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Abstract: The effect of temperature on isolation and characterization of hydroxyapatite
(HAp) from tuna bone was evaluated at different temperatures ranging from 200 °C to
1200 °C. The calcined bones were characterized by thermo gravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX)
and cytotoxicity assay. The FTIR and TGA results revealed the presence of inorganic and
organic matrices in raw bone and a preserved carbonated group in the derived HAp. The
XRD results of the derived HAp were coherent with the Joint Committee on Powder
Diffraction Standards (JCPDS-09-0432/1996) data. In addition, FE-SEM results revealed
the formation of nanostructured HAp (80-300 nm) at 600 °C and crystal agglomeration
was observed with an increase in temperature. The calcium to phosphorous weight ratio
was determined by EDX results of treated bones. Derived HAp with various crystal sizes
had no cytotoxicity on the MG 63 cell line. Based on the analysis, we conclude that
varying the isolation temperature between 600-900 °C has tremendous impact on the
production of HAp from Thunnus obesus with required properties.

Keywords:  Thunnus obesus; thermal calcinations; hydroxyapatite;  X-ray
diffraction; cytotoxicity
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1. Introduction

Bone is a hierarchical structure and is made up of carbonated hydroxyapatite, type | collagen, non
collagenous proteins and water. The average mineral content of bone tissue is species dependent and
lies within the range of 50 to 74 wt % [1]. Hydroxyapatite (HAp) [Cai0(PO4)s(OH),], is considered to
play a vital role in various fields including the replacement of bone tissue [2], reconstruction of skull
defects [3], tissue engineering [4], artificial bone synthesis [5-7], biosensor [8], removal of heavy
metals [9], and as drug carrier [10]. HAp can be derived either from a natural source or by a synthetic
method. Although good results have been obtained through several synthetic methods like
hydrothermal [11-12], emulsion liquid membrane [13], precipitation [14-15], radio frequency thermal
plasma [16], ultrasonic precipitation [17], reverse micro emulsion [18], sol-gel [19-21] and polymer
assisted method [22]; these methods are rather complicated and necessitate a biologically hazardous
process involving the evolution of ammonia. Moreover, chemical methods are time consuming
processes (e.g., sol-gel synthesis), and gelation/aging, drying and sintering also require precisely
controlled reaction conditions [22].

On the other hand, the production of HAp from natural sources is inexpensive and uncomplicated.
The thermal calcination method is commonly used for the isolation of natural HAp. Tuna (Thunnus
obesus) is a fish species of great commercial importance in the tropical and subtropical waters of the
Pacific, Atlantic and Indian oceans [23]. Specifically, Thunnus obesus occupies 12% of the total
amount of fish production in Korea (Production Database of Ministry of Maritime Affairs and
Fisheries of Korea). It is usually processed as canned food and sliced raw meat in a factory and the
by-products of tuna are affluent and collected at once [24]. The waste of Thunnus obesus has recently
become a serious issue in coastal areas of Korea; one of the simplest ways to decrease pollution is the
selective isolation of HAp from this waste. Ozawa et al., has reported the removal of aqueous
chromium by fish bone waste originated HAp [25]. Micro structural HAp has already been obtained
from fish bone by thermal treatment [26-27], thermal decomposition, alkaline hydrothermal, sub
critical water process from bovine bone [28-30], teeth and bones of pig, extracted human teeth [31]
and cuttle fish [32]. Although much has been learned about HAp isolation from natural sources [33],
the most important parameter, exact isolation temperature, remains poorly understood.

In the present study, we have utilized Thunnus obesus bone as a new marine source for isolation of
HAp and subjected the bone to various physiochemical properties, in order to find out the optimum
conditions for HAp isolation. The derived HAp can be used for various medical and industrial
applications and substantially increases the economical value of Thunnus obesus bone.

2. Results and Discussion
2.1. General Description

The removal of the organic portion was observed at different temperatures with changes in the color
of the bone (Table 1). The color of the raw Thunnus obesus bone was observed as light yellow, which
consequently changed into black, tan and off-white when subjected to calcination at 300 °C, 400 °C,
500 °C and 600 °C temperatures, respectively. The color of the Thunnus obesus bone turned white
with further increase in the temperature. The different colors observed below 600 °C revealed the
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association of the organic matrix within the bone. It is evident from the results that different degrees of
removal of organic portion were observed at varying temperatures, with 600 °C being the optimal
temperature to produce HAp with almost no organic substances associated. The isolation yield of HAp at
different temperature 600 °C, 900 °C and 1200 °C were 62.12%, 59.33% and 57.64%, respectively.

Table 1. Residues and color of calcined Thunnus obesus bone.

Calcination Calcination Initial After Residue
Sample no. Temperature Period Weight calcination (%) Description
(6] in (h) (9 (9)

1 1200 5 2.0000 1.1527 57.6350 white
2 1100 5 2.0020 1.1529 57.5874 white
3 1000 5 2.0024 1.1771 58.7845 white
4 900 5 2.0011 1.1872 59.3274 white
5 800 5 2.0030 1.1936 59.5906 white
6 700 5 2.0032 1.2129 60.5481 off white
7 600 5 2.0017 1.2434 62.1172 off white
8 500 5 2.0052 1.2688 63.2755 Tanish
9 400 5 2.0031 1.3402 66.9063 Tanish
10 300 5 2.0061 1.5162 75.5795 Black
11 200 5 2.0000 1.7360 86.8000 Black
12 Raw fish bone - - - - Yellow

2.2. Thermal Analysis of Thunnus obesus Bone

The removal of the organic portion from Thunnus obesus bone and derived HAp (900 °C) was
confirmed by TGA and DTG analysis and results are shown in Figure 1(A), (B). In the TGA and DTG
curves, two inflection points were observed in the Thunnus obesus bone at 100.5 °C and 365.6 °C
which corresponds to removal of the water and organic matter. No significant weight loss was
observed between 600 °C and 900 °C, indicating the complete removal of organic materials such as
collagen, lipids, chondroitin sulfate, and keratin sulfate below 600 °C. The average amount of water
and organic phase removed during heat treatment was calculated with DTG analysis, and it was found
that approximately 4.76% water and 30.02% organic matter was removed. Therefore, it can be inferred
that about 35% of total weight loss was due to removal of water and organic substances from the
Thunnus obesus bone when it was subjected to heat treatment up to 600 °C. Figure 1(B) depicts the
derived HAp at 900 °C, no inflection points were observed from the starting temperature. This
significantly indicated that HAp derived at 900 °C lacks organic moieties and water which further
confirms that it is in the pure form.
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Figure 1. TGA curves of (A) raw fish bone and (B) thermal treatment at 900 °C.
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2.3. FT-Infrared Spectroscopic Analysis

FT-IR is a promising tool to identify unknown substances and to determine the amount of
components in a given sample. This test was performed to get authenticated information about the
vibrational origin of the phosphate, carbonate and amide groups and to confirm the production of HAp
with no association of organic moieties. The FT-IR spectrum of raw Thunnus obesus bone and derived
HAp at different temperatures are shown in Figure 2. The FT-IR spectrum of Thunnus obesus bone
calcined between temperatures of 500 °C to 1200 °C revealed the only characteristic peak of HAp,
which is consistent with some previous reports [29,34-35]. A large number of bands in the spectra
(601, 631, 873, 962, 962, 1027, 1088, 1413, 1454, 2034, 2157 cm * and a broad band observed
between 3300-3600 cm ') matched the bands in the HAp reference spectrum and are in close
agreement with the same [29-30]. At lower temperatures (300 °C and 400 °C), the peak corresponding
to the phosphate (PO4>") group at 1088 cm * was not observed and it appeared only at temperatures
above 500 °C. This may be due to the removal of all the organic material from the raw Thunnus obesus
bone and formation of HAp crystals.

Thermal stability is an important feature of derived HAp. Ooi et al., have reported the formation of
calcium phosphate when the bovine bone is subjected to higher temperatures, which shows that the
derived HAp is not thermally stable [30]. On the contrary, no phase transformation due to calcination
was observed in our study even at high temperatures (500 °C to 1200 °C). Subsequently, peaks at
1026-1088 cm * and 962 cm* are attributed to PO,>". Additionally; all the FT-IR spectra samples
exhibited a peak at 632 cm ™ and a broad peak at 3300-3600 cm* due to the presence of the hydroxyl
group. The intense peaks observed at 1413 and 1457 cm™* in the spectrum of calcined Thunnus obesus
bone are attributed to CO5> .
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Figure 2. FTIR spectra of Thunnus obesus bone calcined from 300 °C to 1200 °C.
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2.4. X-Ray Diffraction Analysis of Thunnus obesus Bone

The phase and purity of derived HAp crystals were confirmed with XRD analysis. Figure 3 shows
the XRD pattern of raw Thunnus obesus bone and treated bone at different temperatures. The present
XRD results suggest that the HAp stability in the bone matrix was not disrupted when calcined in air
up to 1200 °C, as the chemical structure of HAp has not been affected and no other peak was obtained
apart from HAp. The crystalline composition of calcined Thunnus obesus bone was found to be similar
to that of HAp (JCPDS-09-0432/1996) when calcined between 700-1000 °C. It is well known that as
the temperature increases the intensity of the peak increases with a decrease in the peak width [35].
The intensity of the raw Thunnus obesus bone was found to be dispersed by x-ray radiation with a
lowered intensity and wider peak. This may be due to the presence of extracellular matrix and fibrous
proteins. When subjected to calcination at higher temperatures, the subsequent peaks were highly
intense and sharp, indicating the removal of organic portion [36]. Table 2 shows the d-spacing line
(estimated by Bragg law), 26 angle and relative intensity at the strongest peak in the XRD spectra. The
obtained d-spacing lines, 26 angle, relative intensity at the different temperatures, have been compared
with standard HAp (JCPDS-09-0432/1996) and the error was estimated at every plane. From these
results, it is evident that HAp derived at different temperatures is very close to the standard HAp in
purity and stability.
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Table 2. d-planar spacing, 26 angle and relative intensity of obtained HAp using thermal
decomposition method; the results are compared with the standard HAp (JCPDS-09-0432).

d-spacing (nm) Position (26) Intensity (%0)

hkl JcP 700 800 900 1000 JCP 700 800 900 1000 JCP 700 800 900 1000

DS °C °C °C °C DS °C °C °C °Cc DS °C °C °C °C
002 0344 0341 0342 0343 0342 2587 2611 2608 2601 2598 40 299 346 292 275
211 0281 0279 0280 0280 0280 31.77 3205 3200 3191 31.89 100 100 100 100 100
112 0278 0275 0276 0277 0277 3219 3245 3241 3234 3232 60 491 569 483 401
300 0272 0269 0270 0271 0271 3290 3319 3314 3306 3304 60 852 844 774 712
202 0263 0261 0262 0262 0262 3404 3432 3427 3423 3419 25 246 28 235 196
310 0226 0224 0225 0226 0225 3981 3947 3939 3996 3993 20 279 268 30 255
213 0184 0183 0.184 0.184 0.183 4946 49.71 4969 4963 4985 40 263 293 282 239
Error 0.047 0.038 0.024 0.019 0.056 0.051 0.031 0.031 16 13 17 17

The relative intensity of calcined bone was found to be closest to standard HAp at 800 °C. The 26
angles varied a little in comparison to standard HAp, which might be due to the trace removal of OH
radicals. According to Wang and Chaki [37], dehydroxylation of the HAp phase would cause a small
degree of peak shifting in the XRD trace. In the present work, it was found that XRD 26 positions of
the bone samples calcined at 700 °C and 1000 °C shifted by total error of 0.056 and 0.031,
respectively, thus indicating that the HAp lattice has contracted due to loss of OH radicals. It should be
noted that although the decomposition of HAp phases was not detected in samples calcined at 1000 °C,
this can be observed by simply comparing the XRD peak’s position which correspond to the higher
intensities planes, (002),(211),(112),(300),(202)(310)and (21 3) of calcined Thunnus

obesus bone.

Figure 3. XRD results of Thunnus obesus bone from 500 °C to 1200 °C.
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2.5. Field Emission-Scanning Electron Microscope Analysis

The surface morphology and crystal size of the derived HAp were studied under FE-SEM. Figures
4 (A), (B), (C) and (D) show FE-SEM pictures of raw bone derived HAp at 600 °C, 900 °C and
1200 °C, respectively. Microcrystal of HAp in the natural bone is very small, with a crystalline size of
5-10 nm, 10-15 nm wide and more than a few micrometers long [26,36]. The microstructures of raw
Thunnus obesus bone appeared to be dense due to the presence of organic substances shown in
Figure 4(a). In Figure 4(B), formation of nanoparticles was clearly evident in the derived HAp at
600 °C with crystal sizes 80-300 nm. Whereas, in Figure 4 (C) and (D), HAp microstructures were
observed with increase in temperature from 900 °C to 1200 °C. The crystal size of derived HAp at
higher temperatures (900 °C and 1200 °C) is 0.3-1.0 um and 0.5-2.0 um, respectively. It was
conjectured from the surface morphology that the crystal size increases with respect to the
temperature. The formation of these microstructures of derived HAp in the thermal process can be
attributed to the tendency of particles to crystallize and agglomerate at high temperatures [28,38].

Figure 4. SEM results of (A) raw fish bone and treated at (B) 600 °C, (C) 900 °C,
(D) 1200 °C. Inset shows the whole picture of raw vertebral Thunnus obesus bone.

2.6. Electron Dispersive X-ray Analysis

EDX is an analytical technique used for elemental analysis or chemical composition of a sample.
Figure 5 (A), (B) and (C) represent the EDX data for derived HAp at 600 °C, 900 °C and 1200 °C,
respectively. Based on the EDX signatures, the Ca/P weight ratio for derived HAp was calculated and
was found to be 2.04, 1.94 and 1.99 at 600 °C, 900 °C and 1200 °C, respectively; the resultant values
are consistent with previous values reported elsewhere. As the Ca/P weight ratio of the derived HAp at
different temperatures did not show any considerable difference, it can be inferred that Ca/P weight
ratio is independent of calcination temperature.
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Figure 5. EDX results at (A) 600 °C, (B) 900 °C and (C) 1200 °C.

Weight of Weight of
Temperature Ca/P
S.No Calcium phoesphorous
¢ C) Ratio
(%o) (%)
1 600 35.49 17.36 2.04
(®)
2 200 27.79 14.29 1.94
Ca/P=1.99

3 1200 33.21 16.71 1.99

2.7. Cytotoxicity Assay

The crystal size of HAp plays a major role in bone tissue engineering for nutrient supplementation
and cell attachment. A highly porous and nanocrystal structure is a prerequisite to ensure that the
biological environment is conductive for cell attachment, proliferation, tissue growth and adequate
nutrient flow. The cytotoxicity effects of derived HAp crystals at different temperatures were
investigated by MTT assay (Figure 6). The HAp crystals showed no cytotoxicity in the MG-63
cell line.

Figure 6. Cytotoxicity of HAp crystals at various temperatures on MG-63 cells. Culture cells
were incubated under 5% CO,and 37 °C and viable cells were detected by MTT assay.

120

10 pg/ml
L7750 pg/ml
F——71100 pg/ml
B 250 pg/ml

100 A M

Z
7 Z
’ 2 mmug/ml
?’ ;;,‘ E|i000|.|gf"rnl
% N Oy
= 801 28 VNS 28NN
< ¢ AN 71NN
3 Z IHrNN AN
< % NN AN
z A RN 21NN
£ / N
= 60+ 29 ZIG{ANN AR
= e 1NN NN
= 28 2NN AN
= " RN NN
5w : 7
0 N N
2 NN ZGINN
Z PR /i’§\
20 - Z 21NN AMRN
7 PN
7/ .
0 25 QAN JU5NN

Blank 600 900 1200

Temperature ( ¢ C)



Materials 2010, 3 4769

3. Experimental Section
3.1. Sample Preparation

The Thunnus obesus bones were washed carefully with hot water for two days in order to remove
entire meat from the skin. The washed bones were mixed with 1.0% Sodium Hydroxide (NaOH)
solution and acetone to remove proteins, lipids, oils and other organic impurities (the bone and NaOH
solid/liquid ratio was maintained as 1:50). Then the bones were dried at 160 °C for 48 h and ground
into 200 um particle size. Further, 2 g of treated Thunnus obesus bone was placed in an open silica
crucible and heated in an electric furnace (Dongwan Scientific Co. A/S. 051) 245-7521) under
ambient conditions, at different temperatures ranging from 200 °C to 1200 °C with 5 h holding time.

3.2. Characterization

Thermal gravimetric analysis was achieved by the use of Pyris 7 TGA analyzer, Perkin Elmer Inc.,
U.S., with scan range from 50 to 900 °C, at constant heating rate of 10 °C min*, with continuous
nitrogen flow. The stretching frequencies (vibrational origin) of samples were examined by Fourier
Transform Infrared Spectroscopy, Perkin Elmer (U.S.) and spectrum GX spectrometer within the range
of 450 to 4000 cm™'. The phase and crystallinity of HAp were evaluated using X-ray diffractometer
(PHILIPS X’Pert-MPD diffractometer, Netherlands) and Cu-Ka radiation of 1.5405 A over a range of
5 to 80° angle, step size 0.02, scan speed 4°/min with 40 kV current and 30 mA voltage. The XRD
resultant spectra were compared with literature profile JCPDS 09-0342/1996 to identify the compound.
Morphology and chemical composition of HAp crystals was obtained by field emission scanning
electron microscopy (FE-SEM JSM-6700F, JEOL, Japan) equipped with an in situ energy dispersive
X-ray (EDX) spectrometer. MTT assay method was used to find out the cytotoxicity of derived HAp.
For this, MG-63 cell line (Human osteosarcoma cell line) were cultured in DMEM medium
supplemented with 5% fetal bovine serum, 2 mM glutamine and 100 pg/mL penicillin-streptomycin
and incubated at 37 °C in a humidified atmosphere with 5% CO,. The cells were grown at a
concentration of 1 x 10° cells/well in a 24 well plate. After 24 h, cells were washed with fresh medium
and treated with various concentrations (10, 50, 100, 250, 500 and 1000 ug mL™) of HAp crystals.
After 24 h incubation, cells were rewashed with PBS; 2mL of MTT (1 mg mL™") was added and
further incubated for 4 h. Finally 2 mL of DMSO was added to solubilize the formazan salt formed and
the amount of formazan salt was determined by measuring the OD at 570 nm using aGENios®
microplate reader (Tecan Austria GmbH, Austria).

4. Conclusion

The present study shows the isolation of pure HAp from Thunnus obesus bone. Our work
specifically signifies the potential use of thermally treated fish bone waste for the preparation of
ceramics like HAp, which has a great potential as a viable and economical graft material in various
medical and industrial applications. We conclude that calcination of raw bone at 600 °C to 900 °C led
to the formation of pure HAp. The characterization results revealed that organic matter was fully
removed from Thunnus obesus bone over 600 °C; rendering the derived HAp to be highly pure and
suitable for further applications. Additionally, the crystalline nature of HAp was found to be directly
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proportional to the calcining temperature; the higher the temperature, the greater the particle size.
When compared with the standard JCPDS-09-0432/1996 data, the total estimated error according to
d-planar spacing and 20 angle of derived HAp was less than 0.05% which confirms the purity of
derived HAp by the thermal calcinations method. Moreover, the total error gradually decreased with
increasing temperature, indicating that the purity of derived HAp gradually increases with increase in
temperature. In addition to this, the derived HAp showed nanostructure (80-300 nm) crystals at low
temperature (600 °C). The formation of microcrystals was observed at temperatures above 900 °C. It is
easy to conclude here that temperatures above 900 °C may not be optimum for isolation of
nanostructure HAp. The HAp crystals obtained at different temperatures were found to be nontoxic,
irrespective of the crystal size, suggesting their safe utility in bone tissue engineering.

Based on the results of this study, we draw a conclusion that a temperature between 600-900 °C is
optimum for isolation of HAp from Thunnus obesus with almost no organic portion, high purity,
stability, crystallinity, nanostructure and no cytotoxicity; making it appropriate for use in
biomedical applications.
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