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Abstract: Hydroxyapatite (HA) promotes excellent bone regeneration in bone-tissue engineering, due
to its similarity to bone mineral and its ability to connect to living tissues. These factors promote the
osteointegration process. This process can be enhanced by the presence of electrical charges, stored in
the HA. Furthermore, several ions can be added to the HA structure to promote specific biological
responses, such as magnesium ions. The main objective of this work was to extract hydroxyapatite
from sheep femur bones and to study their structural and electrical properties by adding different
amounts of magnesium oxide. The thermal and structural characterizations were performed using
DTA, XRD, density, Raman spectroscopy and FTIR analysis. The morphology was studied using SEM,
and the electrical measurements were registered as a function of frequency and temperature. Results
show that: (i) an increase of MgO amount indicates that the solubility of MgO is below 5%wt for heat
treatments at 600 °C; (ii) the rise of MgO content increases the capacity for electrical charge storage;
(iii) sheep hydroxyapatite presents itself as a natural source of hydroxyapatite, environmentally
sustainable and low cost, and promising for applications in regenerative medicine.

Keywords: biomaterials; eco-friendly; natural hydroxyapatite; magnesium oxide; electrical
properties; bone regeneration

1. Introduction

As the most used material in the bone-regeneration field, calcium phosphate-based
biomaterials (CaPs) present excellent biocompatibility, bioactivity, and biodegradability
due to their chemical and structural similarity to the mineral phase of natural human
bone [1-3]. Among the CaPs, hydroxyapatite (HA), Ca5(PO4)3(OH), deserves special
attention since it is the main inorganic component of bone tissue (70%), with the remaining
30% being composed of organic collagen materials and bone marrow cells [4]. In addition
to similar chemical properties, HA also has physical-mechanical features comparable
to bone. Furthermore, the biological characteristics of HA, show osteoconductive and
osteoinductive properties as verified by in vitro and in vivo studies. These properties allow
bone-cell attachment, proliferation, and migration, regardless of how the HA is used (i.e.,
coating, powder, bulk, or porous scaffolds), thus promoting rapid new bone formation and
allowing the new bone to bond to the host (osteointegration) [5-8].
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Due to the disadvantages of synthetic hydroxyapatite regarding low durability and
stability, hydroxyapatite of natural synthesis, through natural bio residues, has presented
a good solution for treatment feasibility in bone regeneration. Furthermore, the conver-
sion of bio-waste into useful bioproducts, which is a low-cost practice, is also a more
dynamic response for the environment [5,9,10]. Thus, researchers have suggested hydrox-
yapatite from natural sources as a promising material for direct application in the field of
regenerative medicine.

HA can be synthesized or extracted from various natural sources such as fish scales/
bones, bovine bones, eggshell, or the exoskeletons of marine organisms [11]. To purify HA,
heat treatment over a long time is needed to remove the organic part. However, biological
HA is non-stoichiometric and it may contain certain amounts of ionic replacements and
impurities [12,13]. Some of these impurities may, however, benefit bone growth and support
biological functions, such as in the case of the presence of Mg?*, Sr?*, and Zn?* that can
increase the proliferation, bone density, and osteoblastic activity, respectively [14-16]

The biological properties of hydroxyapatite can be further improved by inserting some
cations, including Ag*, Sr2+, Zn%t, Ce3*, Mg2+ [17,18]. In addition to enhancing osteoblastic
proliferation, the magnesium ion is also essential for bone metabolism, promotes cell
differentiation, stimulates new bone formation and mineralization, and increases bone
cell adhesion [19-21]. In turn, its deficiency can cause a reduction in osteoclastic and
osteoblastic activity, leading to bone fragility and/or reduced bone growth [19].

The bioactivity process can also be promoted through the presence of electrical charges
in hydroxyapatite. Yamashita et al. found that HA can store a high density of electrical
charge, which significantly increases its bioactivity level allowing much faster binding to
the host-bone tissue. Osteointegration time can decrease by half compared to uncharged
hydroxyapatite [21-25]. This process occurs because the surface loading increases osteoblast
adhesion and bone mineralization in the initial phase of the bone-implant interface, through
two mechanisms associated with the formation of the apatite layer (adsorbing Ca?* and
PO437), adsorbing certain types of proteins with desirable reactions with bone-forming
cells [25,26].

The main objective of this work was to study naturally-synthesized hydroxyapatite as
a low-cost and eco-friendly biomaterial for application in bone regeneration. Furthermore,
this study evaluates the electrical behavior of the processed HA, as a potential-storing
electrical-charge biomaterial, which will promote the osteointegration process.

2. Materials and Methods
2.1. Sample Preparation

The hydroxyapatite was obtained from sheep bones. To extract and purify the bones,
the cleaning process was started by leaving the sheep bones in boiling water for two days.
After, the bones were subjected to a heat treatment, in air, at 850 °C for 4 h. To obtain
fine powders, the treated sheep bones were ground in an agate mortar. These powders
were called sheep hydroxyapatite (sHA). In the next step, three different amounts of MgO
(5 wt%, 10 wt%, and 15 wt%) were mixed with the ground sheep-bone powder. Each
composition was homogenized using a ball milling planetary system operating at 400 rpm
for 1 h, in dry conditions. Agate vessels and balls were used. The homogenized powder
was used to prepare 13 mm diameter pellets of approximately 2 mm thickness, using a
uniaxial pressure system and steel molds. For each pellet, a pressure of 2 tons was applied
for 10 min. After, all pellets were subjected to a heat treatment at 600 °C, for 24 h, using a
heating rate of 5 °C/min. Figure 1 represents the overall preparation process.
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Figure 1. Preparation process steps.

2.2. Structural and Morphological Analysis

The thermal characteristics of the composite were analyzed using differential thermal
analysis (DTA) and thermogravimetric (TG) analysis. The structure of the samples was
investigated through density measurements, X-ray powder diffraction (XRD), Raman, and
FTIR spectroscopies.

The thermal analysis was performed using Hitachi STA7300 equipment. Each mea-
surement ran from room temperature up to 1200 °C with a continuous nitrogen flux, and
with a heating rate of 10 °C/min. Pure Al,O3 powder (99.999%) was used as the reference.

The density measurements were made using the Archimedes principle, hydrostatic
weighing method, using an Adam Equipment ADP 110 (Milton Keynes, UK). Ethyl alcohol
(purity > 99.5%), from Merck (Rahway, NJ, USA), was used as the liquid phase. The
measurement process was repeated 10 times for each pellet to minimize measurement
errors. Between measurements, each pellet was dried in a vacuum oven at 100 °C and then
left to reach room temperature before a new measurement.

The XRD results were obtained at room temperature using an Aeris-Panalytical diffrac-
tometer (Malvern Panalytical, Malvern, UK). CuKe radiation (A = 1.54056 A) was used and
it was working at 40 kV, and 15 mA. The scanning parameters were a scan step of 0.02°,
with a time of 50 s per step and a 26 angle range between 6° and 70°. From the measured
data, the crystallite size was calculated by the Debye-Scherrer equation [27]:

KA
~ Bcost

)

where K was considered 0.9, A is the wavelength of the X-ray beam (A = 1.5418 A for
Cu Ka radiation), B is defined as the full width at half maximum (radian), and 6 is the
X-ray diffraction angle (°) [28]. The crystallinity degree (X.) was also evaluated using the
following equation:

X.=1- V112/300 @)

I300

where I3 is the intensity of the reflection crystal plane 300 and V15 /3¢ is the intensity of
the deep between 112 and 300 reflections crystal plane [29].

The FTIR data was obtained using a Perkin Elmer Spectrum BX spectrometer
(PerkinElmer, Waltham, MA, USA) in the range of 400-1300 cm ! at room temperature.
The Raman spectroscopy was performed using a Jobin Yvon HR800 spectrometer (Horiba,
Kyoto, Japan) using an Ar* laser (A = 442 nm), a magnification lens of 50, and the spectra

were produced in a back-scattering geometry, in the range of 100-1300 cm 1.



J. Funct. Biomater. 2023, 14, 279

40f13

The pellets morphology was evaluated using an scanning electron microscope (SEM)
from TESCAN (Brno, Czech Republic), model Vega 3. Several regions of each sample were
analyzed using a circular scanning area of 5 um in diameter. All the samples’ surfaces were
prior covered with carbon to enhance the surface electron conductivity. The grain sizes
were measured using the Image]J software 1.51 [30], by reading randomly the diameter of
20 grains with the boundaries well defined.

2.3. Electrical Analysis

In the electrical measurements, the surface of each heat-treated pellet was polished
to obtain parallelism between opposite surfaces. The electrodes were made by paint-
ing the parallel surfaces with silver conducting paste (RS 186-3600 conductivity paint).
A nitrogen-bath cryostat system was used to measure the electrical characteristics in the
temperature range between 300 K and 400 K, controlled by an Oxford ITC 4 (Oxford
Instruments, Abingdon, UK) connected to platinum temperature sensors. During the
measurements, all samples were kept in a static Helium atmosphere to prevent moisture
and to reduce the thermal gradients by improving the heat transfer. The ac electrical
conductivity (o) of the samples was measured with an Agilent 4294 Network analyzer
(Agilent Technologies, Santa Clara, CA, USA), working in the frequency range of 40 Hz
to1 MHz ina C, — R, configuration [31,32]. The ac conductivity was calculated using the
following equation [33,34];

Oac = €' weg 3)

where w represents the angular frequency, ¢ is the vacuum permittivity, and ¢” is the
imaginary part of the complex permittivity. The real (¢') and imaginary (¢”) parts of the
permittivity (¢*) were calculated using Equation (4) [34-37]:

d 1

dC

/ ’o s p .

Y/ A—

&€ =& +]€ = £ +] pEO (4)

where C, and R, represent the measured capacitance and resistance, respectively, d is the
thickness of the sample, the S value is the electrode area, and ¢y is the vacuum permittivity
(8.854 x 10712 F/m).

The activation energy (E;) was calculated using the Arrhenius equation:

E,
o = opexp (— KBT> ®)

where oy is a pre-exponential factor, E; is the activation energy, Kp is the Boltzmann
constant, and T is the temperature.

For the dc electrical conductivity (0;.) measurements, a Keithley 617 electrometer
(Cleveland, OH, USA) was used, which can measure currents down to 10~1* A. For each
measurement, it was applied a voltage (V) of 100 V and the current (I) was measured after
stabilization. The conductivity was then calculated using Equation (6).

Id

Ode = ﬁ (6)

where d represents the sample thickness and S the electrode area.

3. Results

Figure 2 shows the DTA and TGA results of the sHA, showing the existence of three
temperature regions with considerable mass loss. The first region, between room tempera-
ture and 270 °C, shows a mass loss of about 0.8% which should be related to the release of
absorbed water and the decomposition of some residual volatile organic impurities. The
second region, between 320 °C and 635 °C, reveals a mass loss of 0.7% which can be related
to the release of chemically-bonded water and to the decomposition of carbonated-based
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impurities. The last region, above 650 °C, with a loss percentage of 1%, can be attributed
to a decarbonization process, removal of residual organic moieties (i.e., collagen, fatty
tissue, keratin sulphate, and chrondroitin sulphate), and to the start of the dehydroxylation
processes. The endothermic phenomena centered at 940 °C can be associated with such a
process [38]. Compared to the results of Sofronia et al. [39], it can be concluded that the first
heat treatment at 850 °C led to the release of the major part of water and organic impurities.
These results justify the choice of the temperature of 600 °C for the pellets heat treatment
process because it is below the dehydroxylation starting point.
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Figure 2. DTA and TGA spectra of sHA.

The XRD pattern of pure sHA and the composites formed by sHA and MgO are
shown in Figure 3. The sample sHA presents well-defined peaks associated with the
Cas5(PO4)3(OH) crystal phase (ICCD ref. 01-080-6199) [40]. This spectrum is very similar
to that obtained by Ibrain et al. [41] on hydroxyapatite from bovine, ovine, and chicken
bones heat-treated at 1000 °C. The spectra of the sHA + MgO composites are similar to
the sHA but, as expected, present new diffraction peaks attributed to the MgO crystalline
phase (ICCD ref.: 04-005-4664), visible in the expanded spectrum (inset). With the increase
of MgO content, the peaks related to the MgO phase become more evident, as visible in the
inset [42—44]. The crystalline size of the hydroxyapatite and MgO were calculated using
the Debye-Scherrer equation. Table 1 shows the obtained results. For the calculations, the
same peaks were used in all samples, for the hydroxyapatite phase the 26 angle used was
26.0 and for MgO 43.0. It is visible that for both phases the crystalline size is always below
100 nm, being the smallest crystalline size associated with the MgO phase.

Table 1. The density, crystalline size (D), crystallinity degree (X), and grain size of all sHA + MgO
composites and pure sHA.

D
Density [nm] X Grain Size
Sample [g/cm’] [%] [mm]
sHA MgO
sHA 2.59 £0.28 584 +4.1 - 88.7 125.57 4 28.36
sHA_MgO5 249 +0.19 65.8 £4.9 18.8 £ 0.4 89.5 217.35 £ 40.55
sHA_MgO10 242 +0.24 813+ 6.7 173 £04 89.4 235.04 £ 44.05

sHA_MgO15 241 £0.28 499 £3.1 16.9 £ 0.3 85.7 238.79 + 48.95
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Figure 3. XRD results of all samples. The inset shows the samples with 5 and 15% of MgO (* are the
MgO crystalline phase diffraction peaks—ICCD ref.: 04-005-4664).

The FTIR spectrum of all composites, shown in Figure 4, reveals a similar profile
indicating that the addition of MgO does not affect the HA structure. In those spectra,
the characteristic absorption bands of HA can be observed at around 474, 570, 602, 633,
962, 1051, and 1092 cm~!. The band centered at about 1000-1100 cm~! and the intensive
absorption bands around 500-600 cm~! indicate the presence of PO~ groups. More
specifically, the characteristic absorptions bands of the v, (PO4>~) and OH~ groups are
observed at 474 cm™!, the v4 (PO437) at 570 and 602 cm™!, v (PO437) at 962 cm ™!, and v3
(PO437) at 1051 and 1092 cm ™. The band at 633 cm ! is attributed to the OH- groups and
can be considered proof of the presence of HA [45-47]. The intensity of this band does not
change with the increasing amount of MgO, which indicates that Mg does not enter the
HA structure [48].

Figure 5 shows the Raman spectra of all samples and, as in the FTIR results, the
different compositions reveal identical vibrations. The weak bands at 141 em~ 1,207 em ™!,
and 288 cm ™! are assigned to the lattice mode of CaPO; and the band at 332 cm ™! is
assigned to the Ca-OH vj stretching mode. The peak at 963 cm ™! is related to the PO,3~
v vibration (symmetric P-O stretching mode). The peaks at 433 cm~! and 447 cm~! were
assigned to PO4>~ v, vibration (bending mode), and the peaks at 1030 cm ™!, 1047 cm ™!
and 1079 cm~! corresponded to the PO,3~ v; vibrations (asymmetric P-O stretching
mode). Vibrations at 582 cm™!, 593 cm™!, and 606 cm™! are attributed to PO43~ vy
vibrations (asymmetric O-P-O bending mode) [46,49-51]. In agreement with FTIR results,
the composites with higher content of MgO reveal a Raman shift at 1122 cm ™!, attributed
to a vibration associated with the MgO crystal phase [52]. This result is in agreement with
the XRD spectra analysis.
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Figure 4. FTIR spectrum of all sHA + MgO composites and pure sHA (arrows indicate the major
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Figure 5. Raman spectrum of all sHA + MgO composites and pure sHA (inset is a simple magnifica-
tion of the vibrations between 150 and 450 cm™1).

The sample morphology analysis was made using SEM microscopy and the obtained
micrographs show grains with regular shapes, similar to spheres, in all samples. This habit
is in agreement with that presented by Ibrahim et al. [41] in their study on hydroxyapatite
from sheep, bovine, and chicken bones after heat treatment at 1000 °C. In all of our samples,
different grain habits were not observed, which could be associated with the MgO phase,
so it is suggested that the MgO grains must have a size much lower than the one of sHA.
The micrographs of the samples with higher MgO content (Figure 6) also suggest that the
addition of MgO can promote sHA grain aggregation. The sHA grain size, in all composite
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samples, is similar and higher than 200 nm. The pure sHA presents a grain size around
125 nm (Table 1).

_
9
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Figure 6. SEM micrographs of samples.

The Debye-Scherrer formula applied to the XRD spectra allows calculation of the
crystallite size. This characteristic was calculated for the sHA and MgO phases, and the
results, shown in Table 1, revealed sizes between 50 and 80 nm for the sHA and between
17 and 19 nm for the MgO, approximately. These results revealed that the grains observed
in SEM are formed by the aggregation of sHA crystallites and, as expected, the MgO should
present low-size grains when compared to the sHA ones.

The density measurements show a decrease in density values with increasing MgO
concentration (Table 1). Since the SEM micrographs (Figure 6) show similar profiles,
including the porosity level, the observed decrease can be related to the insertion of the
MgO, which mass is relative lower than that of hydroxyapatite. Comparing these results
with the theoretical value for the hydroxyapatite [53], it is observed that our samples
present approximately 82% of the theoretical one, revealing that the treatment conditions,
mainly temperature and time, were not enough to promote higher densification.

Figure 7 shows the ac conductivity dependence with the measurement temperature
for all samples. The presence of two regions with different profiles is visible, the first
between room temperature and 340 K, where the conductivity is thermally activated, and a
second region, between 350 K and 400 K approximately, where the conductivity tends to a
constant trend.
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Figure 7. The logarithm of the ac conductivity, measured at 10 kHz, as a function of the inverse of the
temperature for all samples.

The ac conduction-activation energy, calculated by linear regression of the conductivity
data using the Arrhenius equation, which is represented in Figure 7 by the lines and the
calculated values inserted in the legend of the figure, shows an augment with the increase
of MgO, except for the sample with 5% that shows the highest value. Since the activation
energy should be related to the potential barrier height that the charge carriers must
overcome, the above results reveal that the sample with 5% of MgO has a particular
structure that makes difficult the charge carriers” motions, which are reflected in the low
conductivity value. This can be related to the degree of crystallinity (Table 1). The calculated
values show that the 5% MgO sample presents the highest crystallinity, indicating the lowest
contribution of the remaining amorphous phase for the conductivity.

Table 2 shows the values of the oy, at room temperature, indicating that the increase
of MgO content promotes an increase in the conductivity but it also promotes an increase
in the dielectric constant. The increase in the polarization term and in the conductivity
term makes the dielectric loss values tané = :T; of the sHA and sHA_MgO15 very similar,
which indicates that the sample with higher content of MgO, which shows the highest ¢/
value is more suitable for electrical charge storage. Moreover, these samples show an ¢’
quasi-frequency independent behavior (Figure 8).

Table 2. DC conductivity at 300 K, dielectric constant and loss and the AC conductivity of all
sHA_MgO composites and pure sHA.

’ Oac
Samp]e [;’/i;] € tan o [S/m]
[@300 K; 10 kHz]
sHA 34 x 10710 5.13 6.2 x 1072 1.8 x 1078
sHA_MgO5 2.6 x 10710 5.15 6.1 x 1073 1.7 x 1078
sHA_MgO10 3.2 x 10710 5.21 8.8 x 1073 2.5 x 1078
sHA_MgO15 6.1 x 1011 6.87 6.3 x 1073 24 x 1078




J. Funct. Biomater. 2023, 14, 279

10 0f 13

8.0
—m—sHA
—e—sHA MgO5
7.5 —A—sHA MgO10
] —v—sHA MgO15
7.0 1 'M
X ]
S
™ 6.5
©
w
6.0
5.5
50 | L T T T T T LR |
102 10° 104 10° 108

Frequency (Hz)

Figure 8. Dielectric constant as a function of the frequency of all samples.

4. Conclusions

In this study, the electrical properties of sheep-bones-derived hydroxyapatite mixed
with magnesium oxide are considered and related to its structural and morphologic char-
acteristics. The XRD revealed that the milling process favors the mixture of MgO with
HA without substantially changing its structure. From the analysis of the XRD spectra it
is concluded that the crystallite size of HA is larger than that of MgO and suggests that
the degree of crystallinity tends to decrease for higher MgO concentrations (X, = 85.7%).
Raman and FTIR spectroscopies are in agreement with the XRD results, revealing vibrations
associated with the MgO crystalline phase. FTIR spectra also indicate that Mg ions do
not incorporate into the HA structure (constant intensity of the band at 633 cm ™). At the
morphological level, it is concluded that the insertion of MgO up to 15% does not promote
significant alteration of the grain habit. However, SEM reveals an increase in grain size with
increasing MgO concentration (125.57 nm up to 238.79 nm). SEM also shows an affinity for
crystallite aggregation. The electrical measurements showed that the sample with higher
MgO content, 15%, has more potential to store electrical charges (¢/ = 6.87 at 300 K and
10 kHz) and has lower relative losses (tan 5 = 6.3 x 1073, at the same experimental condi-
tion). It is also noted that the 5% of MgO samples show the highest crystallinity and the
lowest conductivity behaviors.
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