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a b s t r a c t
In this study biological HA has been obtained from ﬁsh bones, which are available as waste from ﬁshing activities. Fish bone can be used as a cheap source of biological HA contributing at the same time to give added
value to ﬁshing by-products as well as reducing the undesirable environmental impact. For this purpose, ﬁsh
bones of sword ﬁsh and tuna have been cleaned and subjected to heat treatment. Material obtained at 600 °C
is a B type hydroxyapatite. At 950 °C a biphasic material was found: biological hydroxyapatite/beta-TCP in a
87/13 ratio. The in vitro cytotoxicity test assessed that all materials are non-cytotoxic.
These materials present a promising future because the raw material are wastes, while using a biological
substituted apatite containing Mg and Sr as bone substitutes, instead of synthetic apatite without them,
would be much beneﬁcial for bone defect healing.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Globally more than 91 million tons of ﬁsh and shellﬁsh are caught
each year. The Food and Agricultural Organisation (FAO) estimates
that barely about 50–60% of this catch is been used for human consumption, while the rest is considered discard [1]. Huge amounts of
by-products or rest of the raw materials are wasted, generating an
undesirable environmental impact. Despite the increasing efforts to
obtain new goods from the by-products, the major part is still used
for animal meal production. To contribute to reduce the overexploitation as well as the adverse environmental effects it would be advisable to aim at the obtaining of products with high added value
produced from the rest-raw material. Some ﬁsh species are commercialised after extracting the bones such as the frozen-at-sea ﬁllets,
and the material considered discard is partially composed by bones.
These bones could be used as a cheap source of calcium phosphate.
Hydroxyapatite (HA) and related calcium phosphate ceramic
materials have been widely used as implant materials due to their
close similarity in composition with natural bone. From a chemical
and structural point of view, HA with the stoichiometric formula
Ca10(PO4)6(OH2) and a Ca/P molar ratio = 1.67, is the material most
similar to the inorganic part of bones and teeth. Both dense and porous HA have been vigorously investigated as implant materials for
orthopaedic and dental applications, showing excellent bioactivity,
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osteoconductivity, and osteoinductivity [2–4]. However there are
differences when comparing synthetic and natural hydroxyapatite,
the latter has better metabolic activity and more dynamic response to
the environment than the synthetic one [4,5]. Solubility and bioactivity
of HA are controlled by their crystallographic structure. In contrast to
typical synthetic HA, the biological one has disordered nanostructures
and nonstoichiometric composition together with less hydroxyl content,
where its amount in cortical human bone is about 20% of that in stoichiometric HA [6]. As it is known, materials at nanoscale have different
chemical and physical properties which determine its behaviour [7].
Hence, it is logic to expect that biological HA leads to better results as implant or coating material when its nanoscale properties are preserved.
During the last decades much effort has been paid to obtain synthetic
hydroxyapatite. Therefore a variety of methods is available at present for
this purpose, such as: solid state reaction [8], co-precipitation [9], sol–gel
[10], or hydrothermal processing [11]. Nevertheless these methods
might be complicated, time consuming and expensive. Biological HA
obtained from animal bones presents the advantage to preserve some
properties of the precursor material such as chemical composition and
structure [12]. Fish bones could be used as a cheap source of natural calcium phosphate. In previous works we obtained calcium phosphate
micro and nanoparticles from ﬁsh bones [13,14], but the production
method was expensive and complex. Other authors used bones from
cephalopoda such as cuttleﬁsh (Sepia ofﬁcinalis) to obtain calcium phosphate from calcium carbonate via a hydrothermal transformation [15].
In this paper a simple and cheap method is presented, based on heat
treatment to produce great amounts of HA from ﬁsh bones. The composition and structure of the obtained powders were characterised. Furthermore, its cytotoxicity has been tested as a ﬁrst step to assess its
use as a bioactive material.
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2. Materials and methods

2.4. Test for in-vitro cytotoxicity of the materials

2.1. Fish bones

Samples of obtained powders from ﬁsh bones at both temperatures and from commercial hydroxyapatite (Sigma-Aldrich, HA
289396) have been used to assess their cytotoxicity as well as to compare our powders with commercial synthetic HA. Extracts of the test
materials were prepared by placing them in powder form on a rotating mixer for 24 h in alpha MEM at 37 °C, following the European
Standard EN ISO 10993-12. The mass to volume extraction ratio was
0.1 g to 10 mL. Materials and media were ﬁltered and the extracts diluted with alpha methylthiazol tetrazolium (MTT) to give 100, 50, 20,
10 and 5% of the original concentration. The extracts were used to culture cells at a concentration of 2 × 10 5 cells mL − 1, for 24 h in 96-well
tissue culture plates. After the incubation period the MTT [3-(4,5dimethyltyazolyl-2)-2,5-diphenyl tetrazolium bromide] labelling reagent (Roche) was added to the cells. The mitochondrial enzyme succinate dehydrogenase, present only in viable cells, converts the MTT
to a blue coloured formazan crystal. The amount of blue colour is proportional to the number of viable cells. Phenol at a concentration of
6.4 g L − 1 was used as a positive toxic control. Pure alpha MEM was
used as the negative control.

Fish bones were obtained from different specimens of sword ﬁsh
(Xiphias gladius) and tuna (Thunnus thynnus) captured in North Atlantic ﬁshing-grounds. Bones were immediately frozen after being removed from the ﬁsh at the factory ships, assuring that the cold chain
was not broken at any time. As received frozen bones were boiled in
water for 1 h and washed by the use of a strong water jet to remove
the organic substances and the adherent ﬁsh meat. Thereafter,
bones were dried at room temperature in air for 24 h. The dried ﬁsh
bones were then calcined in a furnace at both 600 and 950 °C at a
heating rate of 10 °C/min in air. Once the calcination temperature
had been reached, the bones were maintained isothermally for 12 h,
and then cooled at 20 °C/min. The calcined samples were milled for
1 min by the use of milling balls.
2.2. Characterization of the powder
The morphology of powders obtained under the mentioned conditions was studied by a ﬁeld effect scanning electron microscope
(JEOL-JSM-6700F) equipped with an EDAX PV 9760 detector for energy
dispersive microanalysis (EDX) to analyse local chemical composition.
The detailed morphology and microstructure were examined by a
JEOL-JEM 210 FEG transmission electron microscope (TEM) equipped
with a slow digital camera scan, using an accelerating voltage of
200 kV. High resolution transmission electron microscopy (HRTEM)
images were obtained in thin crystals.
The crystalline structure and the phase composition of the resulting powder were determined using a Siemens D-5000 X-ray diffractometer. Data were collected over the 2θ range 5° to 40°.
Identiﬁcation of phases was achieved by comparing the diffraction
patterns of HA with ICDD (JCPDS) standards.
In order to obtain an estimation of the β-TCP content in our powder
samples, bi-component mixtures of HA and β-TCP (Plasma-Biotal, UK)
with different weight proportions were analysed by XRD according to
the method established by standard ISO-13779:3. Integrated intensity
ratios of peak 211 of HA and peak 0210 of β-TCP were used for plotting
the calibration curve weight/peak integrated intensity ratio [16].
The functional groups obtained at different temperatures were
identiﬁed by Fourier-transform infrared spectroscopy (FTIR) using a
Thermo Nicolet 6700 spectrometer. Spectra were acquired between
400 and 4000 cm − 1. The typical acquisition conditions were
4 cm − 1 of resolution, averaging of 32 scans, an apodization Happ–
Genzel, a Mertz phase correction, and zero ﬁlling 2.
A Horiba Jobin Yvon LAbRam-HR800 spectrometer provided with
an Ar laser excitation source (488 nm) coupled to a microscope was
used to obtain Raman spectra from the studied materials. Raman reﬂection spectra were acquired between 350 and 1800 cm − 1 with
1 cm − 1 of resolution. Acquisition settings were 40 s/scan, 15 averaging scans per measured range and 2 μm of spot size.
In order to evaluate Ca/P ratio, as well as the composition and the
presence of heavy metals, inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis was performed using a Perkin
Elmer Optima 4300 DV spectrometer. Each assay was repeated
three times and the results are presented as mean values.
2.3. Cell culture
Mouse calvaria MC3T3-E1 cells from passage 6 were obtained
from the European Collection of Cell Cultures (Salisbury, UK). The
cells were cultured in alpha minimum essential medium (α-MEM)
with nucleotides and glutamine (Lonza) supplemented with 10% of
foetal bovine serum (Lonza) without antibiotics, and maintained at
37 °C in a humidiﬁed atmosphere with 5% of CO2.

3. Results
FSEM and TEM analysis indicated that the obtained powders are
composed of rod-like shape particles with submicron average size.
There was no signiﬁcant difference in the morphological appearance
among the samples from the different species and temperatures.
The representative morphology of particles is shown in Fig. 1. The
HRTEM image of particles shown in Fig. 2 clearly indicates their crystalline character, with a regular spacing of the observed lattice planes
of about 0.80 nm. The corresponding Fast Fourier Transform (FFT) indicates the presence of aperiodic spots revealing that the crystal is not
monocrystalline. The FFT pattern (Fig. 2b) shows the reﬂections
(0–10) and (− 211) along the [102] zone axis corresponding to the
interplanar distances of 0.80 and 0.38 nm, in agreement with those
of HA (0.82 and 0.39 nm interplanar distances respectively).
Results of elemental composition together with the Ca/P molar
ratio of the powders obtained at both temperatures are listed in
Table 1. The main components of the powders obtained from both
species (Xiph for sword ﬁsh and Thun for tuna) are calcium and phosphorus, showing similar concentration of both elements in the different species and an average Ca/P molar ratio around 1.87 ± 0.02,
higher than the stoichiometric ratio. Other elements such as sodium,
magnesium, potassium and strontium were detected in a much smaller amount, while the concentration of heavy metals in the obtained
powders from ﬁsh bones was around 5 orders of magnitude lower
(Pb: 0.7 mg/kg, Cd: 0.9 mg/kg, Hg b 0.1 mg/kg).
The FTIR spectra from all samples calcined at 600 and 950 °C are
presented in Figs. 3 and 4 exhibiting narrow bands which suggest a
high degree of crystallisation. The spectra show the characteristic
bands for PO 3 −4 group consisting of three main regions. The ﬁrst
one is represented by the peaks 1093, 1047 cm − 1 corresponding to
v3 stretching mode and 962 cm − 1 associated to v1 stretching mode.
The second region of phosphate ions is represented by the v4 band
with well deﬁned peaks at 634, 603 and 571 cm − 1 corresponding to
bending mode. The third region is observed at 474 cm − 1 exhibiting
weak bands corresponding to v2 bending mode. Hydroxyl stretching
mode is observed on all sample spectra at 3573 cm − 1 represented
by a very low intensity peak. Concerning carbonate ions, there are
usually three vibrational bands which can be observed in the infrared
spectra of bone and carbonate hydroxylapatite, but v4 bands exhibit
very low intensity and are rarely observed [17,18]. In samples calcined at 600 °C carbonate ions are detected at two different sites: a)
peak at 875 cm − 1 and b) peaks from 1639 to 1384 cm − 1 cm. The
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Fig. 1. a) FSEM and b) TEM micrographs showing the appearance of the obtained powders from ﬁsh bones at 600 °C.

Fig. 2. a) HRTEM image of the side of single particle with the FFT of the framed region showing the presence of aperiodic spots (white arrows). b) The corresponding FFT; notice the
presence of the reﬂections (0–10) and (− 211) along the [102] consistent with HA.

presence of organic material (C-H) is detected as low intensity peaks
at 2925 and 2852 cm − 1.
The Raman spectra obtained from the samples calcined at 600 and
950 °C are dominated by a very strong peak at 962 cm − 1 related to
the PO 3 −4 v1 stretching mode (see Figs. 5 and 6). Medium intensity
peaks corresponding to PO 3 −4 v2 bending modes are present at 430
and 447 cm − 1; while the v4 bending modes are found at 579, 591,
607 cm − 1 and with lower intensity at 615 cm − 1. In the band between 1000 and 1100 cm − 1, the medium intensity peaks at 1029,
1047, 1076 cm − 1 are attributed to PO 3 −4 v3 antisymmetric stretching mode, in addition to the contribution at 1073 cm − 1 of the CO2− 3
v1 antisymmetric stretching mode [19,20]. In the case of the Xiph calcined at 950 °C, additional and dissimilar to the commented HA
Raman peaks, other peaks are observed at 409, 974 and 1015 cm − 1
corresponding to the PO 3 −4 v2, v1 and v3 modes of β-tricalcium phosphate (β-Ca3(PO4)2:β-TCP), respectively [21]. The spectrum of the
powder calcined at 600 °C shows a low intensity peak at

Table 1
Elemental composition determined by ICP-OES (% w/w).

1114 cm − 1, that is not observed in the spectrum of the powder calcined at 950 °C and can be related to the presence of organic material
(C-H).
The powder calcined at 600 °C consisted entirely of HA phase with
well deﬁned peaks, as can be seen from Fig. 7, where the XRD patterns
of the ﬁsh bones powders are compared with that of HA. There is no
difference in XRD patterns between the two studied species. Nevertheless, as can be seen from Fig. 8, the XRD patterns of the powders
calcined at 950 °C reveal minor presence of β-tricalcium phosphate
(β-Ca3(PO4)2:β-TCP) apart from HA, which still constitutes the main
component of the resulting powder. Estimation of β-TCP content in
the Xiph calcined at 950 °C according to standard ISO-13779:3
revealed a weight percentage value of 13.0 ± 1.5. All the main diffraction peaks have a slight shift towards higher degrees with respect to
synthetic HA indicating the change in the unit cell parameters due
to substitutions. Calculations of parameter ratio c/a can be used to estimate the carbonate content in B-type HA by means of a quantitative
XRD method established by LeGeros [22]. This empirical method (see
Fig. 9) relates the cell parameter ratio c/a with the stoichiometric coefﬁcient value x:
3=4

Sample Calcination
temperature (°C)

Ca

K

Mg

Na

P

Sr

Ca/P
(molar)

Thun
Xiph
Thun
Xiph

41.84
41.80
42.31
41.75

0.03
0.05
0.01
0.02

0.31
0.32
0.22
0.40

0.63
0.57
0.39
0.51

17.34
17.37
17.33
17.45

0.07
0.07
0.06
0.09

1.87 ± 0.02
1.86 ± 0.02
1.89 ± 0.02
1.84 ± 0.02

600
600
950
950

Note: the error of the values is 2%.

x ¼ 6ð30:383 c=a–22:208Þ

:

The carbonate content can be then estimated by the obtained x
considering the B-type HA chemical formula:
Ca10x=2 ðPO4 Þ6x ðCO3 Þx ðOH Þ2 :
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Fig. 3. FTIR spectra of HA obtained from ﬁsh bones at 600 °C.

Fig. 4. FTIR spectra of HA obtained from ﬁsh bones at 950 °C.

Fig. 5. Raman spectra of HA obtained from ﬁsh bones at 600 °C.
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Fig. 6. Raman spectra of HA obtained from ﬁsh bones at 950 °C.

Fig. 7. XRD patterns of ﬁsh bones calcined at 600 °C compared with stoichiometric hydroxylapatite (HA: stoichiometric hydroxylapatite from JCPDS-ICDD 1993).

Fig. 8. XRD patterns of ﬁsh bones calcined at 950 °C compared with stoichiometric hydroxylapatite (↓: presence of β-TCP, HA: stoichiometric hydroxylapatite from JCPDS-ICDD
1993).
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Table 3
FWHM of the (211) and average crystallite size of the powders obtained from ﬁsh
bones at 600 and 950 °C.
Sample

Calcination temperature
(°C)

FWHM of 211 peak
(2θ: 31.8°)

Crystal size
(nm)

Thun
Xiph
Thun
Xiph

600
600
950
950

0.172
0.197
0.138
0.141

54 ± 10
47 ± 10
67 ± 16
66 ± 16

were non-cytotoxic. None of the materials had detrimental effect on
cellular activity at 100% of extract concentration.
4. Discussion
Fig. 9. Relationship between stoichiometric coefﬁcient (x) of the B-type HA chemical
formula Ca10-x/2(PO4)6-x(CO3)x(OH)2 and the c/a ratio.

The variation of cell parameters compared to those of synthetic HA
consisted in a decrease in the a parameter from 9.418 (ICCD no 9432) to 9.397 and 9.377 nm in the case of Thun samples calcined at
600 and 950 °C respectively; and an increase in the c parameter
from 6.884 (ICCD no 9-432) to 6.891 and 6.863 nm for the same samples (see Table 2). With regard to Xiph samples calcined at 600 and
950 °C the a parameter changes to 9.408 and 9.425 nm respectively
while c parameter increased to 6.901 and 6.890 nm.
The c/a calculated ratio for Thun and Xhip calcined at 600 °C is
around 0.7333 and 0.7335 respectively, higher than that of HA
(0.7309), and giving the corresponding carbonate content of 5.2%
and 5.5%. The c/a ratio values obtained for the same samples calcined
at 950 °C are 0.7318 and 0.7311 respectively resulting in carbonate
amounts of 2.5% and 0.6% for Thun and Xiph respectively.
The crystallite size of particles can be approximately calculated
from the XRD patterns by means of Scherrer's equation [23]
t¼

kλ
:
βcosθ

where t is the average dimension of crystallites in a direction normal
to the diffracting plane h k l; β is the full width of the peak at half
maximum intensity (in radians) located at 2θ; λ is the wavelength
of X-ray radiation (1.5418 A) and k is the Scherrer constant related
to crystallite shape, that falls in the range 0.87–1.0 (it is usually assumed to be 1). It may be assumed that t, cosθ and k values are constant for the same reﬂection. In this case the mean crystallite size
was evaluated using the line broadening of the (2 1 1) reﬂection,
since this peak is well resolved and shows no interferences. The average
size of powder crystallites is calculated and the results are tabulated in
Table 3.
The crystal size in the obtained powders of the two species at
600 °C is around 50 nm, while it increases to 66 nm at 950 °C. This result is in accordance with the sharpness and the intensity increase of
the XRD peaks when the temperature is increased from 600 to 950 °C.
The cytotoxicity results are shown in Fig. 10. In the MTT assay the
cells after incubation with the extracts of the test materials produced
large amount of coloured formazan indicating that all tested materials

Table 2
Calculated cell parameters and the corresponding amount of carbonates.
Sample

Calcination temperature
(°C)

a axis
(nm)

c axis
(nm)

c/a

% CO2 −3

Thun
Xiph
Thun
Xiph

600
600
950
950

9.397
9.408
9.377
9.425

6.891
6.901
6.863
6.890

0.7333
0.7335
0.7318
0.7311

5.2
5.5
2.5
0.6

It has been reported by several researchers that HA obtained from
animal bones is biologically more active compared to the synthetic
one. It seems that this advantage is related to properties inherited
from the raw material, such as low crystallinity, nanometric crystal
size, and chemical composition including the presence of substituent
elements such as Mg2 +, K +, Na +, etc. [24,25]. The size and morphology
of the crystals play an important role in biomechanical function of bone,
since the hierarchical assembly and the orientation of the HA crystals in
the collagen contribute to the high toughness of the bone. As can be
seen from the FSEM and TEM micrographs displayed in Fig. 1, the
obtained powders exhibit a rod-like shape which probably are formed
by fusion of fundamental blocks as suggested by Eppell et al. [26] showing a preferential crystalline orientation. This rod-like shape instead of
the acicular shape typical for stoichiometric apatites can be attributed
to the coupled CO2 −3 for PO 3 −4 and Na + for Ca 2 + substitutions that
cause changes in the size and shape of the apatite crystal: from acicular
to rod-like shape crystals [27].
The size and shape of nanoparticles obtained from biogenic hydroxyapatite can preserve important characteristics such as good bioactivity and ﬂexible structure [28,29]. However the heating
temperature should be controlled, since recrystallization can lead to
growth of crystallite to slightly higher values than those reported
for bones to be around 5–20 nm width by 60 nm length [30] and
change the original tissue architecture.
The higher molar Ca/P ratio obtained in our material compared to
that of the stoichiometric HA, can be attributed to the presence of carbonate ions substituting the phosphate, indicating the presence of
B-type carbonate hydroxyapatite. This type of hydroxyapatite is typical
of the mineral phase of biological apatites [31] where the carbonates
can strongly contribute to the variation of Ca/P ratio. Other authors
have also observed higher Ca/P ratio in hydroxyapatite from bovine
bones [32]. The incorporation of carbonate ions substituting for phosphates can be crucial, since it has been reported that A-type apatites
(i.e. CO2 −3 substituting for OH−) showed lower afﬁnity for the
human trabecular osteoblastic cells, leading to lower cell attachment
and collagen production compared with stoichiometric HA [33,34]. Indeed, the presence of B-type carbonate hydroxyapatite in our ﬁsh
bone materials is conﬁrmed by the FTIR spectra. The peak at
875 cm− 1 can be assigned to the bending mode and it is present in
both, A and B types of carbonate hydroxyapatite [35]. The peaks at
1639, and 1384 cm− 1 can be assigned to stretching mode of carbonate
ions, while the peaks at 1460 and 1419 cm− 1 are associated to bending
mode in B type for carbonate hydroxyapatite due to the substitution of
PO 3 −4 by the CO 2 −3 [36,37]. This is in accordance with the high Ca/P
ratio obtained by ICP-OES corroborating the presence of carbonate
substituting phosphate ions. The CO 2 −3 bands intensity at 1419, 1460
and 1654 decreases or disappears when the calcination temperature increases to 950 °C probably due to the carbonate decomposition to carbon dioxide, which can occur at temperatures ranging from 750 to
1100 °C [38]. This fact would mean that lower calcination temperature
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Fig. 10. Relative formation of formazan by MC3T3-E1 cells after incubation with the samples together with commercial HA and control extracts for 24 h. C+: positive control. C−:
negative control.

should be more appropriate for conserving the carbonate content. The
Raman spectra obtained are compatible with the carbonate B-type substitution determined from FT IR and Ca/P ratio measurements. Contribution of carbonate peak at 1073 cm− 1 overlaps with the phosphate
v3 peak at 1076 cm− 1 and cannot be separated. Moreover, the lack of
carbonate peak at 1100 cm− 1 allows to rule out A-type carbonate
substitution.
The obtained powders are composed of crystalline phases, where
the crystallite size measured from the (211) reﬂection is around
50 nm for the powder calcined at 600 °C, which is in a good agreement with the average crystallite size in mature bone [39]. The nanostructure of bone-substituting materials is closely related to the good
bioactivity and osteoconductivity, such behaviour has been observed
in synthetic HA composed of nanosized crystals which lead to an increase of osteoblast functions [40]. Moreover, in the presence of HA
nanocrystals endothelial cells maintain biochemical markers of
healthy endothelium. They do not acquire a proinﬂammatory or
thrombogenic phenotype, but express markers of functioning endothelium that might contribute to angiogenesis [41]. However, the
powders obtained at 950 °C show an increase of the crystallite size
because of the long time (12 h) kept at high temperature. Similar
growth of crystallite has been observed when sheep bones were heated from 500 to 900 °C [42].This tendency suggests again that ﬁsh
bones heated at 600 °C preserve better the inherited properties
from raw material than those calcined at 950 °C.
The elements incorporated to the crystal structure by means of
substitutions contribute to changes in lattice parameters due to the
difference in ionic radius. The presence of aperiodic spots in the FFT
corresponding to HRTEM (see Fig. 2b) might well be due to ions incorporated into the HA structure originating defects. The hexagonal
structure of HA contains two different calcium sites. Calcium cations
at site I, CaI, are coordinated by nine oxygens belonging to six phosphate anions forming triangles and showing a columnar arrangement. Cations at site II are coordinated by seven oxygen atoms, six
belonging to phosphate anions and one to hydroxyl anion. CaI
atoms are strictly aligned in columns and any small change in the
metal–oxygen interactions affects the entire lattice. However, the
CaII atoms belonging to consecutive layers are staggered, allowing
random local misplacements without compromising the whole structure. When substitutions take place, cations smaller than Ca
(radius = 0.99 Å) are incorporated preferentially in the HA structure
at CaI sites. In contrast, larger cations should be incorporated in position CaII [43,44]. In our powders, elements with smaller radius (Mg,

0.66 Å and Na = 0.96 Å) might well be accommodated in site CaI,
while those with higher radius (Sr, 1.13 Å and K, 1.33 Å) are better accommodated in CaII sites.
When carbonates are integrated in the HA structure, the smaller
CO32 − volume compared to the substituted PO43 − radical, leads to a
decrease of the a parameter and an increase of the c parameter of
the crystal unit [45]. The contraction of the a axis dimensions of the
powders compared to HA reveals the presence of the small planar
CO 2 −3 replacing the larger tetrahedral PO43 − group [46]. However,
the a dimension difference with respect to HA is reduced for the powders calcined at 950 °C, as shown in Table 2, this effect is due to the
decomposition of carbonates when the temperature is increased, although some part of carbonate ions move from phosphate to hydroxyl
sites, resulting in a small increase in the a parameter value [47]. The present results demonstrate that the amount of carbonate, around 5 wt.%
in the powder obtained at 600 °C, is similar for both species and it is
in the range attributed to bone mineral [48]. Thus, through XRD we corroborated quantitatively the results observed with FTIR with regard to
an important loss of carbonate when the calcination temperature is
raised from 600 °C to 950 °C. According to the results of the present
study, 600 °C seems to be a more appropriate calcination temperature
to ensure a carbonate amount in the obtained powders similar to that
of the biological HA. This material would respond to the following
chemical formula:
ðCa; M Þ9:63 ðPO4 Þ5:25 ðCO3 Þ0:75 ðOHÞ2
where M represents Na, Mg, K and Sr. The presence of these ions is usual
in biological apatites. These elements play a signiﬁcant role on the behaviour of biological apatites, since they contribute to metabolism in
human body and cell adhesion. Sodium and magnesium play an important role on bone metabolism and osteoporosis [49,50]. Mg plays a crucial role in cell proliferation and function. Cells are unable to proliferate
in the absence of extracellular Mg because of the resultant reduction in
DNA, RNA and protein synthesis [51]. While strontium is associated in
reducing bone resorption and increasing bone formation leading to
the prevention of the risk of fractures [52].
The presence of β-TCP detected in the XRD patterns and in Raman
spectra demonstrates that, above certain threshold of heating temperature, biphasic powder from ﬁsh bones can be obtained due to
partial transformation of HA to β-TCP. Similar results have been
obtained by other authors when enamel was heated to 700 °C [53]
and animal bones were heated to 800 °C [54]. This biphasic calcium
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phoshate, generally comprising a mixture of non-resorbable hydroxyapatite and resorbable β-TCP, has been reported as suitable material
for synthetic bone substitute applications because the HA provides a
permanent scaffold for new bone formation via osteoconduction
while the resorption of the β-TCP oversaturates the local environment with Ca 2 + and PO 3 −4 ions to accelerate the new bone formation [55,56]. The increase of calcination temperature to 950 °C leads
to an increase of crytallinity which can be observable in the sharpness
and a slight intensity increase of the XRD peaks from the powders
obtained at 950 °C. This effect is also conﬁrmed by the increase of
crystallite size values to about 67 nm.
Taking into account the strong efﬁciency of HA to store heavy
metals by means of changing cations or adsorbing not changeable
ones on the crystal surface [57], it is important to consider the
amount of possible toxic elements in the anorganic part of ﬁsh
bones of both species captured in North Atlantic ﬁshing-grounds. In
our samples the concentration of the studied heavy metals (Pb, Cd
and Hg) was below the limit established by the American Society
for Testing and Materials (ASTM) for anorganic bone for surgical implants [58]. The presence of nontoxic amounts of heavy metals is supported by the results of the MTT assay, showing that the effect of
obtained powders is non cytotoxic and similar to that of the commercial hydroxyapatite.
Despite the mandatory tests necessary to be accomplished prior to
any use of the reported materials as bone substitutes, these ﬁsh bone
derived calcium ortophosphates present a promising future. On one
hand, sword ﬁsh (X. gladius) and tuna (T. thynnus) are among the biggest ﬁsheries in the world (10,000 Tm of sword ﬁsh and 25,000 Tm in
the case of tuna are caught each year (average) according to data
from the National Oceanic and Atmospheric Administration of USA).
Therefore this is a sustainable source of calcium phosphate which is
not in danger as coral sources are and which is not linked to the potential transmission to humans of the bovine spongiform encelopathy
(BSE) or the new variant of the Creutzfeldt Jakob Disease when using
bone substitute of bovine origin (even if it has been already demonstrated that the use of these type of materials does not carry a risk
of transmitting BSE to patients [59]).
On the other hand, the use of a biological hydroxyapatite containing
Mg as bone substitute, instead of a synthetic one without it, allows
maintaining the extracellular amount of Mg at the right level in order
to allow a proper cell proliferation which is crucial for bone defect healing [51].
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