm, along with the other HAp peaks [16]. This
suggested successful doping, as observed in the elemental analysis.
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Figure 5. FTIR spectra of (a) undoped; (b) doped S, T, and C Hap.

Further, the undoped samples' thermal degradation behaviors (shown in Figure 6)
revealed a few stages of weight loss. The first stage involved the evaporation of water and
extended to around 390°C for sample ‘S’ while extending to about 275°C for ‘T’ and ‘C’. In
contrast, the doped ‘S’ showed around 5% weight loss till 200°C, while the samples ‘T’ and
‘C’ showed no significant weight loss over the entire temperature range extending to 900°C.
The small amount of weight loss can be attributed to dehydration in the samples. The absence
of other decomposition stages confirmed the purity of doped ‘T’ and C’, hence proving their
usability in the physiological temperature range.

The DSC analysis shown in Figure 7 indicates the better thermal stability of doped HAp
than undoped HAp samples, even at temperatures above 5°C. The thermal properties revealed
with DSC provide the possibility of developing biomaterial applications with further
processing and can be employed with acceptable physiological conditions.
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Figure 6. Thermal degradation studies of (a) undoped; (b) doped S, T, and C Hap.
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Figure 7. Differential Scanning calorimetry of (a) undoped; (b) doped S, T, and C Hap.

4. Conclusions and Future Perspectives

The present study showed the preparation of highly pure and crystalline HAp from
Tilapia and Catla fish scales. The HAp obtained by removing the protein content and
subsequent sintering at 800°C was further doped with 5% NaCl. Analysis of the
physicochemical features revealed the formation of uniformly doped ‘T’ and ‘C’ HAp, thus
rendering them with improved solubility, which is beneficial for tissue engineering
applications. Better surface roughness values and Ca/P content for ‘T’ compared to ‘C’ indicate
its better dispositioning for bone tissue regeneration, as this content plays a vital role in mineral
homeostasis and bone metabolism. The development of porous scaffolds from the synthesized
fish scale-derived doped HAp that supports osteoblast proliferation and the formation of
extracellular matrix is desired in the future.
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