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Abstract: The optimum condition of acid hydrolysis for hydroxyapatite extraction from bigeye snap-
per (Priancanthus tayenus) bone and the effects of extraction time (10–60 min) and HCl concentration
(2.0–5.0% w/v) on yield and hydroxyapatite properties were determined. The optimum extracted
condition was found using 5% HCl for 60 min, which was 13.4% yield; 19.8 g/100 g Ca content;
9.6 g/100 g P content; 2.1 Ca/P ratio; L*, a*, b*; and ∆E as 84.5, 2.8, 16.5, and 15.6, respectively. The us-
ing of 5% NaOH solution was optimum for hydroxyapatite precipitation from the extracted solution.
The characteristic and biological properties of the obtained hydroxyapatite were studied. Fourier
transform infrared spectroscopy and X-ray diffraction results showed a good comparison between
the extracted and commercial hydroxyapatite. The microstructure of the extracted hydroxyapatite
from a scanning electron microscope showed an irregular and flat-plate shape, large surface area,
and roughness. The extracted hydroxyapatite was non- and low-cytotoxicity at a concentration
of 50 and 100–400 µg/mL, respectively. Bovine serum albumin (BSA) adsorption and desorption
of hydroxyapatite was studied. An increasing BSA concentration, hydroxyapatite amount, and
adsorption time significantly increased protein adsorption on hydroxyapatite. Protein desorption
from BSA-loaded hydroxyapatite showed an increase of release initially in the first 4 days and became
a steady release rate until 14 days.

Keywords: hydroxyapatite; bigeye snapper; Priancanthus tayenus; fish bone; protein adsorption;
protein desorption

1. Introduction

The expansion of fish processing has generated increasing quantities of byproducts
that may account for up to 70% of the whole fish weight, depending on the raw materials
and finished products. In general, the fish byproducts are composed of 9–12% heads,
12–18% viscera, 1–3% skins, 9–15% bones, and ~5% scales in the total fish weight [1]. For
example, a by-product from surimi or fish mince production may account ~60–70% of the
whole fish weight, including the head, viscera, skin, bone, scale, fin, etc. [2]. Historically,
the fish byproducts were often used for fish meal and oil production or discarded as waste,
resulting in underutilized fish resources and economic losses, as well as environmental
effects [1]. Eventually, fish by-product utilization gained increasing attention. It is often
involved used for developing extracted ingredients, bioactive compounds, or value-added
products in various forms based on potential valid alternatives of fish by-products. In
addition, due to the high content of collagen, enzymes, peptides, polyunsaturated fatty
acids, and minerals in fish by-products, they also provide a large and sustainable supply
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of high-value bio-compounds that are used in biotechnological, medicinal, and pharma-
ceutical applications [3]. Especially, fish bones have been used as a source of protein and
mineral extraction such as collagen, gelatin, calcium, bio-calcium, and calcium phosphate
or hydroxyapatite [4]; for example, the bones of bigeye snapper (Priacanthus tayenus) are a
good source for collagen, gelatin, and gelatin hydrolysate preparation [5,6].

Hydroxyapatite is a calcium phosphate compound, Ca10(PO4)6(OH)2, that serves
as the main inorganic element composition in the bone and teeth [7]. Hydroxyapatite
is also generally recognized as a biomaterial used for medical applications in bone and
dental treatments. Normally, hydroxyapatite can be obtained using two major processes
including synthesis from chemicals and extraction from biological resources [8]. The
obtained hydroxyapatite from animal bones has a few advantages over the synthetic types
such as chemical composition and structure that it is similar to that of human bone, lower
processing cost, and improved biological response [9]. Natural resources have been used
for hydroxyapatite extraction such as bovine bones [10], pig bones [11], and eggshells [12].
However, the hydroxyapatite produced from mammalian bone might have been limited
for reasons of biosafety and religion. More attention is probably given to aquatic animal
resources as a material for hydroxyapatite production [13]. Various works have studied
hydroxyapatite preparation from fish such as the bone of salmon, rainbow trout, cod,
catfish, tilapia, seabass, yellowfin tuna, and Whitemouth croaker [8,14–16].

Hydroxyapatite extracted from fish bone is considered to be an alternative to synthetic
hydroxyapatite from chemicals. It has recently been recognized as a promising biomaterial
with great potential in biocompatibility and bioactivity, and its inorganic composition is
similar to that of natural bone [4,15]. Hydroxyapatite has been used as an adsorbent in
chromatography for isolation or purification because the surface itself has a high adsorption
ability for many substances [17]. The biological characteristics of calcium phosphate or
hydroxyapatite biomaterials are mostly determined by protein adsorption and desorption
properties [18]. Hydroxyapatite has been studied in protein adsorption for carriers of
protein drugs. The protein adsorption and release properties of hydroxyapatite might
be related to the surface properties that are also affected by the preparation process [17].
Previous reports have studied the biological properties of hydroxyapatite for protein
adsorption and desorption by testing with several proteins such as bovine serum albumin
(BSA), lysozyme, cytochrome c, insulin, myoglobin, and ovotransferrin [7,19–21].

This study aimed to prepare hydroxyapatite from bigeye snapper bone, a byproduct
from the surimi or fish mince processing, using the acid extraction methods. The optimum
extracted condition and mathematical model for hydroxyapatite extracted from bigeye
snapper bone were generated, and the characterization and functional properties of the
obtained hydroxyapatite powder were determined. In addition, the biological proper-
ties of protein adsorption and desorption, and cell cytotoxicity were also carried out to
demonstrate in vitro biocompatibility.

2. Results and Discussion
2.1. Chemical Composition of Bigeye Snapper Bone

Fresh bigeye snapper bone contained 57.27% moisture, 16.13% protein, 9.04% fat, and
16.80% ash. This result was consistent with the study of Kittiphattanabawon et al. [5], in
which the content of moisture, protein, fat, and ash were 62.27, 13.3, 8.77%, and 14.40% ash
content, respectively. While Jaziri et al. [22] reported that bigeye snapper bone had a content
of 71.31% moisture, 12.46% protein, 1.29% fat, and 13.97% ash. However, in previous studies
and present work, the bigeye snapper bone contained high ash content (ranging about
14–17%), and then it was possibly used as a material to obtain the hydroxyapatite.

2.2. Optimization of Hydroxyapatite Extraction Condition

RSM with a faced-centered central composite design was performed. The effects
of the extraction time (X1: 10–60 min) and the concentration of HCl (X2: 2–5% w/v) on
yield and hydroxyapatite properties (Ca and P content, Ca/P ratio, and color parameters)
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were determined as shown in Table 1. Regression analysis was carried out to develop
the response surface models with full quadratic models as shown in Table 2. Most of the
models were significant (p ≤ 0.05), except for the models of Ca and P contents and Ca/P
ratio which were not significant (p > 0.05). The coefficients of determination (R2) of all
models were in the range of 0.47–0.98. The appropriated models for indicated correlations
among the variable parameters with high confidence have to be significant in the model
(lower p-value) and higher R2 then to explain the effects of the variables in the experimental
data [23,24].

Table 1. Experimental unit and response variables for hydroxyapatite extraction from bigeye
snapper bones.

Treatment X1
(min)

X2
(%)

Yield
(%)

Ca ns

(g/100 g)
P ns

(g/100 g) Ca/P Ratio ns L* a* b* ∆E

1 10 2.0 4.26 ± 0.20 e 15.0 ± 4.87 7.38 ± 2.24 2.03 ± 0.03 79.8 ± 0.13 e 4.16 ± 0.38 a 19.3 ± 0.91 a 31.1 ± 1.24 a

2 10 5.0 10.6 ± 0.16 bc 19.7 ± 1.58 9.43 ± 1.12 2.09 ± 0.06 90.3 ± 2.83 ab 4.20 ± 1.63 a 20.3 ± 2.18 a 21.8 ± 1.89 c

3 60 2.0 6.77 ± 0.43 d 16.4 ± 2.44 8.08 ± 1.23 2.03 ± 0.00 75.2 ± 0.76 e 3.62 ± 0.78 ab 18.1 ± 1.33 ab 29.0 ± 2.05 ab

4 60 5.0 13.4 ± 1.30 a 19.8 ± 3.90 9.55 ± 2.07 2.08 ± 0.03 91.3 ± 1.35 a 2.84 ± 0.80 c 16.5 ± 2.14 bc 11.1 ± 2.39 f

5 35 2.0 6.25 ± 0.11 d 17.9 ± 0.03 8.65 ± 0.03 2.07 ± 0.00 76.9 ± 2.01 e 3.11 ± 0.82 b 18.6 ± 1.94 ab 30.6 ± 0.67 e

6 35 5.0 12.4 ± 1.03 a 17.2 ± 2.58 8.28 ± 1.21 2.08 ± 0.00 89.7 ± 0.87 ab 2.67 ± 0.29 c 17.4 ± 1.42 b 16.1 ± 0.43 b

7 10 3.5 9.26 ± 0.15 c 17.5 ± 1.16 8.30 ± 0.56 2.11 ± 0.00 87.1 ± 1.09 abc 2.88 ± 0.25 c 17.1 ± 1.57 b 28.8 ± 1.57 d

8 60 3.5 11.8 ± 0.71 ab 20.1 ± 0.59 9.52 ± 0.39 2.11 ± 0.02 77.9 ± 2.55 de 2.47 ± 0.23 c 17.2 ± 0.73 b 18.4 ± 1.31 c

9 35 3.5 9.42 ± 0.12 c 19.7 ± 0.80 9.27 ± 0.70 2.13 ± 0.05 85.6 ± 0.62 bc 1.04 ± 0.35 d 11.7 ± 2.55 d 22.6 ± 0.28 c

10 35 3.5 10.3 ± 0.15 bc 16.2 ± 0.14 7.83 ± 0.30 2.06 ± 0.04 87.7 ± 0.62 abc 1.05 ± 0.59 d 10.8 ± 1.45 e 22.9 ± 0.39 c

11 35 3.5 10.4 ± 0.21 bc 19.2 ± 2.24 9.23 ± 1.10 2.08 ± 0.00 84.4 ± 1.65 cd 1.68 ± 0.44 d 12.7 ± 1.49 d 22.2 ± 2.00 c

Note: X1: Extraction time (min), X2: HCl concentration (%). Different superscript letters in the same column
indicate statistical differences (p ≤ 0.05) and ns is not a significant difference (p > 0.05).

Table 2. Quadratic models of hydroxyapatite preparation.

Responses Quadratic Polynomial Model R2 p-Value

Yield (%) Y1 = −5.82 + 6.01X1 + 0.05X2 − 0.002X1X2 − 0.57X1
2 − 0.0001X2

2 0.9827 0.0002
L* Y2 = 81.3 + 1.59X1 + 0.05X2 − 0.012X1X2 − 0.03X1

2 + 0.00003X2
2 0.9000 0.0154

a* Y3 = 6.10 − 0.77X1 − 0.02X2 + 0.008X1X2 − 0.06X1
2 − 0.0002X2

2 0.9741 0.0006
b* Y4 = 17.5 + 2.44X1 + 0.004X2 + 0.01X1X2 − 0.78X1

2 − 0.001X2
2 0.9512 0.0027

∆E Y5 = 45.2 − 14.8X1 − 0.43X2 − 0.02X1X2 + 2.165X1
2 + 0.01X2

2 0.8772 0.0250
Ca content (g/100 g) Y6 = 18.41 + 1.24X1 − 0.68X2 − 0.3X1X2 − 0.94X1

2 + 0.29X2
2 0.4770 0.5382

P content (g/100 g) Y7 = 8.77 − 0.53X1 + 0.34X2 − 0.15X1X2 − 0.31X1
2 + 0.14X2

2 0.4653 0.5587
Ca/P ratio Y8 = 2.10 + 0.02X1 − 0.002X2 − 0.003X1X2 − 0.035X1

2 + 0.0003X2
2 0.5782 0.3688

Note: X1: extraction time (min), X2: HCl concentration (%), Y1: %Yield, Y2: L*, Y3: a*, Y4: b*, Y5: ∆E, Y6; Ca
content (g/100 g), Y7: P content (g/100 g), Y8: Ca/P ratio.

The multi-responses optimization was performed using five responses of yield, L*,
a*, b*, and ∆E values. The optimum extraction time (X1) and HCl concentration (X2) to
obtain the highest yield and good color were 60 min and 5% w/v, respectively. The value
criteria of parameters for multi-response optimization, optimum condition, composite
desirability, predicted values, and validated experimental values are shown in Table 3.
The experimental values were not significant with the predicted values (p > 0.05) for all
responses, showing good predictor models. Based on its higher yield and better color, the
hydroxyapatite was prepared using a condition of 5% w/v HCl solution and extraction for
60 min.

The effects of extraction time (X1) and HCl concentration (X2) on responses are shown
in Figure 1. Both X1 and X2 were significant main effects without interactions effect on the
hydroxyapatite yield. In Figure 1A, the yield increased significantly with extraction time
and HCl concentration. This might be due to a higher acid concentration and increase in
contact time with higher dissociation of hydroxyapatite from the matrix in the fish bone
to the solution [25]. Then, a higher yield was obtained after precipitation by a NaOH
solution. Muhammad et al. [26] reported that hydroxyapatite extraction from bones and
fish scales clouds involved using acids, alkalis, and heat treatments to further separate the
hydroxyapatite from biological resources. For the calcium and phosphorus contents and
Ca/P ratio, the X1 and X2 were not significant main effects and were without interaction
effects. The increasing Ca and P contents with increasing HCl concentration and extraction
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time were observed (Figure 1B,C), while the highest Ca/P ratio was found when the HCl
concentration was about 3.5% w/v (Figure 1D). For the response of color parameters, the
X2 significantly influenced L*, a*, and b* values. The higher HCl concentration resulted
in higher L*, a*, and b* values (Figure 1E–G), and the lowest ∆E was observed at about
the center level of both X1 and X2 (3.5% HCl concentration and 30 min extraction time) as
shown in Figure 1H.

Table 3. Criteria of parameters for multi-response optimization, optimum condition, composite
desirability, predicated value, and experimental value from the verification of optimum model for
yield, L*, a*, b*, and ∆E.

Response &
Factors

Parameter Predicated
Value

Experimental
Value

Composite
DesirabilityGoal Lower Upper Weight Importance

X1 Is in range 10 60 1 3 60 60

0.908

X2 Is in range 2 5 1 3 5 5
Yield (%) maximize 4.26 13.39 1 3 13.39 13.4 ± 1.30

L* maximize 84.96 88.65 1 3 88.0 84.5 ± 2.21
a* Is in range 1.03 4.20 1 3 1.47 2.84 ± 0.80
b* Is in range 10.83 20.32 1 3 12.25 16.5 ± 2.14
∆E Is in range 8.25 20.39 1 3 16.31 15.6 ± 2.95

Ca content
(g/100 g) none 15.03 20.07 1 3 19.31 19.8 ± 3.90

P content
(g/100 g) none 7.38 9.55 1 3 9.29 9.55 ± 2.07

Ca/P ratio none 2.03 2.13 1 3 2.08 2.08 ± 0.03

Note: X1: extraction time (min), X2: HCl concentration (%).

2.3. Characterization of Extracted Hydroxyapatite

The FTIR spectra from all 11 treatments and commercial hydroxyapatite (Sigma-
Aldrich) are presented in Figure 2. All hydroxyapatite showed a series of usual charac-
teristic bands for phosphate (PO4

3−), carbonate (CO3
2−), and hydroxyl ions (OH−). In

Figure 2, the peaks at 595, 870–874, and 1024 cm−1 are attributed to the bending vibration
of PO4

3−, a stretching vibration of P–O bonds [27,28]. The bands at 1649 and 1747 cm−1

indicated the formation of the CO3
2− [29,30]. The CO3

2− is also found at bands ranging
from 1412–1455 cm−1. This was in accordance with the report of Ebrahimi et al. [31] (2021)
that the CO3

2− band appeared at 1430 cm−1 because of the formation of CO2 in the atmo-
sphere and sufficient hydroxyl in the alkali conditions. In addition, the peaks ranging from
660–675 cm−1, 2347 cm−1, 2854–2929 cm−1, and 3370–3404 cm−1 showed the adhesion and
bending of water molecules referring to the hydroxyl group (OH−), and the presence of
adsorbed water in the structure [30,32].

The microstructure and estimated Ca and P contents of all prepared and commer-
cial hydroxyapatites were analyzed using the SEM equipped with EDX and shown in
Figures 3 and 4, respectively. The commercial hydroxyapatite had numerous agglomera-
tions of small spherical particles, whereas all of the prepared hydroxyapatites had irregular
morphology, flat plate, large surface area, roughness, and lower 10 µm of particle size.
This was similar to hydroxyapatite obtained from the Rapana thomasiana shell, which had
irregularly shaped microcrystalline aggregates with a dimension of about 1–10 µm [33].
Therefore, Pon-On et al. [34] reported that the microstructure of extracted hydroxyapatite
from fish scales had a flat plate and a large and rough surface.
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Figure 1. Response surface plots showing the effect of extraction time and HCl concentration on yield
(A), Ca (B) and P (C) contents, Ca/P ratio (D), and color properties (E–H).
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Figure 2. The FTIR spectra of hydroxyapatite extracted using 2% HCl 10 min (a), 5% HCl 10 min (b), 2%
HCl 60 min (c), 5% HCl 60 min (d), 2% HCl 35 min (e), 5% HCl 35 min (f), 3.5% HCl 10 min (g), 3.5%
HCl 60 min (h), 3.5% HCl 35 min Rep.1 (i), 3.5% HCl 35 min Rep.2 (j), 3.5% HCl 35 min Rep.3 (k), and
the commercial hydroxyapatite (l).

The EDX results presented the main component of calcium, phosphorus, oxygen, and
estimated Ca and P content based on EDX analysis, which was in the range of 1.64–2.35.
This agreed with the obtained values from the chemical analysis based on the method of
AOAC [35] in Table 1.

Based on the optimum conditions, the obtained hydroxyapatite was analyzed by
XRD to determine the phase composition. The XRD pattern of extracted and commercial
hydroxyapatites is shown in Figure 5. The XRD patterns of extracted hydroxyapatite were
the main peaks corresponding to commercial hydroxyapatite. Those XRD patterns were
sharp peaks with the highest intensity at 2θ = 31.7◦, compatible with the 211 planes of
hydroxyapatite [36]. This also was consistent with the X-ray diffraction spectrum of powder
and bulk tooth enamel, which showed the intensities of most peaks including (211), (300),
(310), and (222) planes [37]. The extracted hydroxyapatite shows the sharp peak of the
hydroxyapatite phase, suggesting a high crystallinity of prepared hydroxyapatite. As in
previous reports by Nam et al. [8], Pon-On et al. [34], and Panda et al. [36], a complete
crystallization of the extracted hydroxyapatite powders was confirmed by the sharp peak
intensity of XRD patterns.
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Figure 3. Microstructure from scanning electron microscopy (SEM) of hydroxyapatite obtained by
using 2% HCl 10 min (a), 5% HCl 10 min (b), 2% HCl 60 min (c), 5% HCl 60 min (d), 2% HCl 35 min
(e), 5% HCl 35 min (f), 3.5% HCl 10 min (g), 3.5% HCl 60 min (h), 3.5% HCl 35 min Rep.1 (i), 3.5%
HCl 35 min Rep.2 (j), 3.5% HCl 35 min Rep.3 (k), and the commercial hydroxyapatite (l).

2.4. Hydroxyapatite Precipitation from the Extracted Solution

As the obtained optimum condition for hydroxyapatite extraction from bigeye snap-
per bone, the effects of alkali, and concentration on hydroxyapatite precipitation were
determined using NaOH and KOH with various concentrations as shown in Table 4. The
obtained hydroxyapatites of all treatments were similar in yield (p > 0.05) and slight color
differences (p ≤ 0.05). The precipitation with KOH obtained slightly higher whiteness
hydroxyapatite. However, the main factors for production are yield and cost, and the 5%
NaOH was selected to precipitate hydroxyapatite from the extracted solution.
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Figure 4. Energy dispersive X-ray (EDX) semiquantitative analysis for elemental estimation for
hydroxyapatite extracted using 2% HCl 10 min (a), 5% HCl 10 min (b), 2% HCl 60 min (c), 5% HCl
60 min (d), 2% HCl 35 min (e), 5% HCl 35 min (f), 3.5% HCl 10 min (g), 3.5% HCl 60 min (h), 3.5%
HCl 35 min Rep.1 (i), 3.5% HCl 35 min Rep.2 (j), 3.5% HCl 35 min Rep.3 (k), and the commercial
hydroxyapatite (l).

Table 4. The effects of alkali and concentration on hydroxyapatite precipitation.

Treatment Yield ns (%) L* a* b* ∆E

5% NaOH 15.89 ± 1.22 85.84 ± 0.01 f 2.81 ± 0.01 c 15.10 ± 0.00 c 16.76 ± 0.00 c

10% NaOH 15.93 ± 1.06 87.56 ± 0.01 d 2.33 ± 0.01 e 14.31 ± 0.02 e 15.05 ± 0.01 e

15% NaOH 16.08 ± 0.30 86.59 ± 0.01 e 2.56 ± 0.01 d 14.40 ± 0.05 d 15.78 ± 0.02 d

20% NaOH 16.09 ± 1.10 84.36 ± 0.03 h 3.30 ± 0.00 a 16.99 ± 0.05 b 18.98 ± 0.04 a

5% KOH 15.11 ± 1.19 88.50 ± 0.02 b 1.76 ± 0.00 h 13.60 ± 0.03 g 13.91 ± 0.03 g

10% KOH 16.08 ± 0.39 88.78 ± 0.03 a 1.96 ± 0.01 g 13.98 ± 0.03 f 14.06 ± 0.02 f

15% KOH 16.87 ± 0.24 88.06 ± 0.01 c 2.02 ± 0.01 f 13.38 ± 0.02 h 14.08 ± 0.02 f

20% KOH 17.05 ± 1.32 85.23 ± 0.01 g 3.08 ± 0.01 b 17.27 ± 0.02 a 18.50 ± 0.02 b

Note: Mean ± SD, Different letters in same column indicate significantly differences (p ≤ 0.05) and ns is not a
significant difference (p > 0.05).
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Figure 5. XRD patterns of (a) extracted hydroxyapatite using 5% HCl with 60 min extraction time
and (b) commercial hydroxyapatite.

2.5. Cell Cytotoxicity

The cytotoxicity on MC3T3-E1 using MTT assay was performed as shown in Figure 6.
The extracted hydroxyapatite from bigeye snapper bone was non-cytotoxic and low-
cytotoxicity at a concentration of 50 µg/mL and 100–400 µg/mL, respectively. After
incubation for 24 and 72 h, cell viability was in the range of 69–86% and 53–99%, respec-
tively. The viability of MC3T3-E1 cells treated with hydroxyapatite was slightly decreased
with increasing of concentration. The morphology of the MC3T3-E1 cell line was studied
after 72 h treatment of hydroxyapatite as shown in Figure 6. From the optical microscopy
and after the Hoechst stain, a slightly decreasing viable cell number was observed when
increasing hydroxyapatite concentration. As in previous research, non-cytotoxic extracted
hydroxyapatite was reported such as hydroxyapatite from tuna and swordfish bones [29]
and hydroxyapatite from rainbow trout and salmon bones, promoting the viability of
MC3T3-E1 cells at a concentration of 200 µg/mL [15].

2.6. Adsorption of Protein on Hydroxyapatite

The 3 and 6 mg/mL of BSA solutions were adsorbed on various amounts of commer-
cial and extracted hydroxyapatites for 6 and 12 h, and the results are shown in Figure 7.
At 3 mg/mL BSA with 6 h adsorption time, the adsorption amount of BSA on various
amounts of commercial and extracted hydroxyapatite (2, 4, 6, 8, and 10 mg) was in the
range of 0.56–0.92 mg/mL and 0.44–0.80 mg/mL, respectively. At 3 mg/mL BSA with
12 h adsorption time, the amount of BSA adsorbed on various amounts of commercial and
extracted hydroxyapatite (2, 4, 6, 8, and 10 mg) were in the range of 1.87–2.15 mg/mL
and 1.49–1.68 mg/mL, respectively. At 6 mg/mL with 6 h adsorption time, the amount
of BSA adsorbed on various amounts of commercial and extracted hydroxyapatite (2, 4,
6, 8, and 10 mg) was in the range of 2.99–3.46 mg/mL and 3.30–3.61 mg/mL, respec-
tively, while at 6 mg/mL with 12 h adsorption time, the BSA adsorbed amount on various
amounts of commercial and extracted hydroxyapatite (2, 4, 6, 8, and 10 mg) were the
range of 3.11–3.84 mg/mL and 3.46–3.95 mg/mL, respectively. These results showed that
the protein adsorption of commercial and extracted hydroxyapatites was significantly
increased with increasing amounts of hydroxyapatite, adsorption time, and BSA concentra-
tion (p ≤ 0.05). However, at 3 mg/mL BSA solution with increasing adsorption time from 6
to 12 h, the amount of BSA adsorbed on commercial and extracted hydroxyapatite increased
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by 2.6 and 2.5 times, respectively, while the amount of BSA adsorbed for 6 mg/mL BSA
solution increased about 1.1 times. Adsorbed BSA on hydroxyapatite depends on the
hydrophobicity of individual hydroxyapatite and BSA molecules, which enhances their
mutual adsorption and interaction behavior [38]. In addition, the electrostatic interaction
between cation (Ca2+) and anion (PO4

3−) of hydroxyapatite with cation (NH4
+) and anion

(COO−) of BSA protein influenced the adsorption amount onto hydroxyapatite [39], and
the specific surface area of hydroxyapatite generally corresponds to amount of protein ad-
sorption, in which a higher surface area exhibits a higher amount of adsorbed protein [40].

Figure 6. The effects of obtained hydroxyapatite from bigeye snapper bone on MC3T3-E1 cell viability
after incubation for 24 and 72 h and cell morphology after incubation for 72 h using optical microscopy
and Hoechst stain at 100× original magnifications.



Int. J. Mol. Sci. 2023, 24, 2776 11 of 18

Figure 7. BSA adsorption onto commercial and extracted hydroxyapatites using BSA solutions at
concentration of 0.5 mg/mL (A) and 1.0 mg/mL for 6 h and 12 h (B). Different upper-case letters in
same amount of hydroxyapatite indicate significantly differences (p ≤ 0.05) and different lower-case
letters in all amount of hydroxyapatite indicate significantly differences (p ≤ 0.05).

The morphology of hydroxyapatite-adsorbed BSA is shown in Figure 8. From these
results, the larger particles and spherical shape of adsorbed particles compared with
non-adsorbed BSA (Figure 3) were observed. The presence of BSA in hydroxyapatite
was confirmed by FTIR analysis as shown in Figure 9a,b compared with commercial
hydroxyapatite (Figure 9c). The bands at 559, 603, and 1020 cm−1 are attributed to the
phosphate group of hydroxyapatites. In Figure 9a, the BSA adsorbed on the extracted
hydroxyapatite showed a vibration band at 3312 cm−1 for the formation of a hydroxyl
group. The bands at 1656 cm−1 and 1546 cm−1 are attributed to the N–H bond of amide
I and amide II, respectively. The bands at 1444 cm−1 and 1546 cm−1 indicated the C–H
contortion modes of –CH2 (methyl) and –CH3 (methene) in polypeptides, respectively [41].
In Figure 9b, the BSA adsorbed on commercial hydroxyapatite showed the peaks at 1647,
1546, 1444, and 1546 cm−1, which are attributed to amide I, amide II, methyl, and methene,
respectively. These results confirmed the amide I, amide II, methyl, and methane of the
BSA protein adsorbed onto both hydroxyapatites.
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Figure 8. Morphology of extracted (A) and commercial hydroxyapatite (B) after adsorption of BSA.

Figure 9. FTIR spectra of extracted (a) and commercial hydroxyapatite (b) after adsorption of BSA
and commercial hydroxyapatite (c).

2.7. Desorption of Protein on Hydroxyapatite

The protein release behavior of BSA adsorbed on the extracted and the commercial
hydroxyapatite in phosphate buffer solution (pH 7.4) at 37 ◦C was done in different incu-
bation times and shown in Figure 10. The increasing release rate was observed for both
hydroxyapatites within the time interval of the first 4 days, and then after day 5, it follows
a steady state of the release rate of protein until 14 days. These results are consistent with
the research of Swain and Sakar [38], they have reported that the release of the BSA-loaded
hydroxyapatite was a rapid release rate in the first 4 days, and then became a steady rate
until 10 days. However, in the present work, a higher amount of release protein from
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the adsorbed BSA on commercial hydroxyapatite was observed, and the highest release
amount for the BSA loaded on commercial and extracted hydroxyapatite was 70% and 55%,
respectively. This might be due to the resulting smaller particles and spherical shape of the
commercial hydroxyapatite compared with the irregular shape of extracted hydroxyapatite
particles (Figure 8). The previous report of Bharath et al. [42] found that the release rate
depends on the pH of the used solutions, pH 4.4 resulted in a higher release rate than pH
7.4. Therefore, a high adsorption capacity along with slow and sustained release behavior
of hydroxyapatite particles might be a promising candidate material for protein carrier
systems with a controlled release [20,37,42].

Figure 10. Release amount of the BSA loaded on the commercial and the extracted hydroxyapatite
particles at different incubation times.

3. Materials and Methods
3.1. Material and Preparation

The bones of bigeye snapper (Priancanthus tayenus) were a byproduct of fish mince
processing, which were obtained from Sirikhun Seafood Co., Ltd. (Samut Sakhon, Thailand).
Fish bones were packed into polyethylene bags (5 kg/bag), frozen, and transported to the
laboratory of the College of Maritime Studies and Management, Chiang Mai University
(Samut Sakhon) using a container car (temperature −18 to −20 ◦C). On arrival, the frozen
fish bones were thawed, washed, and crashed using a silent cutter (YS07, kitchen mall,
Pathum Thani, Thailand), packed into zip lock polyethylene bags (1000 g/bag), and stored
at −18 to −20 ◦C until further use (not over than 2 months).

3.2. Chemicals

Sodium hydroxide (NaOH), hydrochloric acid (HCl), sulfuric acid (H2SO4), and potas-
sium hydroxide (KOH) were purchased from Merck (Billerica, Germany). Hydroxyapatite
(calcium phosphate tribasic) and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Other chemicals and reagents used were analytical grade.

3.3. Hydroxyapatite Extraction from Bigeye Snapper Bones

The hydroxyapatite extraction from bigeye snapper bones was carried out according
to the method of Pon-On et al. (2016) with a slight modification. The frozen crushed fish
bones were thawed at 5–7 ◦C overnight (~10 h) before use as a raw material. The 500 g of
fish bones were soaked in an HCl solution (2–5% w/v) with a 1:2 (w/v) of fish bone: acid
solution ratio several times (10–60 min). Afterward, the extracted hydroxyapatite solution
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was obtained by filtration with a double layer of cheesecloth. Then the hydroxyapatite-rich
slurry was obtained by adding the 10% NaOH solution until pH became 7, filtered using
filter paper (Whatman No. 1) to keep the solid part (the extracted hydroxyapatite cake), and
rinsed with deionized water. The obtained hydroxyapatite cake was packed into a plastic
bag and heated at 95◦C for 45 min using a water bath (WNB45, Memmert, Germany), and
dried at 60◦C using a hot air oven (FD260, Binder, Germany) for 24 h. Dried hydroxyapatite
was ground using a blender (BlendforceBL478, Tefal, Bangkok, Thailand) and sieved with
a 150 mesh sieve to obtain a fine powder.

3.4. Optimization of Experimental Design

The optimum conditions for the preparation of hydroxyapatite from bigeye snapper
bones were determined using response surface methodology (RSM) with a faced-centered
central composite design. The effects of extraction time (X1: 10–60 min) and concentration of
HCl (X2: 2–5% w/v) on the yield, calcium (Ca) and phosphorus (P) content, and Ca/P ratio
of the obtained hydroxyapatite were investigated. The 11 experiment units were generated
as shown in Table 1. Design Expert software (Version 11, Stat-Ease, Inc., Minneapolis, MN,
USA) was used for the design of the experiment, analysis, and response surface plots. A
full quadratic model for each response was obtained and expressed with real variables
using the following equation:

Yi = β0 + β1X1 + β2X2 + β11X1
2 + β22X2

2 + β12X1 X2

where Yi is the response variables, and X1 and X2 are the independent variables, β0 = the coefficients
for the constant, β1 and β2 = the coefficients for the linear terms, β11 and β22 = the coefficients for
the quadratic terms, and β12 = the coefficients for the interaction terms.

3.5. Analyzes
3.5.1. Proximate Compositions

Moisture, protein, lipid, and ash contents in the fresh bigeye snapper bone were
determined according to the AOAC methods [43].

3.5.2. Hydroxyapatite Extraction Yield

The yields of hydroxyapatite extracted from bigeye snapper bone were calculated
using the following equation:

Yield (%) =
Dried hydroxyapatite weight (g)

bigeye snapper bones used for extraction (g)
× 100

3.5.3. Color Determination

Hydroxyapatite color (L*, a*, b* values) was determined using a Hunter Lab Colorime-
ter (ColorFlex EZ Spectrophotometer, VA, USA). The color difference (∆E) was calculated
using the following equation:

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2

where ∆L*, ∆a*, and ∆b* are the difference between the color parameters of samples and
the white standard plate (91.40 of L*, −1.37 of a*, −0.33 of b*).

3.5.4. Calcium and Phosphorus Content

The calcium and phosphorus contents were determined according to the 984.27 of the
AOAC method [35]. In brief, 1–2 g of hydroxyapatite was placed in the hydrolysis bottle,
10 mL of the nitric acid and perchloric acid mixture (2:1 v/v) was added, incubated at room
temperature for 1 h, and digested in the digestion block (block digestion system DG-U-
A021, Seal Analytical, WI, USA). The volume of digested sample was adjusted to 50 mL
using a volumetric flask by adding deionized water. Then the calcium and phosphorus
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contents were analyzed using an inductively coupled plasma emission spectrometer (ICP-
OES) (Optima 8000, PerkinElmer, OH, USA). The calcium or phosphorus contents were
reported in the g/100 g sample. The calcium/phosphorus ratio (Ca/P ratio) was calculated
based on those contents.

3.5.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of hydroxyapatites were obtained using an attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectrometer (NICOLET 6700FT-IR, Thermo Fisher
Scientific, MA, USA). The spectra were recorded at a resolution of 4000–400 cm−1 with a
resolution of 4 cm−1.

3.5.6. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX)

The morphology of hydroxyapatite powder was observed using low vacuum SEM
equipped with an EDX analyzer (JSM 5910 LV, JEOL, Tokyo, Japan) to estimate local mineral
content. The hydroxyapatite powder was glued on conductive carbon adhesive tapes struck
with the SEM stub and coated with gold using an automatic fine coater (JFC1600; JEOL Ltd.).
The workpiece was subjected to the specimen chamber with 12.5 mm between the camera
and the workpiece and the beam spot size 30, and then we obtained the microstructure.

3.5.7. X-ray Diffraction Analysis (XRD)

The phase composition of the extracted compounds of hydroxyapatite was obtained
using X-ray diffraction (Miniflex II, Rigaku, Japan). The XRD patterns of hydroxyapatite
were obtained. The measurement was done at a voltage of 40 kV and 40 mA in 2θ angles
from 20–100 degrees, measuring every 0.02 degrees at a speed of 0.4 s/time.

3.6. The Precipitation of Hydroxyapatite from the Extracted Solution

The NaOH and KOH solutions (concentrations of 5, 10, 15, and 20% w/v) were studied
to obtain the optimum condition for hydroxyapatite precipitation from the extracted solu-
tions. The hydroxyapatite extracted solution was prepared using the optimum condition
detailed in Section 2.2 and precipitated by adding a different alkali solution with various
concentrations until the pH of the solution reached a natural pH of 7. Then hydroxyap-
atite was separated in the same manner as previously mentioned in Section 3.3, and the
hydroxyapatite yield was calculated.

3.7. In Vitro Cell Viability

Mouse calvaria cells (MC3T3-E1 subclone 14 cell line) were purchased from Elabscience
Biotechnology Inc. (TX, USA). MC3T3-E1 cells were cultured in alpha minimum essential
medium (α-MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM
glutamine, and 1% penicillin (100 U/mL) in a humidified atmosphere with 5% CO2 at 37 ◦C.
The effects of hydroxyapatite on MC3T3-E1 cell viability were measured via the reduction
of 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay.
Briefly, MC3T3-E1 cells were seeded on a 96-well culture plate at 1 × 104 cells/well (100 µL)
and were incubated for 24 h to obtain cells that were attached to the substratum. The cells
were treated with hydroxyapatite at various concentrations (50, 100, 200, and 400 µg/mL),
and some were left untreated (control) for 24 and 72 h at 37 ◦C. After incubation, 15 µL of
the MTT solution (5 mg/mL in phosphate-buffered saline; PBS) was added to each well.
After subsequent incubation for 4 h, the purple-colored precipitates were obvious. The
supernatant was removed, and the formazan precipitates were solubilized with the addition
of 100 µL DMSO per well. Then, after 10 min of incubation, the optical density (OD) was
obtained at 540 and 630 nm using a scanning multi-well microplate reader (SpectraMax i3x,
Molecular Devices, CA, USA). Three replicate samples were tested for each condition. The
cell viability was calculated using the following equation:

% Cell viability = (ODT /ODC) × 100
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where ODT is OD of treated at 540 nm—ODC of treated at 630 nm and ODC is OD of
untreated (control) at 540 nm—OD of untreated (control) at 630 nm

Cell morphology was studied after a treatment period of 72 h. The MC3T3-E1 cells
were stained with 50 µg/mL Hoechst 33258 and incubated at 37 ◦C for 20–30 min in
darkness. After washing with PBS three times, the cell morphology was observed under a
fluorescence microscope (BDS300-PH series; DRAWELL, Shanghai, China) at 100× original
magnifications and the images were recorded.

3.8. Adsorption of Protein on Hydroxyapatite

Protein adsorption on hydroxyapatite was measured according to the method of
Kojima et al. (2018) with a slight modification. The BSA with concentrations of 3 and
6 mg/mL in a 10 mmol/L phosphate buffer solution (pH 7.0) was prepared. Then, different
amounts of hydroxyapatite (2, 4, 6, 8, 10 mg) were added to 1 mL of the prepared BSA
solution. The mixture was stirred at 20 ◦C for 6 and 12 h and then centrifuged (Frontier™
5718R, Ohaus Corporation, Parsippany, NJ, USA) at 4400× g for 5 min to collect the
supernatant. The excess protein in the supernatant was estimated using the Bradford
method by a microplate reader (Varioskan Lux microplate reader, Thermo Fisher Scientific
Inc., Singapore) at λ = 595 nm. The amount of protein adsorption was calculated in
accordance with the difference between the initial and excess protein concentrations.

3.9. Desorption of Protein from Protein-Adsorbed Hydroxyapatite

Desorption of protein from protein-adsorbed hydroxyapatite was investigated ac-
cording to the method of Tomoda et al. [17] with a slight modification. Hydroxyapatite
absorbing BSA particles (4 mg) were dissolved in 1 mL of 10 mmol/L phosphate buffer
solution (pH 7.4) and incubated at 37 ◦C for 1–14 days. After predetermined incubation
times, the mixtures were centrifuged (Frontier™ 5718R, Ohaus Corporation) at 4400× g
for 10 min to collect the supernatant. The absorbance of the supernatant was obtained at
280 nm using a microplate reader (Varioskan Lux microplate reader).

3.10. Statistical Analysis

One-way analysis of variance (ANOVA) and Duncan’s new multiple range tests
(DMRT) were performed for the significant differences between means (p ≤ 0.05) using
the Statistical Package for the Social Sciences, SPSS statistical package 17.0 software (SPSS
Inc., Chicago, IL, USA). All experiments and data are presented as the mean ± standard
deviation of three replications.

4. Conclusions

The optimum condition for the preparation of hydroxyapatite from bigeye snapper
bone was the extraction with 5% HCl for 60 min, which both factors of HCl concentra-
tion and extraction time were the main effect for the hydroxyapatite yield and color. The
obtained hydroxyapatite yield and Ca/P ratio were 13.4% w and 2.1, respectively. The
5% NaOH solution was the optimum for hydroxyapatite precipitation from the extracted
solution. The microstructure of prepared hydroxyapatite was irregular morphology, flat
plate, large surface area, and roughness. The XRD pattern and FTIR spectra confirmed the
composition of the extracted hydroxyapatite compared with commercial hydroxyapatite.
Non- and low-cytotoxicity was found at the extracted hydroxyapatite concentration of
50 and 100–400 µg/mL, respectively. The BSA protein adsorption capacity of extracted
hydroxyapatite was significantly increased with increasing hydroxyapatite amount, adsorp-
tion time, and BSA concentration. The protein release from BSA loaded on hydroxyapatite
was increased initially in the first 4 days and become a steady release rate until 14 days.
This study suggested possibilities to utilize bigeye snapper bone as a good material for the
preparation of natural hydroxyapatite, which may lead to it being a beneficial material in
protein delivery systems.



Int. J. Mol. Sci. 2023, 24, 2776 17 of 18

Author Contributions: Conceptualization, S.W.; methodology, S.W. and N.J.; validation, S.W., P.K.,
U.S., N.T., W.P., Y.P., and C.V.; formal analysis, N.J.; investigation, N.J. and S.W.; data curation, N.J.;
writing-original draft preparation, N.J. and S.W.; writing-review and editing, S.W., N.T., and Y.P.;
supervision, S.W., P.K., U.S., N.T., W.P., Y.P., and C.V.; project administration, S.W.; funding acquisition,
S.W. and N.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by National Research Council of Thailand (NRCT).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are reported in the article.

Acknowledgments: The authors gratefully acknowledge the support from Chiang Mai University
and College of Maritime Studies and Management, Chiang Mai University, Thailand.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. FAO. The State of World Fisheries and Aquaculture 2022: Towards Blue Transformation; Food and Agriculture Organization of the

United Nations: Rome, Italy, 2022; pp. 73–81.
2. Jaziri, A.A.; Shapawi, R.; Mokhtar, R.A.M.; Noordin, W.N.M.; Huda, N. Chemical composition of lizardfish surimi by-product:

Focus on macro and micro-minerals contents. Curr. Res. Nutr. Food Sci. 2021, 9, 52–61. [CrossRef]
3. Coppola, D.; Lauritano, C.; Esposito, F.P.; Riccio, G.; Rizzo, C.; de Pascale, D. Fish waste: From problem to valuable resource. Mar.

Drugs 2021, 19, 1–39. [CrossRef] [PubMed]
4. Bas, M.; Daglilar, S.; Kuskonmaz, N.; Kalkandelen, C.; Erdemir, G.; Kuruca, S.E.; Tulyaganov, D.; Yoshioka, T.; Gunduz, O.;

Ficai, D.; et al. Mechanical and biocompatibility properties of calcium phosphate bioceramics derived from salmon fish bone
wastes. Int. J. Mol. Sci. 2020, 21, 8082. [CrossRef] [PubMed]

5. Kittiphattanabawon, P.; Benjakul, S.; Visessanguan, W.; Nagai, T.; Tanaka, M. Characterisation of acid-soluble collagen from skin
and bone of bigeye snapper (Priacanthus tayenus). Food Chem. 2005, 89, 363–372. [CrossRef]

6. Janpet, C.; Manakit, P.; Klinmalai, P.; Kaewprachu, P.; Jaisan, C.; Surayot, U.; Chakrabandhu, Y.; Wangtueai, S. Characteristics
and functional properties of gelatin and gelatin hydrolysate from bigeye snapper (Priacanthus tayenus) bone. Food Res. 2022, 6,
403–412. [CrossRef]

7. Kojima, S.; Nakamura, H.; Lee, S.; Nagata, F.; Kato, K. Hydroxyapatite formation on self-assembling peptides with differing
secondary structures and their selective adsorption for proteins. Int. J. Mol. Sci. 2019, 20, 4650. [CrossRef]

8. Nam, V.P.; Hoa, N.V.; Trung, T.S. Properties of hydroxyapatites prepared from different fish bones: A comparative study. Ceram.
Int. 2019, 45, 20141–20147. [CrossRef]

9. Dabiri, S.M.H.; Rezaie, A.A.; Moghimi, M.; Rezaie, H. Extraction of hydroxyapatite from fish bones and its application in nickel
adsorption. BioNanoScience 2018, 8, 823–834. [CrossRef]

10. Khoo, W.; Nor, F.M.; Ardhyananta, H.; Kurniawan, D. Preparation of natural hydroxyapatite from bovine femur bones using
calcination at various temperatures. Procedia Manuf. 2015, 2, 196–201. [CrossRef]

11. Ofudje, E.A.; Rajendran, A.; Adeogun, A.I.; Idowu, M.A.; Kareem, S.O.; Pattanayak, D.K. Synthesis of organic derived hydroxya-
patite scaffold from pig bone waste for tissue engineering applications. Adv. Powder Technol. 2018, 29, 1–8. [CrossRef]

12. Ingole, V.H.; Hussein, K.H.; Kashale, A.A.; Ghule, K.; Vuherer, T.; Kokol, V.; Ling, Y.C.; Vinchurkar, A.; Dhakal, H.N.; Ghule, A.V.
Ultrasound-assisted green economic synthesis of hydroxyapatite nanoparticles using eggshell biowaste and study of mechanical
and biological properties for orthopedic applications. J. Biomed. Mater. Res. A 2017, 105, 2935–2947. [CrossRef]

13. Hoyer, B.; Bernhardt, A.; Heinemann, S.; Stachel, I.; Meyer, M.; Gelinsky, M. Biomimetically mineralized salmon collagen scaffolds
for application in bone tissue engineering. Biomacromolecules 2012, 13, 1059–1066. [CrossRef]

14. Venkatesan, J.; Lowe, B.; Manivasagan, P.; Kang, K.H.; Chalisserry, E.P.; Anil, S.; Kim, D.G.; Kim, S.K. Isolation and characterization
of nano-hydroxyapatite from salmon fish bone. Materials 2015, 8, 5426–5439. [CrossRef]

15. Shi, P.; Liu, M.; Fan, F.; Yu, C.; Lu, W.; Du, M. Characterization of natural hydroxyapatite originated from fish bone and its
biocompatibility with osteoblasts. Mater. Sci. Eng. C 2018, 90, 706–712. [CrossRef]

16. Yamamura, H.; da Silva, V.H.P.; Ruiz, P.L.M.; Ussui, V.; Lazar, D.R.R.L.; Renno, A.C.M.; Ribeiro, D.A. Physico-chemical
characterization and biocompatibility of hydroxyapatite derived from fish waste. J. Mech. Behav. Biomed. Mater. 2018, 80, 137–142.
[CrossRef]

17. Tomoda, K.; Ariizumi, H.; Nakaji, T.; Makino, K. Hydroxyapatite particles as drug carriers for proteins. Colloids Surf. B Biointerfaces
2010, 76, 226–235. [PubMed]

18. Wang, K.; Wang, M.H.; Wang, Q.W.; Lu, X.; Zhang, X.D. Computer simulation of proteins adsorption on hydroxyapatite surfaces
with calcium phosphate ions. J. Eur. Ceram. Soc. 2017, 37, 2509–2520. [CrossRef]

19. Lee, W.H.; Zavgorodniy, A.V.; Loo, C.Y.; Rohanizadeh, R. Synthesis and characterization of hydroxyapatite with different
crystallinity: Effects on protein adsorption and release. J. Biomed. Mater. Res. A 2012, 100A, 1539–1549. [CrossRef]

http://doi.org/10.12944/CRNFSJ.9.1.06
http://doi.org/10.3390/md19020116
http://www.ncbi.nlm.nih.gov/pubmed/33669858
http://doi.org/10.3390/ijms21218082
http://www.ncbi.nlm.nih.gov/pubmed/33138182
http://doi.org/10.1016/j.foodchem.2004.02.042
http://doi.org/10.26656/fr.2017.6(2).344
http://doi.org/10.3390/ijms20184650
http://doi.org/10.1016/j.ceramint.2019.06.280
http://doi.org/10.1007/s12668-018-0547-y
http://doi.org/10.1016/j.promfg.2015.07.034
http://doi.org/10.1016/j.apt.2017.09.008
http://doi.org/10.1002/jbm.a.36146
http://doi.org/10.1021/bm201776r
http://doi.org/10.3390/ma8085253
http://doi.org/10.1016/j.msec.2018.04.026
http://doi.org/10.1016/j.jmbbm.2018.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19939646
http://doi.org/10.1016/j.jeurceramsoc.2017.02.013
http://doi.org/10.1002/jbm.a.34093


Int. J. Mol. Sci. 2023, 24, 2776 18 of 18

20. Kojima, C.; Watanabe, K. Adsorption and desorption of bioactive proteins on hydroxyapatite for protein delivery systems. J.
Drug Deliv. 2012, 2012, 932461. [CrossRef] [PubMed]

21. He, Z.; Sun, S.; Deng, C. Effect of hydroxyapatite coating surface morphology on adsorption behavior of differently charged
proteins. J. Bionic Eng. 2020, 17, 345–356. [CrossRef]

22. Jaziri, A.A.; Hasanuddin, H.; Shapawi, R.; Mokhtar, R.A.M.; Noordin, W.N.M.; Huda, N. Nutritional composition and mineral
analysis of the by-products from tropical marine fish, purple-spotted bigeye (Priacanthus tayenus Richardson, 1846) and barracuda
(Sphyraena obtusata Cuvier, 1829). IOP Conf. Ser. Earth Environ. Sci. 2022, 967, 012051. [CrossRef]

23. Mongkonkamthorn, N.; Malila, Y.; Regenstein, J.M.; Wangtueai, S. Enzymatic hydrolysis optimization for preparation of tuna
dark meat hydrolysate with antioxidant and angiotensin I-converting enzyme (ACE) inhibitory activities. J. Aquat. Food Prod.
Technol. 2021, 30, 1090–1108. [CrossRef]

24. Upata, M.; Siriwoharn, T.; Makkhun, S.; Yarnpakdee, S.; Regenstein, J.M.; Wangtueai, S. Tyrosinase inhibitory and antioxidant
activity of enzymatic protein hydrolysate from jellyfish (Lobnema smithii). Foods 2022, 11, 615. [CrossRef] [PubMed]

25. Liu, Y.; Li, J.; Wang, D.; Yang, F.; Zhang, L.; Ji, S.; Wang, S. Enhanced extraction of hydroxyapatite from bighead carp (Aristichthys
nobilis) scales using deep eutectic solvent. J. Food Sci. 2020, 85, 150–156. [CrossRef] [PubMed]

26. Muhammad, N.; Gao, Y.; Iqbal, F.; Ahmad, P.; Ge, R.; Nishan, U.; Rahimb, A.; Gonfae, G.; Ullah, Z. Extraction of biocompatible
hydroxyapatite from fish scales using novel approach of ionic liquid pretreatment. Sep. Purif. Technol. 2016, 161, 129–135.
[CrossRef]

27. Zhang, W.; Chai, Y.; Xu, X.; Wang, Y.; Cao, N. Rod-shaped hydroxyapatite with mesoporous structure as drug carriers for proteins.
Appl. Surf. Sci. 2014, 322, 71–77. [CrossRef]

28. Daupor, H. Extraction of hydroxyapatite by alkaline acid from budu waste and synthesis using calcination method. J. Phys. Conf.
Ser. 2021, 2049, 012041. [CrossRef]

29. Boutinguiza, M.; Pou, J.; Comesaña, R.; Lusquiños, F.; De Carlos, A.; León, B. Biological hydroxyapatite obtained from fish bones.
Mater. Sci. Eng. C 2012, 32, 478–486. [CrossRef]

30. Ramesh, S.; Loo, Z.Z.; Tan, C.Y.; Chew, W.J.K.; Ching, Y.C.; Tarlochan, F.; Chandran, H.; Krishnasamy, S.; Bang, L.T.; Ahmed,
A.D.S. Characterization of biogenic hydroxyapatite derived from animal bones for biomedical applications. Ceram. Int. 2018, 44,
10525–10530. [CrossRef]

31. Ebrahimi, S.; Nasri, C.S.S.M.; Arshad, S.E.B. Hydrothermal synthesis of hydroxyapatite powders using Response Surface
Methodology (RSM). PLoS ONE 2021, 16, e0251009. [CrossRef]

32. Manoj, M.; Subbiah, R.; Mangalaraj, D.; Ponpandian, N.; Viswanathan, C.; Park, K. Influence of growth parameters on the
formation of hydroxyapatite (HAp) nanostructures and their cell viability studies. Nanobiomedicine 2015, 2, 2. [CrossRef] [PubMed]

33. Cursaru, L.M.; Iota, M.; Piticescu, R.M.; Tarnita, D.; Savu, S.V.; Savu, I.D.; Dumitrescu, G.; Popescu, D.; Hertzog, R.G.; Calin, M.
Hydroxyapatite from natural sources for medical applications. Materials 2022, 15, 5091. [CrossRef] [PubMed]

34. Pon-On, W.; Suntornsaratoon, P.; Charoenphandhu, N.; Thongbunchoo, J.; Krishnamra, N.; Tang, I.M. Hydroxyapatite from fish
scale for potential use as bone scaffold or regenerative material. Mater. Sci. Eng. C 2016, 62, 183–189. [CrossRef] [PubMed]

35. AOAC. Official Methods of Analysis, Determination of Nutritional Elements in Food Products, 20th ed.; The Association of Official
Analytical Chemists: Rockville, MD, USA, 2016.

36. Panda, N.N.; Pramanik, K.; Sukla, L.B. Extraction and characterization of biocompatible hydroxyapatite from fresh water fish
scales for tissue engineering scaffold. Bioprocess Biosyst. Eng. 2014, 37, 433–440. [CrossRef]

37. Behroozibakhsh, M.; Hajizamani, H.; Shekofteh, K.; Otadi, M.; Ghavami-Lahiji, M.; Nazari, N.S.F. Comparative assessment of the
crystalline structures of powder and bulk human dental enamel by X-ray diffraction analysis. J. Oral Biosci. 2019, 61, 173–178.
[CrossRef]

38. Swain, S.K.; Sarkar, D. Study of BSA protein adsorption/release on hydroxyapatite nanoparticles. Appl. Surf. Sci. 2013, 286,
99–103. [CrossRef]

39. Wassell, D.H.; Hall, R.C.; Embery, G. Adsorption of bovine serum albumin onto hydroxyapatite. Biomoterials 1995, 16, 697–702.
[CrossRef]

40. Zhang, N.; Gao, T.; Wang, Y.; Wang, Z.; Zhang, P.; Liu, J. Environmental pH-controlled loading and release of protein on
mesoporous hydroxyapatite nanoparticles for bone tissue engineering. Mater. Sci. Eng. C 2015, 46, 158–165. [CrossRef]

41. Lin, Z.; Hu, R.; Zhou, J.; Ye, Y.; Xu, Z.; Lin, C. A further insight into the adsorption mechanism of protein on hydroxyapatite by
FTIR-ATR spectrometry. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2017, 173, 527–531. [CrossRef]

42. Bharath, G.; Latha, B.S.; Alsharaeh, E.H.; Prakash, P.; Ponpandian, N. Enhanced hydroxyapatite nanorods formation on graphene
oxide nanocomposite as a potential candidate for protein adsorption, pH controlled release and an effective drug delivery
platform for cancer therapy. Anal. Methods 2017, 9, 240–252. [CrossRef]

43. AOAC. Official Methods of Analysis, Proximate Analysis, 17th ed.; The Association of Official Analytical Chemists: Gaithersburg,
MD, USA, 2000.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1155/2012/932461
http://www.ncbi.nlm.nih.gov/pubmed/22506125
http://doi.org/10.1007/s42235-020-0028-1
http://doi.org/10.1088/1755-1315/967/1/012051
http://doi.org/10.1080/10498850.2021.1974138
http://doi.org/10.3390/foods11040615
http://www.ncbi.nlm.nih.gov/pubmed/35206090
http://doi.org/10.1111/1750-3841.14971
http://www.ncbi.nlm.nih.gov/pubmed/31877234
http://doi.org/10.1016/j.seppur.2016.01.047
http://doi.org/10.1016/j.apsusc.2014.10.064
http://doi.org/10.1088/1742-6596/2049/1/012041
http://doi.org/10.1016/j.msec.2011.11.021
http://doi.org/10.1016/j.ceramint.2018.03.072
http://doi.org/10.1371/journal.pone.0251009
http://doi.org/10.5772/60116
http://www.ncbi.nlm.nih.gov/pubmed/29942368
http://doi.org/10.3390/ma15155091
http://www.ncbi.nlm.nih.gov/pubmed/35897524
http://doi.org/10.1016/j.msec.2016.01.051
http://www.ncbi.nlm.nih.gov/pubmed/26952413
http://doi.org/10.1007/s00449-013-1009-0
http://doi.org/10.1016/j.job.2019.06.003
http://doi.org/10.1016/j.apsusc.2013.09.027
http://doi.org/10.1016/0142-9612(95)99697-K
http://doi.org/10.1016/j.msec.2014.10.014
http://doi.org/10.1016/j.saa.2016.09.050
http://doi.org/10.1039/C6AY02348G

	Introduction 
	Results and Discussion 
	Chemical Composition of Bigeye Snapper Bone 
	Optimization of Hydroxyapatite Extraction Condition 
	Characterization of Extracted Hydroxyapatite 
	Hydroxyapatite Precipitation from the Extracted Solution 
	Cell Cytotoxicity 
	Adsorption of Protein on Hydroxyapatite 
	Desorption of Protein on Hydroxyapatite 

	Materials and Methods 
	Material and Preparation 
	Chemicals 
	Hydroxyapatite Extraction from Bigeye Snapper Bones 
	Optimization of Experimental Design 
	Analyzes 
	Proximate Compositions 
	Hydroxyapatite Extraction Yield 
	Color Determination 
	Calcium and Phosphorus Content 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) 
	X-ray Diffraction Analysis (XRD) 

	The Precipitation of Hydroxyapatite from the Extracted Solution 
	In Vitro Cell Viability 
	Adsorption of Protein on Hydroxyapatite 
	Desorption of Protein from Protein-Adsorbed Hydroxyapatite 
	Statistical Analysis 

	Conclusions 
	References

