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and in vitro assays
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The use of biogenic residues to obtain calcium phosphate compounds, mainly hydroxyapatite
(HAp), is an excellent alternative to reduce costs in obtaining biomaterials. The purpose of this
study was to obtain hydroxyapatite from fish bones and hen eggshells by alkaline hydrolysis and
precipitation, respectively, and compare them to HAp obtained from calcium commercial source based
on physical-chemical properties and in vitro assays. The biomaterials obtained were characterized by
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET)
method and Fourier Transform Infrared Spectroscopy (FTIR). The XRD results revealed the presence
of the main characteristic peaks of single HAp phase and FTIR analysis showed various functional
groups, such as PO,*, CO,” and OH, confirming the presence of HAp. SEM observations of the
synthesized HAp showed a rod-like and spherical-like morphology. The cell viability and bioactivity
of the materials were evaluated by rezasurin reduction and McCoy medium assays, respectively.
The biomaterials obtained had no toxic effect and the sample obtained from fish bone was more bioactive
when compared to the others. Therefore, the biowastes can be used as an alternative source of calcium
in the synthesis of hydroxyapatite with promising properties for application in the biomedical area.
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1. Introduction

Every year more than 2.2 million people worldwide need
asurgical procedure to repair some type of bone defect, related
to critical accidents as well as trauma or degenerative diseases,
such as resection of tumors, using grafts or prostheses'. Surgical
procedures are performed using autologous bone grafts, allografts
or biocompatible synthetic materials?, which results in huge
expenses with treatments for tissue diseases, and traumas™*.

These facts increase researches concerning the synthesis
of biomaterials with better properties using economically
viable processes. The great interest in hydroxyapatite (HAp)
as a biomaterial is related to the mineral phase of teeth and
bones, in which the HAp represents 30 to 70% in mass of
hard tissue’. These data demonstrate the reason for its high
biocompatibility and similarities with some properties of bone,
including bioactivity, biodegradability and osteoconductivity.
Hydroxyapatite can be obtained by chemical reactions using
different reagents that contain the calcium and phosphate
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ions, using synthetic or natural calcium sources, such as hen’s
eggshells®, shells, corals'®!!, etc. Hydroxyapatite can also
be extracted from biogenic sources, such as bovine bones,
pig bones'?, fish bones and scales'>'*. Hen’s eggshells, fish
bones and scales become interesting source of calcium since
they are abundant and accessible, reducing the costs of raw
materials and bringing environmental benefits with the
use of these residues'>'®. If these materials are improperly
discarded; the organic matter present favors the growth of
bacteria and fungi'’, generating undesirable consequences
such as bad smell and the occurrence of disease vectors.

This study aimed to obtain hydroxyapatite from
different biogenic residues, such as hen’s eggshells and
Colossoma macropomum bones, a typical freshwater fish
from Brazil. The hydroxyapatite properties were compared
with those obtained from a commercial calcium source aiming
biomedical application. Besides that, as a result, the use
of hen’s eggshells and fish bones biowaste can potentially
reduce the environmental issues and support sustainable
environmental development.
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2. Experimental

2.1. Hen's eggshell treatment

The eggshells were firstly washed with neutral soap,
then boiling water to remove dirt. The eggshells were dried
at 100 °C in a furnace for 5 h, then, they were calcined at
1000 °C for 2 h to remove all organic matter, and for conversion
of calcium carbonate (CaCO,) to calcium oxide (CaO).
The hen’s eggshell used came from domestic consumption.

2.2. Synthesis of hydroxyapatite samples from
eggshells and commercial Ca(OH),

The experimental Ca/P stoichiometric ratio of
1.67 was used for all reactions carried out to obtain HAp.
The synthesis was performed according to procedure described
at Salma-Ancane et al.'® with modifications.

The obtained calcium oxide (2,7g) was mixed with
50 mL of distilled water to formation of calcium hydroxide
(Ca(OH),) and then mechanically stirred for 30 minutes
(Stirrer Quimis-Q-235-1). The acid solution was prepared
from 3,4g phosphoric acid (H,PO,, ISOFAR 85%) for
50mL of distilled water. The solution was added at a rate
of 3.33 mL.min"! ¥ using a peristaltic pump, under constant
stirring at room temperature. The pH was maintained in the
range of 10-12% and corrected with ammonium hydroxide
when necessary. After that, the solution was aged at room
temperature for 1 h under constant stirring and then filtered
and washed with distilled water to obtain a white precipitate.
The precipitate was dried in a furnace at 100 °C for 5 hours.
The obtained material was crushed using a mortar and
pestle and then the powders were calcinated at 800 °C for
2 h in a muffle furnace. For the synthesis of HAp from the
commercial calcium source, 3.7g of Ca(OH), (ProQuimico)
were used following the same procedure previously described.
The obtained samples were designated as E-HAp and C-HAp
for calcium source from eggshell and commercial, respectively.
After the samples were calcined, the temperature used was
added to the code in order to better identify them.

2.3. Extraction of hydroxyapatite from fish bone

The procedure was based on the work done by Zainol et al.>!,
with modifications. The Colossoma macropomum bones were
collected from the local fish market in Manaus city, Amazonas,
Brazil. The bones were washed using tap water and the excess
meat was removed manually. The bones were boiled in distilled
water for 1 h to complement in the material cleaning step.
Afterwards, the washed fish bones were treated with 1% (w/v)
NaOH solution and heated at 90 °C for 5 h with stirring to remove
all organic matter (lipids, proteins), then they were washed with
distilled water for the complete removal of the NaOH solution.
Thereafter, the treated bones were dried at 100 °C for 4 h in an
oven, crushed with pistil and mortar and stored. The material
was calcined at 800 °C and coded as FB-HAp800.

2.4. Samples characterization

The samples were characterized by X-ray diffraction
in a PANalytical diffractometer, model X Pert PRO MPD,
with CuKa copper radiation, A = 0.155418 nm with 40 kV
voltage and 40 mA current. The scan was 26 = 10°-80°,
at a step size of 0.05° and acquisition rate of 2.5°min"!.
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The diffractograms were refined in TOPAS software-Academic
program, version 4.0 using Rietveld method to determine the
phase compositions and the crystallite size. Fourier Transform
Infrared Spectroscopy (FTIR) analyses were performed in
a Perkin Elmer Spectrum Two spectrometer. The samples
were mixed with KBr, pressed to obtain pellets and analyzed.
The transmission spectra were obtained in the range 4000
to 400 cm™! and resolution of 4 cm™. The specific surface
area of the C-HAp and E-HAp samples was determined by
BET method from the N, gas adsorption isotherm at -196 °C
(ASAP 2010 analyzer, Micromeritics Inc). The samples
morphological characteristics were investigated using
scanning electron microscopy (SEM), model JSM-7100F
(JEOL), operating on high vacuum modes, with electron
beam potential between 1 and 15kV.

2.5. In vitro assay

The powders were pressed to form 10 mm diameter pellets
using 150 mg of materials in a hydraulic press (Protécni) at a
pressure of 17.75 kgf.cm. The samples were later sterilized
by ethylene oxide.

2.5.1. Indirect cytotoxicity assay

The cytotoxicity test was performed for E-HAp, C-HAp
and FB-HAp800 samples in human dental pulp mesenchymal
stem cells (hDPSCs) obtained from a standardized sample
purchased from the Lonza company (product code PT-5025,
lot 0000361150) by resazurin reduction assay according
to ISO 10993-522. The cells were cultured in DMEM
(Sigma-Aldrich), with 4500 mg.L"! glucose, in the presence
of 10% FBS (Gibco), and 1% Penicillin/Streptomycin
(Sigma-Aldrich) at 37 °C in a humidified atmosphere of
5% CO, incubator.

The samples extracts were obtained by incubating 0.1 g of
dry material per mL of culture medium for 24h (group 1) and
48 h (group 2) in the incubator at 37 °C, 5% CO, atmosphere.
The cells were seeded at a density of 4x10* cells/well in a
96-well plate and cultured for 24 h to allow cell adhesion.
After 24 h, the cells were incubated with 100 pL of the extracts
for more 24 h (37 °C, 5% CO,, humidified atmosphere).
For positive viability reference (positive control), it was used
supplemented culture medium, while 50% (v/v) of dimethyl
sulfoxide (DMSO) with supplemented culture medium was
used as negative reference (negative control). All experiments
were performed in triplicate. After the incubation period,
the extracts were replaced for 200 pL of resazurin solution
(Sigma-Aldrich) (0.5 mg.L! resazurin in PBS, diluted in
standard culture medium at 50% v/v)*. The cells were again
incubated for 4 h. After incubation, 100 pL aliquots were
collected and transferred to another 96-well plate, where
fluorescence analysis was performed on a spectrophotometer
with a microplate reader (Biotek Synergy HT) at wavelengths
of 530 nm excitation and 590 nm emission. The percentage
of viable cells was calculated from the average values of
absorbance for each sample in relation to the positive control
defined as 100%.

Cell viability results were subjected to analysis of variance
(ANOVA) and Tukey’s test using PAST software. Results with
P values < 0.05 are considered statistically significant. All
results are expressed as mean values with standard deviations.
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2.5.2. Bioactivity assay

For bioactivity assessment, the E-HAp, C-HAp and
FB-HAp800 pellets were immersed in 16 mL McCoy's
5A%3 (Vitrocell) medium in Falcon tubes with in aseptic
conditions using laminar flow hood. The samples were
maintained at 37 °C under 5% CO, atmosphere, in an
incubator (PANASONIC, COM-19AIC-PA model) for 3
and 7 days®?%. The solution was changed every 3 days.
The pellets were analyzed by SEM to observe the surface
characteristics of the samples after the immersion period.

3. Results and Discussion

3.1. Samples characterization

The N, adsorption/desorption isotherms for E-HAp
and C-HAp particles obtained from eggshell and calcium
source commercial, respectively, are shown in Figure 1.

The isotherms have hysteresis loops and can be
classified as type IV¥3, The isotherms of these two
samples were slightly different. For the E-HAp sample, the
isotherm exhibited a slightly steeper slope in relation to
the C-HAp sample, which may be related to a narrow pore
size distribution. The slope of the curve in the capillary
condensation region reflects the pore size distribution, the
softer the slope, the greater the pore size heterogeneity
in the sample?'.

The pore diameter, pore volume and specific surface
area of the samples measured using BET are summarized
in Table 1.

The E-HAp sample with larger pore size of 31.75
nm is classified as mesoporous and the C-HAp sample is
classified as microporous according to [IUPAC. The E-HAp
and C-HAp samples showed specific surface values of 85.8
and 133.7 m%.g"!, respectively, and the pore volume values
of about 0.55cm?.g! for both samples. The results obtained
are similar to those reported by Salma-Ancane et al.' when
comparing HAp from a commercial and natural calcium
source using a slower addition rate and aging time higher
than those used in this work. As the sources of calcium are
different, biogenic and commercial, they may present particles
with different sizes, possibly influencing the characteristics
of synthesized HAp.

The pore size has direct implications for their
functionality for biomedical applications. The presence
of pores in materials combined with their biodegradation
can improve cell access to different regions during tissue
regeneration. The pore network structures facilitate transport
of nutrients and metabolites, guiding and promoting the
tissue formation®. The specific surface area results of the
synthesized HAp are in the range of values reported in
the literature for natural bones, such as femur and dentin,
ranging from 8 to 100 m?.g"' 334, The pore diameter values
qualify the E-HAp samples to be used in controlled drug
delivery systems. The pore diameter has a strong influence
on the release rate of the molecules. The specific surface
area, size and volume pores are parameters that can affect
the kinetics of adsorption and release of drugs.

The crystal structure and phase content of the different
samples were identified using XRD patterns. Figure 2

shows the diffractograms of the “green” (as-synthesised)
and calcinated samples at 800 °C. The XRD patterns
showed all samples having an apatite structure according to
ICSD 34457 correspond to hydroxyapatite. The diffractograms
profile of the uncalcined samples have wide and flattened
peaks, mainly the sample FB-HAp. The wider the peaks,
the organization of the occupation is more imperfect.
The smaller the width of the peaks, the closer to the ideal
condition the atomic occupation is.
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Figure 1. Adsorption—desorption isotherms of N, of (a) E- HAp
and (b) C-HAp samples.
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Figure 2. X-ray diffraction patterns of the samples before and after
calcination at 800 °C. (a) E-HAp, (b) E-HAp800, (c) FB-HAp,
(d) FB-HAPp800, (e¢) C-HAp and (f) C-HAp800.

Table 1. BET results, specific surface area, pore diameter and pore
volume for the synthesized samples.

Pore diameter Pore volume

2 o1
Samples Sper (MP.g7) (nm) (cm’.g")
E-HAp 85.8 31.75 0.57
C-HAp 133.7 17.51 0.54
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The diffractograms of the samples E-HAp, E-HAp800,
C-HAp, C-HAp800, FB-HAp, and FB-HAp800 were refined
by the Rietveld method, obtaining the quantification of the
phases and the results of crystallite size are shown in the Table 2.

The XRD patterns of all HAp samples after treatment at
800 °C (Figure 2) showed the characteristic peaks of HAp
with better definition of the three main planes (211), (112)
and (300). The heat treatment promotes a phase change in
the hydroxyapatite structure, from monoclinic to hexagonal.
According to Corno et al.*® and Zahn and Hochrein’ this
transformation is favoured from 200 °C. As can be seen in
Figure 2, as the temperature increases, the peaks become
narrower and more defined. In the C-HAp800 sample was
identified a peak at 20 equal to 37.346°, referring to CaO.
The E-HAp800 and FB-HAp800 samples presented only the
hydroxyapatite phase, which were stable for the temperatures
used in the heat treatment. In the sample C-HAp800, through
refinement by the Rietveld method, 2.3% CaO was identified,
indicating lower thermal stability of the material in relation
to the others. It can be argued that the aging time was not
enough for the stability of the hydroxyapatite obtained from
commercial calcium source. The C-HAp, FB-HAp and E-HAp
samples have a crystallite size of 16.64,9.18 and 13.82 nm,
respectively. The samples C-HAp800, FB-HAp800 and
E-HAp800 have crystallite size of 37.84, 58.62 and 47.23
nm, respectively. These results obtained are consistent with
those reported in the literature®’%.

FTIR was also used to identify the functional groups
present in the HAp powder obtained from different sources
and results are given in Figure 3.

Table 2 Crystallite size values of the samples obtained.

Samples Crystallite size (nm)
C-HAp 16.64
C-HAp800 37.84
FB-HAp 9.18
FB-HAp800 58.62
E-HAp 13.82
E-HAp800 47.23

Transmittance (a.u.)
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Figure 3. FTIR spectra of (a) E-HAP, (b) C-HAp and (c) FB-HAp samples.
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The FTIR results show similar spectra for the three
samples at around 3000-3700 cm™ which are characteristic
of the OH- stretching of H,O. A second region referring to
the (OH) of H,0 band can be seen in 1641cm'. The regions
at 1120-1028 cm™ and 470 cm'! contain the peaks due to the
PO, stretching mode. The bands at 958, 563 and 603 cm™
are the characteristic peaks of PO,*” bending mode. The small
bands spotted 3567-3574 cm™! were due to stretching vibration
of OH- groups. These bands were observed only in samples
E-HAp and C-HAp. The bands at 872, 1415 e 1455 cm™! were
due to the presence of carbonate. These peaks are associated
with bending in B type carbonate hydroxyapatite due to the
substitution of PO,* by CO,?'***2. The presence of carbonated
groups is common in biological HAp, with the highest
concentration, from 4 to 6% of ions*, making the samples
analogous to biological apatites. The carbonate substitution
is particularly important for the mineral phase of bone and
has proven to have osteointegration, good biocompatibility
and earlier bioresorption compared to normal HAp?*44+-46,
The bands obtained for the respective phosphates and
hydroxyl groups of HAp are in accordance with the data
reported in the literature!'®3%45!, The FTIR spectrum of the
FB-HAp sample showed amide peaks only at 2923 and 2853
cm’! in low intensity. Based on this last result, it can be deduced
that the organic part was removed almost entirely from the
raw fish bones making it possible to obtain HAp.

The SEM micrographs of the HAp powder derived from
different sources are shown in Figure 4. Scanning electron
microscopy was used to analyze the morphology and surface
of the samples. The E-HAp and C-HAp samples have rod-like
morphology. This morphology has been reported by different
authors!'*3%3253, From the micrographs it can be assumed that
they have a similar size. The FB-HAp sample has a very
formation of agglomerated nanoparticles with irregular
shapes, whereas the FB-HAp800 sample is composed of
particles with a more defined morphology, presenting a
faceted surface and a larger size in relation to the others.
The morphology was reported by Zainol et al.?!, for HAp
obtained from tilapia fish scales. And all the samples have
smooth surface, except for the sample FB-HAp, which has
a very rough surface.

3.2. In vitro assays

3.2.1. Indirect cytotoxicity

The indirect contact assay was performed using extracts
obtained for 24h (group 1) and 48h (group 2) of E-HAp,
C-HAp and FB-HAp800 samples. The extracts that were
tested to dental pulp stem cells by resazurin reduction assay
evaluated the metabolic function and cellular health. In
Figure 5 are presented the results after 24h of incubation.

The cell viability for the extracts obtained for the 24h
period was 93.3 £5.5%, 105.7 £2.6% and 96.7 +2.7% for
the samples E-HAp, C-HAp, and FB-HAp800, respectively.
And for the extracts obtained for the 48h period, the viability
was 87.2 +2.3%, 98.9 £2.2% and 104.6 +0.4% following the
same order as the previous one. The values of 105.7% and
104.6% for the E-HAp and FB-HAp samples is an indication
of increased cell activity resulting from cell growth since
cell viability was greater than 100% of the positive control.
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Figure 4. Scanning electron microscopy images for (a) E-HAp, (b) C-HAp, (c) FB-HAp and (d) FB-HAp800 samples.

According to ISO 10993-5%, the reduction of cell viability
by more than 30% is considered a cytotoxic effect, thus, no
cytotoxicity to dental pulp stem cells was observed for any
of the samples because the percentages of viable cells were
above 87%. The results are not statistically significant (p>0.05).

In the work carried out by Ingole et al.>* superior cell viability
was also observed for the synthetic HAp sample compared to
that derived from chicken eggshells. However, research with
different biogenic sources such as bovine bone and shells
were superior to synthetic HAp from commercial sources™-,
result that can be observed for the sample FB-HAp800 in
relation to C-HAp sample. Such results show that the calcium
phosphate compounds obtained from natural sources present
similar and/or superior results to those presented by samples
synthesized from commercial calcium sources.

The E-HAP and C-HAp samples showed lower cell
viability for the extracts obtained in 48h and it can be
attributed to the ions release concentration combined with the
particle size were responsible for the difference in relation
to the extract obtained in 24h. The sample FB-HAp800
showed an inverse behavior, presenting cell growth for the
extract obtained in 48h. This sample presented a particle
size higher than the others as verified in SEM, which
reinforce the influence of particle size on cell viability.
Many studies report the relationship of particle size in the
material cytotoxic responses, since the smaller the particle,
the greater the tendency to enter subcellular organelles and
provide greater cytotoxicity. Besides, there is a relationship
with the concentration that can directly affect cell activity>™.
The cellular response is due to a group of factors that will
act together to reach a result. Limits on size, morphology,
and concentration concerning the application of the material
must be identified.

3.2.2. Bioactivity

Figure 6 shows the bioactivity assay results for the samples
analysed. The McCoy solution was used to simulate the
physiological conditions with typical concentrations of ions
in the human body (under controlled conditions of pressure,
temperature and atmosphere) to evaluate characteristics
such as dissolution, morphology and the formation
of the bone like apatite layer on the surface of the samples.
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Figure 5. Indirect cytotoxicity of the samples to dental pulp stem cells
for a 24h incubation period. Cell culture with standard supplemented
culture medium was used as positive control (Contr.+) and with
50% (v/v) DMSO in PBS as negative control (Contr.-) of toxicity.

The McCoy medium has been used in preference to the SBF
(Simulated Body Fluid) due to its composition is much more
similar to body fluids, which has the presence of macromolecules
and proteins, in equilibrium at CO, partial pressure®.

The E-HAp and C-HAp samples showed the formation of
grooves after 3 and 7 days of immersion in McCoy medium
(indicated by white arrows). Nevertheless, the deposition of
the bone like apatite layer was not verified. The formation of
grooves is due to the release of material into the environment.
Greater resorption of these samples was already expected,
since they have relatively low crystallinity and small crystallite
size, as observed in the XRD results.

The FB-HAp800 sample presented after 7 days of immersion,
which can be considered the beginning of the formation of the
apatite layer through the formation of a filamentous structure
on the particles. A similar result was reported by Horta et al.'*
for 3 days of immersion in McCoy medium for hydroxyapatite
extracted from Osteoglossum bicirrhosum fish scales. It can
be stated that the time used in the study was not enough for
the growth of the layer for the C-Hap and E-HAp samples.
The deposition of the bone like apatite layer is related to
numerous factors such as method of preparing the material,
surface characteristics, among others, which makes the material
to have different responses for the incubation periods used.
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Figure 6. Comparison of samples for different periods of immersion in McCoy solution. The arrows indicate the grooves formed due to

the dissolution process.

Asadollahzadeh et al.?” performed bioactivity tests in SBF
medium and obtained different responses to the same material
for the same incubation period. The authors studied HAp
obtained from heat-treated tuna bone at 600 ° and 900 °C.
The sample treated at 600 °C only showed the formation
of the apatite layer after 14 days, while the sample treated
at 900 °C showed the formation of the layer after 7 days of
soaking in SBF.

The literature reports research with different times of
immersion, like 3, 7, 14, 21 and 28 days*?%¢!4_ For the
incubation period used in this work, HAp derived from
fish bone showed a faster bioactivity response compared to
samples from eggshell and commercial calcium source in
McCoy medium reinforcing that the response time for the
bioactivity of the material depends on numerous factors,
among them, the methods of obtaining the material.

4. Conclusions

HAp biomaterials were successfully obtained from natural
source like fish bones and through chemical precipitation
method using hen’s eggshell. This work reinforces the use of
bio-sources to obtain hydroxyapatite to application as biomaterial,
in order to obtain materials with low production costs and
relatively simple techniques. This work is the first record in
the literature regarding the use of the Colossoma macropomum
fish bones. The studied in McCoy medium confirmed that the
FB-HAp800 had a superior ability to induce apatite formation
as observed in the results obtained from SEM showing the
growth of the apatite layer starting at 7 days. The in vitro cell
culture studies confirmed the non-cytotoxic of the samples
because the percentages of viable cells were above 87%.
These preliminary results suggest that the synthesized HAp
from hen’s eggshells and extracted from fish bones, materials
considered waste, has potential application in tissue engineering.

Therefore, the present study provides evidence that supports the
valorization of biowastes as feedstock to produce economically
feasible of HAp.
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