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Hydroxyapatite is one of the commonly used alloplastic material for
alveolar bone regeneration. However, the currently practiced methods of
synthesis are often time-consuming. The commercially available
hydroxyapatite, even though were proven to attenuate alveolar bone
resorption, they also showed a low biodegradability. This study is aimed
to describe a new method of synthesising hydroxyapatite using
microwave-assisted irradiation method.

Methods: 52g Calcium nitrate tetrahydrate was dissolved in 5%
hydrogen peroxide until it completely dissolved. Stoichiometric amount
of 85% phosphoric acid were added dropwise, and the pH of the
suspension was adjusted using ammonium hydroxide solution. The
suspension was continuously stirred for additional 30 minutes at the
room temperature. One part of the suspension was heated in household
microwave at 800W for 10 minutes. Another half was filtered and
washed using distilled water (named as filtration-HAp). Each
suspension was further freeze-dried and calcined at 600C for 2 hours.
The obtained powders were further characterised by using x-ray
diffractometer, fourier transform infrared spectroscopy and energy
dispersive x-ray fluorescence. Morphology of obtained powders were
observed using field emission electron microscope.

Results: X-ray diffraction pattern of microwave-HAp showed high
peaks indicating a highly crystalline structure. FTIR results confirms the
presence of phosphate and hydroxyl groups. EDXRF showed calcium-
to-phosphorus ratio of 1.8. Microwave-HAP showed non-homogenous
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spherical shape with less agglomeration, whereas filtration-HAP
showed amorphous and highly agglomerated structure.

Conclusions: Microwave-assisted irradiation method enables the rapid
synthesis of pure hydroxyapatite nano powder with high crystallinity.
The modified microwave-HAp can be considered a potential bone
substitute. Further in-vivo investigations are required to ascertain the
desirable mechanical properties and optimal concentration of MW-Hap
for tissue biocompatibility.

1. INTRODUCTION

Alveolar bone regeneration is an essential aspect in treating periodontal diseases, placing dental implants,
and prosthetic rehabilitation. Periodontal diseases often begin with an inflammatory response caused by
bacteria in the subgingival biofilm, which leads to damage in tissues supporting the teeth. Although non-
surgical treatments can reduce inflammation, they usually do not fully restore the damaged tissues, leading
to weakened tooth support that requires tooth extraction and possibly leads to bone defects in the jaw
(Meyle & Chapple, 2015). For enhancing periodontal stability and extending tooth lifespan, a method
known as guided tissue regeneration is applied. This technique frequently incorporates the use of
membranes to serve as barriers against the downward growth of epithelial cells, and bone grafts are utilised
to provide a structural scaffold (Cortellini & Tonetti, 2015). However, in advanced cases, periodontitis
often results in tooth loss, necessitating teeth replacement by dental implants and other prostheses to regain
chewing function and improve aesthetic appearance. Therefore, adequate alveolar ridge dimension is a
crucial aspect of achieving the goals. Perhaps the preservation of the alveolar ridge dimension during the
time of extraction and reconstruction of the previously resorbed alveolar ridge could be applied, but both
methods critically need biomaterials to enhance new bone formation. Over the years, there has been
extensive research and development in the fields of regenerative medicine and biomaterials to produce a
reliable and predictable method to promote alveolar bone regeneration.

Regenerative medicine and tissue engineering offer a promising approach to promoting tissue
regeneration and constructing patient-specific needs for teeth replacement. These methods involve the use
of diverse therapies, such as bone graft (autogenous, allogenic, xenogenic or alloplastic), bioactive factors
(enamel matrix derivatives and various growth factors), stem cells and gene therapy (Larsson et al., 2015).
The clinical efficacy of these biomaterials, either used alone or in combination, has been investigated in
systematic reviews and meta-analyses (Meyle & Chapple, 2015; Sanz-Sanchez et al., 2015). None of these
biomaterials were considered 'the best biomaterial' compared to one another.

In the context of maintaining and restoring alveolar bone dimensions, bone grafts remain a fundamental
biomaterial owing to their ability to offer scaffolding and mechanical support. Moreover, the existence of
a scaffold is crucial for guiding cell behaviour towards appropriate phenotypes in connective tissue,
providing both biological and structural support for the regeneration process. Numerous research efforts
have concentrated on developing bone graft materials that fit each clinical application. An autograft is a
bone taken from one side of an individual and transplanted to another site in the same person, which has
historically been regarded as the ideal bone grafting material. This is because it naturally contains all the
essential elements for bone formation: osteogenic cells (stem cells), osteoinductive agents (growth factors),
and osteoconductive structures (scaffolds).

Conversely, an allograft, tissue obtained from a different human donor, offers the advantage of not

increasing surgical complexity, a typical limitation of autografts. Allografts are frequently used in bone
regeneration with a relatively low risk of disease transmission, thanks to thorough screening processes,
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tissue processing techniques, and methods for eradicating viruses. Xenografts, derived from animal sources
such as pigs and cows, have also shown effectiveness in reducing the loss of alveolar bone. These grafts
undergo thermal and chemical processing to minimise their antigenicity, reducing immune rejection risk.
However, these processes often strip away the osteogenic and osteoinductive potential of the grafts, leaving
behind only their osteoconductive capabilities. An emerging alternative is the use of alloplastic materials
like hydroxyapatite, bioactive glass, octacalcium phosphate, and tricalcium phosphate (TCP). These
synthetic materials are engineered to mimic the natural bone environment, offering the advantage of being
readily available and having controllable properties (Sano et al., 2023).

As synthetic materials, alloplasts offer superiority in their wide-ranging availability, ease of use, and
capacity to avoid surgery to obtain donor tissue. Similar to other bone grafts, they serve as a framework for
the growth of cells required for bone regeneration (osteoconductive), stimulate the multiplication and
migration of bone-forming cells (osteoinductive), and can incorporate living cells capable of generating
new bone tissue (osteogenic). Among various alloplastic substances, hydroxyapatite (HAp) is frequently
used due to its excellent bioactivity, biocompatibility and osteoconductive characteristics. Hydroxyapatite
is one of the primary substitute materials grouped under the calcium phosphate ceramic group that has been
widely employed in surgical procedures for bone regeneration. The composition of bone consists of
approximately 69% by weight of mineral apatite, 22% by weight of organic components such as matrix
proteins, lipids, and osteogenic substances, and 9% by weight of water. The mineral constituents of bone
are recognised as calcium hydroxyapatite, with non-uniformly formed particles with dimensions ranging
from 30 to 45 nm in length and width and an average thickness of approximately 5 nm. Synthetic HAp,
with the chemical formula Caio(PO4)s(OH)2, exhibits a calcium phosphate ratio of 1.67, which closely
resembles the mineral constituents found in bone tissue (Rajula et al., 2021).

The key benefit of HAp lies in its osteoconductive properties for alveolar bone regeneration. It has
been proven in various studies that the bioactive properties of HAp were able to act as a temporary space
for cell adhesion and proliferation, thus facilitating early bone healing, demonstrated histologically by
increased new bone formation with less connective tissue component. With regards to the ability to maintain
structural alveolar bone integrity, HAp showed a favourable outcome in minimising the alveolar bone
resorption after extraction comparable to xenograft. As the chemical formula of synthetic HAp resembles
the bony apatite structure, the inquiry of its biocompatibility is no longer a concern. (Kattimani et al.,
2019).

Previously, conventional methods of producing HAp yielded a large particle size-to-volume ratio,
limiting its use in biomedical applications. Nowadays, the understanding of nanotechnology has led to a
unique approach to overcoming the shortcomings of conventional HAp. Nanocrystalline HAp was shown
to exhibit osteoinductive properties due to its ability to stimulate the host mesenchymal stem cells to
differentiate into osteoblasts. The exact mechanism of bone induction is still unclear, but the increased
chemotactic cell activity is believed to be facilitated by a conducive environment provided by an appropriate
geometry, topography and microporosity of HAp. The enhanced properties of nanosized HAp have also
been demonstrated in terms of better dissolution and resorbability than conventional HAp due to the smaller
particle size. This biodegradability rate is important for creeping resorption to take place during the bone
healing process, allowing new bone formation to occur (Islam et al., 2020; Kattimani et al., 2016).

Another crucial component to be considered in searching for suitable biomaterial for oral use is the
optimum mechanical strength. HAp has low fracture toughness, limiting its use in high occlusal load areas.
Alternatively, HAp was incorporated with other substances to improve its properties. The ability of HAp
to chemically combine with various organic and inorganic substances, forming biomaterial composites,
making its application more versatile in the field of regenerative medicine. Furthermore, the mechanical
properties of HAp depend on the pore interconnectivity, crystal size, phase composition and density.
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Therefore, the control of characteristic features can be made possible only by synthetic processes, allowing
to modulate mechanical and biological behaviour is the answer to (Wang et al., 2014). Owing to the
versatility of this material, it is valuable to investigate the development of a novel form of HAp designed
to meet all criteria for bone regeneration at specific locations. There have been initiatives aimed at creating
an ideal product that is customised for distinct clinical uses, either by altering current production methods
or inventing new synthesis techniques. Despite these efforts, a material that completely satisfies all
requirements for bone regeneration has yet to be discovered.

2. MATERIALS AND METHODS
2.1 Materials

The materials used to synthesize both HAp in this study comprised five chemical reagents:

° Calcium nitrate tetrahydrate (Sigma Aldrich, 0.25 mol)
° Hydrogen peroxide 30% (Sigma Aldrich)

° Distilled water

° Phosphoric acid 85% (Merck)

° Ammonium hydroxide (Sigma Aldrich)

2.2 Microwave calibration

Microwave calibration was done by putting 500 grams of distilled water inside a beaker. The water was
heated using lower microwave power, starting from 100 Watts until 900 Watts for 10 minutes. The
temperature of the water was recorded using a fibre optic sensor (Garcia-Bafios et al., 2019). The water
temperature was matched with the theoretical temperature using the following formula:

Tr=T: + mcQ

Where,

T:= Initial temperature (°C)

O = heat energy

m = mass of water (kg)

¢ = specific heat capacity of water (4190 J/(kg-°C)

2.3 Synthesis methods
2.3.1  Synthesis of Microwave-Irradiation Hydroxyapatite

The pure HAp was prepared using simple and clean methods. 59.0 grams of calcium nitrate
tetrahydrate (Sigma Aldrich, 0.25 mol) was dissolved into 25 ml of 30% V/V hydrogen peroxide (Sigma
Aldrich) and 125 ml distilled water in a 500 ml pyrex beaker. After the particles were completely
dissolved, a stoichiometric amount of 85% phosphoric acid (Merck) was added dropwise with continuous
stirring. The following calculations were followed to determine the amount of phosphoric acid needed to
react with 52 grams of calcium nitrate tetrahydrate to produce HAp in a stoichiometric manner.
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The molecular weight of the reactants is as follows:
Calcium nitrate tetrahydrate:

(Ca(NOs3)2:4H20) = 40.08 (Ca) + 2x(14.01 (N) + 3x16.00 (O)) + 4x(2x1.01 (H) + 16.00 (O)) = 236.15
g/mol

Phosphoric acid:
(H3PO4) = 3x1.01 (H) + 30.97 (P) + 4x16.00 (O) = 98.00 g/mol
The balanced chemical equation for the formation of HAp:

5Ca(NO3)2:4H20 +3H3P0O4 + NH4OH— Cas(PO4)3(OH) + Other Products

The stoichiometric relationship from the equation shows that 5 moles of calcium nitrate tetrahydrate react
with 3 moles of phosphoric acid. Thus, the moles of calcium nitrate tetrahydrate were:

Mass _ 529

Moles of Ca(NO3)2-4H>0 =

Molar mass  236.15 g/mol

Then, using the stoichiometry from the chemical equation (5 moles of Ca(NOs)2-4H20 to 3 moles of
HsPOs), the moles of H3PO4 needed:

Moles of H;POs= Moles of 5Ca(NO3)2-4H:0 x g

529 3

=272 x=Z2

236.15g/mol 5
=0.132 mol

Mass of H3POs = Moles of H3PO4 x molar mass of H3PO4
=0.132 mol x 98.00 g/mol
=1295¢g

Thus, the amount of phosphoric acid needed to react with 52 grams of calcium nitrate tetrahydrate is
approximately 12.95 g.

To determine the volume of 85% phosphoric acid required:

Mass of H3P0O4

Density x Percentage concentration

Volume =

Where:

Mass of H3POs— 1295 g

Density of 85% H3PO4=1.684 g/ml
Percentage concentration = 0.85

The final volume of 85% phosphoric acid needed was 9.04 ml.
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After 9.04 ml of 85% phosphoric acid was added, ammonium hydroxide solution (Sigma Aldrich) was
then added to produce the white precipitate until the pH reached 10. The suspension was then stirred
continuously at room temperature for an additional 30 minutes until the suspension became homogenous.
To prepare the microwave HAp, the beaker was covered with a silicone perforated tray (Fig. 1). Then, the
suspension was heated in a microwave oven (Panasonic NN-ST25JBMPQ 20L) at 800 watts for 10 minutes
(Fig. 2). The obtained suspension was freeze-dried. All the powder was calcined at 600°C for 2 hours (Fig.
3).

The experiments were repeated by adjusting the amount of phosphoric acid until the optimum Ca/P
ratio was obtained.
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Fig. 2. Microwave used to synthesise hydroxyapatite.

P precursor
2 +
Ca precursor
+H202

pH adjustment using
ammonium hydroxide

Hydroxyapatite

Powder

Calcination at
600°C for 2h

Microwave at 800W for 10

Minutes

FREEZE

Suspension was
freeze-dried

Fig.3. Steps in the synthesis of hydroxyapatite using microwave-irradiation method.

2.3.2Synthesis of Filtration-Hydroxyapatite

The control powder (f-HAp) was prepared using the same methods above but without the use of a
microwave, according to the method described by Lamkhao et al. 2019. Only one stoichiometric HAp was
prepared. Accordingly, 59.0 grams of calcium nitrate tetrahydrate (Sigma Aldrich, 0.25 mol) was dissolved
into 25 ml of 30% V/V hydrogen peroxide (Sigma Aldrich) and 125 ml distilled water using 500 ml pyrex
beaker. After the particles were completely dissolved, a stoichiometric amount of 85% phosphoric acid
(9.04 ml) was added dropwise with continuous stirring. After obtaining the homogenous solution after 30
minutes of stirring, the suspension was filtered (Fig. 4), washed, and calcined at 600°C for 2 hours

(Lamkhao et al., 2019).
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Fig.4. Filtration process to obtain f-HAp

2.4 Characterization of Hydroxyapatite powder

2.4.1 Preliminary analysis of Calcium-to-Phosphorus ratio

X-ray Diffraction Fluorescence Spectroscopy (EDXRF) was used as an analytical tool in the
determination of the Ca/P ratio. This method was chosen due to its non-destructive nature and high
sensitivity to elemental composition.

In this study, the application of EDXRF involves subjecting HAp samples to X-ray excitation,
inducing the emission of characteristic X-rays from the material. These emitted X-rays are then dispersed
and detected, allowing for the identification and quantification of elements present in the sample. Given
its non-destructive nature and high sensitivity to elemental composition, EDXRF proves to be well-suited
for precisely assessing the Ca/P ratio in HAp.

The methodology commences with the preparation of HAp samples, ensuring their homogeneity and
representative nature. Following this, the samples undergo EDXRF analysis within controlled
experimental parameters. Two parameters were controlled in the instrument settings, including excitation
energy and detection parameters, and were performed to heighten the accuracy and precision of
determining the Ca/P ratio. Calibration standards comprising well-defined Ca/P ratios are done to establish
a correct correlation between X-ray intensities and elemental concentrations.

For each sample, the measurements were done three times. The obtained EDXRF spectra are then
processed using Epsilon3-XL software to extract elemental information and calculate the average Ca/P
ratio. The data is presented in the form of the weight percentage of each element. The mw-HAp that has
the optimum Ca/P ratio was used for further analysis.

2.4.2  X-ray Diffraction Pattern

X-ray diffraction is a fundamental technique used in various scientific disciplines to analyze the
structure of crystalline materials. It is widely employed in materials science, physics, chemistry, and
biology for its ability to provide detailed information about the arrangement of atoms within a crystal
lattice. X-ray diffraction, which is a non-destructive technique, involves the scattering of X-rays by the
regularly spaced atoms in a crystal, resulting in the formation of a diffraction pattern that can be analyzed
to provide information about the internal structures within the range of 0.1 to 100 nm (Holder and Schaak
2019).

The X-ray diffractometer's capacity to describe a material's crystal structure makes it an invaluable
instrument for HAp identification. Hence, this method has been extensively used to examine the distinct
crystalline structure and phase purity of HAp, an essential component of bone and teeth. It also provides
important information about crystal composition, arrangement of atoms, adsorptive properties and
crystallographic alteration under different conditions. It can also be employed in characterising HAp
obtained from diverse sources, such as dromedary bone and crab shells (Ghedjemis et al. 2021; Raya et
al. 2015).
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The principle behind the determination of the peak position of each material analyzed using this
technique is based on Bragg’s Law expressed as:

2d.sinf = n\

where,

d = interatomic distance

0 = path difference between the incident ray and diffracted ray
n = integer (the order of incidence)

A = wavelength of the incident x-rays

Fig.5. Schematic diagram for visualization of Bragg’s Equation
(Harrington & Santiso, 2021)

When the X-ray falls on the rotating target in the X-ray diffractometer, x-ray energy becomes diffracted
and detected through a detector containing a photomultiplier tube, producing an XRD pattern. Each peak
in the XRD pattern corresponds to a crystallographic plane set that satisfies Bragg’s Law for a particular
angle (20). The smaller 26 value indicates a larger interplanar spacing, and vice versa. The 20 values of
diffraction peaks are unique for each crystallographic phase (Fig. 5). Using this way, determination of the
crystalline phases present in a material was possible by conducting a comparative analysis of the peak
positions observed in an experimental XRD pattern with the reference patterns available in databases
(Otwinowski and Minor 1997).

The powders in this study were identified by comparing them with a known reference pattern utilising
data obtained from the International Crystal Structure Databases (Refer Appendix A). To determine the
phase of the material, the peak position (20) and intensity were compared, ensuring that they were equal.
This analysis aimed to distinguish whether the material was in a single phase or amorphous state. In
addition, the d-spacing of the lattice plane (hkl) and average crystallite size were also calculated by
measuring the area of diffraction peaks using Scherrer equation (Bilton, 2012):

KA

T= ———
[ cos cos 6
where,

K = shape factor
A = x-ray wavelength
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B = full width of diffraction peak at the half of maximum intensity (FWHM) in radians
0 = path difference between the incident ray and diffracted ray

The obtained samples were characterised using an X-ray diffractometer (PANalytical X’ Pert PRO
MPD System) using a Cu-Ka radiation source. Diffraction patterns were collected in a range 26/6 scanning
mode at 40 kV and 20 mA. Then, crystalline size and lattice parameters were calculated based on the
obtained XRD pattern by using the software Origin 2023.

2.4.3  Fourier Transform Infrared Spectroscopy (FTIR) Analysis

This is a highly effective method for identifying and characterizing organic and certain inorganic
compounds by examining their molecular vibrations. The fundamental process involves measuring the
absorption of infrared radiation by a sample, where the absorbed frequencies correspond to the vibrational
frequencies of the chemical bonds present. In the FTIR instrument, an interferometer modulates the
infrared radiation, and the resulting interferogram is fourier-transformed to produce an infrared spectrum.
This spectrum reveals absorption peaks at distinct wavelengths, indicating specific vibrational modes
associated with different chemical bonds and functional groups. Analysts can interpret the FTIR spectrum
to identify functional groups and deduce molecular structures based on known absorption frequencies.
FTIR offers detailed insights into the chemical composition and interactions within samples, making it a
standard tool in laboratories for both qualitative and quantitative analyses (Peak, 2005).

In Fourier-transform infrared spectroscopy (FTIR), the infrared wavelength (1) is commonly expressed
as wavenumber (0), which is the inverse of the wavelength in cm™. The mid-IR wavenumber range typically
spans from 4000 to 400 cm™', where an increase in wavenumber corresponds to higher energy (E). The
energy (E) is calculated using the equation.

E = hcv,

Where,
h = Planck’s constant (6.6 x 103 J s7")
¢ = the speed of light (3 x 10" cm s7).

Functional groups were analysed within the samples using a Perkin Elmer FTIR spectrometer equipped
with PerkinElmer Spectrum software (Fig. 6). For sample preparation in this study, 1 mg of the sample was
ground with 100 mg of KBr using a pellet press. Fourier-transform infrared spectroscopy was employed
with a model featuring a resolution of 4 cm™, analyzing an average of 32 images within the wavenumber
range of 4000-400 cm™.

https://doi.org/10.24191/cos.v12i2.8835 © UiTM Press, Universiti Teknologi MARA



132 Razali et al. / Compendium of Oral Science (2025) Vol. 12 No. 2

Fig.6. Perkin Elmer FTIR Spectrometer

2.4.4 Agglomeration and morphology

The agglomeration and HAp morphology were observed using a Field Emission Scanning Electron
Microscope (FE-SEM), JISM-7600F by JEOL (Fig. 7). The HAp samples were prepared by mounting the
powder into an SEM stub using double-sided carbon tape. The mounted powder was inspected to ensure a
uniform, thin layer to facilitate beam penetration. Then, the mounted powder was coated with gold using
the sputter coater.

Experimental parameters, such as accelerating voltage, working distance, and detector settings, are
carefully optimized to achieve the desired image quality. The images were then captured starting at the
lower magnification and gradually increasing the magnification until the maximum of 200 nm. The images
obtained were then analyzed to determine the agglomeration state and morphological characteristics of the
HAp.
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Fig.7. Field Emission Scanning Electron Microscope (FESEM)
3. RESULTS

HAp is a crucial biomaterial in various biomedical applications, particularly for alveolar bone
reconstruction. Its synthetic route synthesis is favoured for its simplicity and control over the key reaction
parameters. In the realm of bone regeneration, the effectiveness of nanoscale HAp hinges on several factors,
such as purity, morphology, and the calcium-to-phosphorus (Ca/P) ratio, which can be tailored to meet
specific requirements. This investigation successfully synthesized a novel mw-HAp that exhibits superior
physical properties in comparison to f-HAp.

The study also revisits the physical characteristics and antibacterial effectiveness of f-HAp, confirming
alignment with previous findings by Lamkhao et al. (2019), notwithstanding a slight deviation in the Ca/P
ratio. Notably, this research extends the knowledge base by examining the effects of f-HAp on the viability
and proliferation of human osteoblast cells, which has not been previously investigated.

The results discussed herein encompass the optimum calcium-to-phosphorus ratio, phase composition,
crystallinity, morphology, antibacterial activity and cytotoxicity, as determined through a series of
analytical techniques.

3.1 Synthesis of Hydroxyapatite

The primary aim of this investigation was to evaluate the potential of microwave irradiation in the
synthesis of HAp with distinctive properties, potentially outperforming those produced through previous
methods in aspects such as crystallinity, particle size, mechanical properties, antibacterial activity, and
cytotoxicity (as discussed from sections 4.3 to 4.9).

The methods used in the synthesis of mw-HAp involve mixing the precursors, pH adjustment,

microwave irradiation, freeze-drying, and calcination. For the f-HAp, after the pH adjustment, the
suspension was filtered and washed using distilled water. A few reaction parameters were controlled,
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including microwave power, pH and stirring time. Notably, mw-HAp synthesis significantly reduces
preparation time, as it eliminates the need for filtration and washing, yielding a highly pure powder.

Figure 7 shows the HAp produced by the two methods. Both HAp syntheses' chemical reactions are
placed below, with some impurities present. The impure compounds were detected using the previously
mentioned EDXRF and FTIR analysis.

5Ca(N03)2:4H20 +3H3PO4 + NH4OH— Ca5(PO4)3(OH) + Other Products

Fig.8. a) microwave-HAp powder, b) filtration-HAp powder

3.2 Preliminary Analysis of Calcium-to-Phosphorus Ratio

The stoichiometric HAp was initially obtained by mixing calcium and phosphate precursors in a 10:6
ratio. A preliminary analysis of the optimum amount of phosphate precursor to react with the specific
amount of calcium nitrate tetrahydrate was conducted first, and EDXRF determined the calcium-to-
phosphorus ratio (Table 1). The experiments were conducted with the control of other variables, including
microwave power, pH, stirring time, ageing time and sintering time. Using the microwave-irradiation
method, the optimum Ca/P ratio was 1.8, which can be obtained by adding 30% higher amounts of
phosphoric acid needed from the actual stoichiometric amount. Adding lesser or higher amounts of
phosphate precursors leads to a higher Ca/P value that could be due to unreacted calcium. Thus, this study
found that obtaining an exact calcium phosphate ratio of 1.67 is almost impossible. With regards to the f-
HAp, the optimum Ca/P was also 2.0, even though the stoichiometric amount of calcium and phosphorus
ratio was used. In comparison with the other group of researchers, they found a Ca/P ratio of 1.72 after
using the exact method (Lamkhao et al., 2019). The Ca/P ratio was intentionally altered by adjusting the
phosphorus content relative to the calcium in the initial solution to accelerate the nucleation process of HAp
during its crystallization phase. It was observed that an environment with a higher concentration of calcium
facilitated quicker nucleation of HAp, resulting in the formation of HAp particles that were smaller in size
(Kim et al., 2004).
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Table 1. EDXRF spectra for the powder obtained from microwave-assisted irradiation method.

Calcium nitrate Phosphoric acid Average of weight Average weight EDXRF Ca/P
tetrahydrate volume percentage of Ca percentage of P ratio

® (ml) (%) (%)

52 8.00 54.81 10.34 4.1
52 9.00 54.09 11.95 3.5
52 10.00 49.52 14.38 2.7
52 11.00 53.61 15.8 2.6
52 12.00 48.5 20.79 1.8
52 15.00 50.45 18.84 2.1
52 16.00 49.71 17.34 2.2
52 17.00 47.87 18.2 2.1
52 18.00 42.11 14.32 23

3.3 X-ray Diffraction Pattern Analysis

The X-ray diffraction pattern was determined for powders obtained from both methods. The XRD
pattern for the powder obtained from the microwave-assisted irradiation method shows the HAp
characteristic comparable with the ICDD data with reference code 01-074-0566 (Sudarsanan & Young,
1969). The sharp and high intensity peaks are identified at 25.9°, 28.3°, 31.6°, 33.0°, 34.9°, 44.2°, 47.5°,
48.7°, 51.9°, and 53.5°. These peaks give the HKL values of 002, 102, 211, 300, 202, 130, 222, 213, and
004 respectively (Fig. 9). The sharp peaks suggest a well-ordered crystal structure. The calculated crystal
size shows an average size of 33 nm. The crystallinity of this powder was 98.6%.

Intensity (a.u.)
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Fig.9. XRD pattern of mw-HAp
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XRD pattern of the powder obtained from the filtration method shows peaks located at 25.9°, 31.9°,
39.7°,46.6°, 49.6°, and 53.3°. The peak locations are corresponded to HKL values of 002, 211, 130, 222,
213 and 004 (Fig. 10). The broader peaks with lower intensity are observed for this powder. The calculated
particle size is 12.3 nm, with a crystallinity of 41.1%.
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Fig.11. Comparison of XRD pattern between mw-HAp and f-Hap
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Figure 11 presents a comparative analysis of the XRD patterns for mw-HAp and f-HAp. Both samples
exhibit peak positions at similar 2 theta values, indicating a consistent or nearly identical crystalline
structure, thereby confirming the presence of a HAp phase in each. The mw-HAP displays more distinct
and sharp peak intensities, suggesting a significant crystallinity or phase purity relative to f-HAp. In
contrast, the lower peak intensities and broader width in the f-HAp pattern are indicative of a smaller
crystallite size and a lower degree of crystallinity, with the broadened peaks pointing to the presence of
amorphous material (Hesaraki et al., 2014).

3.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectrum shows information about the molecular structures within both samples. The broad
peak seen around the wavenumber 3460 cm™! for FTIR spectra in mw-HAp is indicative of O-H stretching
vibration from hydroxyl groups. This peak is broader and more intense than the f-HAp sample, suggesting
stronger or more hydrogen bonding, possibly due to a higher level of hydration. The peak around 1640 cm’
!in both samples is typically associated with the bending vibrations of (H-O-H), suggesting the presence
of water molecules within the sample. A sharp and prominent peak around 1044 cm™ corresponds to the
phosphate (PO4>) stretching vibrations, a primary constituent of HAp. Peak around 960 cm! is related to
the phosphate (PO4>) stretching mode, and it is more pronounced in the mw-HAp sample, indicating a well-
defined crystalline phase. Peaks around 600 cm™ and 560 ¢cm™! are due to the bending modes of the
phosphate groups, which further confirm the presence of phosphate in the HAp structure. The mw-HAp
sample has more pronounced hydroxyl and phosphate peaks compared to the f-HAp sample. Peaks were
also seen in the region 1450-1410 cm™ in f-HAp spectra, indicating the bending mode of the C-O bond.
This suggests the presence of carbonate group substitution in both mw-HAP and f-HAp lattice (carbonated
HAp) (Fig. 12).
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Fig.12. FTIR Spectra of mw-HAp and f-Hap
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3.5 Morphology and Agglomeration

Particle morphology for mw-HAp and f-HAp are shown in Figures 12 and 13, respectively. Analysis
from FESEM shows that mw-HAp depicts a highly ordered morphology characterized by its rounded,
nodular formations. These uniform structures exhibit a densely packed arrangement, indicative of a
crystalline organization. Porosity was present between the particles. In contrast, f-HAp reveals a disordered,
porous, amorphous network with its web-like fibrils and substantial porosity. The determination of pore
sizes and interconnectivity is impossible due to overlapping non-homogenous structures of both HAp.

Fig.13. Image of HAp produced by microwave-irradiation method.

Fig. 14. Image of HAp produced by filtration method
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4. DISCUSSION
4.1 Synthesis of Hydroxyapatite

Given the pivotal role of HAp in biomedical applications, especially in bone tissue engineering,
optimizing its synthesis process is crucial for enhancing its functional qualities. Other than higher purity
and more uniform particle sizes and shapes, microwave-assisted synthesis from this study offers several
advantages, including reduced reaction times. This research aimed to validate these advantages by
systematically comparing the physicochemical properties of the microwave-synthesized HAp with those
prepared via traditional routes. The results from this study show that using a domestic microwave was
beneficial for producing a new HAp with novel morphology with high crystallinity and validates the
findings from the previous studies (Castro et al., 2022; Kalaiselvi et al., 2018). Besides that, mw-HAp
synthesis significantly reduced the reaction time, surpassing the time for filtration and washing.

This study made modifications to the microwave power and irradiation duration using precursors akin
to those in a prior study. The referenced research by Lamkhao et al. 2019 generated three distinct HAp
varieties through filtering, microwave irradiation, and hotplate methods (Lamkhao et al., 2019). The results
from this study show that despite using an identical approach for f-HAp production, variations in the Ca/P
ratio were observed, hinting at the presence of additional factors that could influence the outcomes. In the
current study, variables such as pH, microwave intensity, chemical solution types, stirring duration, and
post-synthesis processing were uniformly maintained.

The environment in which HAp is synthesized significantly impacts its chemical and physical
characteristics. The choice of atmosphere can profoundly influence the reaction processes, the oxidation
states of the components, and the overall purity of the HAp. Moreover, the atmospheric conditions affect
the thermal and pressure settings under which the HAp crystals form. For instance, performing the synthesis
in a vacuum can promote the development of larger, more well-defined crystals by reducing resistance to
mass transfer from the gas phase. Furthermore, employing an inert gas atmosphere, such as nitrogen or
argon, is essential for preventing the oxidation of vulnerable elements, thereby ensuring the HAp’s desired
stoichiometry and purity remain intact (Szterner & Biernat, 2022).

The stirring speed was not specified in the previous study (Lamkhao et al., 2019). The stirring speed
affects the interaction between the precursors, which hinges on the availability of Ca2+ and PO43- ions.
An increase in stirring speed enhances the solubility of the precursors, thereby making more ions available
for the reaction and reducing particle agglomeration. It was discovered in one investigation that intense
stirring led to notable differences in the size and shape of HAp particles. (Le et al., 2014).

In this study, different irradiation times and power were used for several reasons. First, the combustion
method involves burning precursors until the desired compound is dried. The temperatures can be very high
and difficult to control, leading to non-uniform temperature distribution. This high temperature can result
in uneven phase transformations and the development of unwanted phases or defects in the HAp structure.
Meanwhile, the irradiation method allows precise control over temperature and heating rate at a short
duration, thus ensuring the gradual transformation of precursors into HAp. This ensures uniform crystal
growth and phase purity.

Second, the definition of dryness was not specified in the previous study, and the measurement of
dryness was also not mentioned. Thirdly, the high temperature leads to the oxidation of the precursors,
producing a compound containing calcium oxide, which is not required for bone regeneration. Third, the
high temperatures and rapid processing can sometimes result in the decomposition of HAp into other
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calcium phosphate phases, such as tricalcium phosphate (TCP), which have different properties and may
not be desired (Burdusel et al., 2023). In contrast to the irradiation method, by carefully controlling the
power, it is possible to avoid the decomposition of HAp and ensure the stability of the HAp phase, which
is important for its application in bone regeneration and repair.

4.2 Preliminary Analysis of Calcium-to-Phosphorus Ratio

The theoretical Ca/P ratio for pure HAp is 1.67 (LeGeros, 2008). However, using both methods, this
study found that the optimum Ca/P value was 1.8 for mw-HAP and 2.0 for f-HAp, suggesting a deviation
from this ideal ratio. The control of chemical composition is a common problem in the synthesis of HAp,
often producing a non-stoichiometric calcium phosphate powder. In the chemical synthesis of HAp, other
studies studies that use various techniques exhibit a Ca/P ratio ranging from 1.67 to 2.2. This variation is
attributed to ion substitutions during chemical reactions, resulting in amorphous structures (Lee et al. 2020;
Sawada et al. 2021). Deviations from the stoichiometric value by 1% or 2% are generally considered
acceptable (Raynaud et al., 2001).

The deviation in the Ca/P ratio might be attributed to various factors. Contaminants present in the
initial materials (calcium and phosphate sources) could introduce extraneous elements into the HAp
structure, impacting the Ca/P ratio. Additionally, ionic substitutions within the HAp lattice, such as
carbonate substituting for phosphate, resulting in carbonated HAp, or different cations, such as magnesium
or strontium taking the place of calcium, may also modify the Ca/P ratio (Le et al., 2014). Ramesh et al.
2007 found that the presence of impurities such as calcium oxide contributed to a Ca/P ratio of more than
1.8 in HAp. It was suggested that the post-synthesis treatment, such as a higher temperature during the
sintering process, leads to the oxidation of HAp, thus disrupting the phase stability (Singh et al., 2007). The
findings were further supported by Tan and his colleagues, who found calcium oxide inside the calcium-
rich HAp. The compound-containing calcium oxide was claimed to alter the mechanical properties of HAp
in terms of lower hardness and fracture toughness compared to ideal stoichiometric HAp (Tan et al., 2015).
Additionally, the presence of impurities, particularly calcium oxide, in the material composition has been
observed to accelerate degradation rates, which may adversely impact the biological environment. (Wang
et al., 2003). An elevated Ca/P ratio can be attributed to the presence of impurities, which correspondingly
reduced the crystallinity. Nonetheless, the incorporation of certain ion substitutions into HAp does not
necessarily lead to detrimental effects. Specifically, carbonate ions, which are naturally found in bone, may
enhance bioactivity when present in HAp. This enhancement is likely due to the increased structural
resemblance to natural bone (Noor et al., 2020).

The variation in the Ca/P ratio in calcium phosphate compounds affects the crystallinity, particle sizes,
porosity and average pore sizes (Ergun et al., 2011). It has been observed that an increase in the Ca/P ratio
leads to a diminution in both average particle and pore dimensions. At basic pH, the initial Ca/P ratio
influences the crystallization rate. Increasing the Ca/P ratio from 0.2 to 1.0 and then to 5.0 results in particle
sizes enlarging from 0.8 nm to 2.0 nm and finally to 4.0 nm, respectively (Hoeher et al., 2021). Similarly,
Syafaat et al. 2019 compare the particle size of HAp with a Ca/P ratio of 1.67 to 2.08. They found that
increasing the Ca/P ratio produced HAp with larger particle size and higher crystallinity and density.
Carbonate groups were also found, indicating the replacement of phosphate groups in higher Ca/P HAp
(F.Y. Syafaat, 2019).

Beyond physical and mechanical characteristics, understanding the optimal Ca/P ratio for osteogenesis
is crucial when considering HAp for specific applications in bone regeneration. Assessing how variations
in the Ca/P ratio affect particle sizes, porosity, and pore dimensions and subsequently influence osteoblastic
activity is essential. Research indicates that a Ca/P ratio greater than 2.0 is linked to a reduction in
osteoblastic activity by approximately 18% compared to ratios less than 2.0, a phenomenon attributed to
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the stimulation of nitric oxide production by calcium oxide particles. Conversely, maintaining a Ca/P ratio
below 2.0 is beneficial for the enhancement of osteoblastic activity and an increase in osteoblast alkaline
phosphatase activity (Liu et al., 2008). However, Ergun et al. (2008) observed the highest osteoblast
adhesion at a Ca/P ratio of 2.5, indicating that differences in particle size and morphology might explain
the variation in these results (Ergun et al., 2008).

Phosphate ion emission from HAp significantly impacts RANKL-triggered osteoclastogenesis by
interfering with the electrostatic interaction between RANKL and RANK. This interference hampers the
establishment of a salt bridge between RANKL and RANK, negatively affecting their association and
blocking the phosphorylation in subsequent signalling pathways. Adjusting the release of phosphate ions
through an increased Ca/P ratio in HAp emerges as a viable approach to regulate osteoclast activity and
enhance bone integration. A recent study has verified that elevating the Ca/P ratio in HAp can effectively
facilitate RANKL-RANK binding and trigger enhanced NF-«kB signalling transduction, leading to
intensified osteoclast differentiation. This mechanism has been linked to a significant enhancement in bone
healing in vivo, attributed to the dynamic interplay of osteoclasts (X. Wang et al., 2021). Thus, it is
important to note that a Ca/P ratio greater than 1.67 is more desirable for bone regenerative materials. This
is because amorphous HAp, as opposed to its highly crystalline counterpart, exhibits higher degradation
rates, facilitating the release of bone formation agents and promoting osteogenesis more effectively (Jin et
al., 2023).

In fact, the Ca/P ratio in humans varies between individuals and different parts of the body. Earlier, the
Ca/P ratio in human bone was determined to be 1.67. However, it is crucial to mention that this data
primarily comes from studies on non-intact bone. The decrease in the Ca/P ratio could result from the bone
harvesting and processing methods, which typically involve using solvents to eliminate collagen, fat, and
marrow, followed by calcination that may lead to significant losses of calcium and phosphorus. Contrarily,
evidence suggests that the Ca/P ratio in healthy, intact human bone ranges between 2.0 and 2.6 (Loughrill
et al., 2017; Tzaphlidou & Zaichick, 2003). This might explain the studies that reported an increased
osteoblastic activity when the Ca/P ratio in HAp exceeds 1.67, likely due to its greater resemblance to
natural, intact bone (Ergun et al., 2011; Liu et al., 2008).

EDXREF has specific limitations when used to detect HAp composition, mainly due to the nature of
HAp itself and its operational principles of EDXRF. EDXRF has limited sensitivity to light elements, such
as hydrogen, carbon, oxygen, and nitrogen, which are crucial components of HAp (Caio(PO4)s(OH)2). The
technique is more efficient in detecting heavier elements due to their more pronounced X-ray fluorescence.
This limitation can hinder the precise analysis of HAp's complete chemical composition, especially since
it does not directly measure hydrogen or oxygen (Li et al., 2022). In addition, the quantitative assessment
of the chemical composition of the mineral depositions, together with their molecular and structural
information, can be challenging, as the accuracy of the results may be affected by factors such as sample
preparation and instrument calibration (Zhou et al., 2018). Due to these limitations, it is often advantageous
to supplement EDXRF with other analytical techniques, such as X-ray diffraction (XRD) for crystalline
structure analysis (discussed in section 4.4) and infrared spectroscopy (discussed in section 4.5) or Raman
spectroscopy for organic component analysis, to provide a more detail information regarding the HAp
composition and structure (Timchenko et al., 2017).

4.3 X-ray Diffraction Analysis
The peaks produced by powder synthesized by both methods were identified and compared to the
reference pattern (ICSD ref: 01-074-0566), and the results best match the expected pattern. This indicates

that both samples contain HAp. A slight shift in peak positions was observed, especially in mw-HAp. It
was also observed that there was a slight shift in peak positions, especially in mw-HAp. This variation
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might be due to the different measuring environments, such as pressure, atmosphere and temperature.
Additionally, it is worth noting that a minor alteration in the peak variation may also be attributed to residual
strain and compositional modifications. (Harrington & Santiso, 2021).

The classification of HAp crystallinity by Lerner et al. relies on the analysis of XRD peaks
corresponding to the 211, 112, 300, and 202 plane reflections. The methodology delineates four distinct
categories of crystallinity: Category 1 is characterized by the absence of peaks across all four specified
reflections; Category 2 is defined by the broad peaks that encompass the aforementioned reflections,
including the 002 reflection; Category 3 is marked by the emergence of four approximately defined peaks,
alongside weak indications of the 201 and 102 peaks; Category 4 signifies HAp that is relatively well-
crystallized, as evidenced by high intensity and distinct peak formations. This classification scheme offers
a nuanced framework for assessing the degree of crystallinity in hydroxyapatite samples through specific
XRD peak resolutions (Lerner et al., 1991)

The XRD pattern obtained for mw-HAp exhibited sharp peaks at peaks 211, 300, and 202, with some
weak evidence of peak 112. Thus, the mw-HAp obtained from this study can be categorized as near category
4, characterised by high intensity, indicating a high crystallinity level. When comparing the XRD pattern
of the sample to that of f-HAp, it was observed that the latter exhibited broad and low-intensity peaks at
211 and 300, with a very weak peak at 112 and no peak at all at 002. This characteristic indicates that the
f-HAp powder is amorphous and potentially contains significant impurities. The specific applications of
each type of HAp might favour different properties; for example, higher crystallinity (mw-HAp) might be
preferred for structural applications, while lower crystallinity (f~-HAp) might be beneficial for applications
requiring higher solubility or bioactivity (Otwinowski & Minor, 1997).

The XRD pattern obtained in this investigation had similarities to those observed in several earlier
studies. Lamkhao et al. (2019) employed calcium nitrate tetrahydrate and 85% phosphoric acid as
precursors for calcium and phosphate, respectively. The suspensions were subjected to combustion within
the microwave until total evaporation occurred. The researchers discovered that the HAp synthesised by
microwave-assisted approaches exhibited XRD patterns characterised by notably enhanced sharpness and
intensity. Additionally, it was noted by the researchers that HAp acquired using alternative techniques, such
as hotplate processing, filtering, and commercially available HAp, exhibited wider and less intense peaks.
This observation implies the presence of an amorphous structure. (Lamkhao et al., 2019). The XRD pattern
obtained from f-HAp in this study confirms the pattern from the previous study.

The utilization of microwave irradiation in this study confirmed the production of HAp with a superior
structure. These phenomena can be attributed to several reasons. In the study by Shaban et al. (2021), they
employed identical calcium and phosphate precursors to examine the impact of sintering duration on the
HAp generated by the utilisation of a microwave-assisted technique. The XRD pattern revealed that the
heat-treatment method successfully eliminated any contaminants present in the resulting sample. It was also
observed that an increase in sintering time resulted in the production of higher crystallinity (Shaban et al.,
2021). In another study by Amalia et al. (2020), XRD analysis was performed on HAp powder synthesised
using microwave irradiation. The researchers specifically examined the impact of irradiation time and pH
on the resulting HAp powder. Increasing the duration of irradiation can result in the formation of a
significant level of crystallinity. They further concluded that the outcomes were attributable to the
phenomenon of atomic diffusion, which is induced by the amplification of microwave energy, leading to
heightened rates of vibration and temperature. The application of microwave energy induces a substantial
increase in temperature, leading to extensive atom diffusion and thus promoting a high level of
crystallisation. (Amalia et al., 2020).
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X-ray diffractometry is a highly effective methodology employed in characterising HAp and other
crystalline substances. However, it is important to acknowledge that this technique has certain limitations.
The sample may not exhibit a clear representation in the XRD pattern if it has significant contaminants.
Moreover, XRD patterns of HAp often exhibit broad peaks, making it challenging to precisely determine
crystal size due to the influence of lattice strain and organic components (Londofio-Restrepo et al., 2019).
In this scenario, exploring additional characteristics is necessary to substantiate the results obtained from
XRD analysis. Techniques such as Fourier-transform infrared spectroscopy (FTIR) and solid-state
magnetic resonance analysis should be employed to further characterise the sample, particularly regarding
its phase purity (Murphy et al., 2023).

Additionally, XRD offers insights into the average size of crystallites within a material. However, it
may not offer a comprehensive analysis of the distribution of crystallite sizes. In order to obtain a more
thorough examination of the distribution and morphology of crystallite size, additional techniques such as
transmission electron microscopy (TEM) or scanning electron microscopy (SEM) may be necessary.
Moreover, XRD is predominantly utilised as a technique for analysing bulk materials. The provided data
may lack comprehensive insights into HAp's surface structure or composition. Surface characterisation may
be better suited to employing techniques such as X-ray photoelectron spectroscopy (XPS) and EXDRF
(Eric, 2011).

4.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Overall, FTIR spectra confirmed the XRD and EDXRF analysis results regarding the presence of
hydroxyl and phosphate groups in both samples, with the presence of impurities contributed by carbonate
substitution. However, mw-HAp shows sharper and more defined peaks, which might indicate a higher
crystallinity than f-HAp. Two reasons can explain the presence of carbonate. Firstly, during the
precipitation method, carbonate ions replaced hydroxyl groups, producing carbonate appetite with reduced
crystallinity and precipitate size. Secondly, carbonate ions replace phosphate groups that can only occur in
high-temperature methods in the presence of carbon dioxide. The latter type of reaction produces high
crystalline materials that can be detected through x-ray diffraction analysis. In addition, carbonate ions can
be substituted into hydroxyl and phosphate groups, producing a mixture of both HAp types (Barralet et al.,
1998).

The inclusion of carbonate in HAp enhances its similarity to the mineral structure and biological traits
of natural bone. Studies have shown that HAp containing carbonate offers improved biocompatibility and
a faster resorption rate, making it a more effective material for bone regeneration than pure HAp (Supova,
2015). The activity of bone cells is also increased with the incorporation of carbonate into HAp. In a study
conducted by Germaini et al. in 2017, it was found that osteoblastic cells exhibited higher proliferation
rates when in contact with carbonated HAp without adversely affecting the osteogenic molecular pathways.
Furthermore, the viability and metabolism of both osteoblasts and osteoclasts were enhanced when exposed
to carbonated HAp (Germaini et al., 2017). Hesaraki and colleagues 2014 conducted a study comparing the
effects of carbonated HAp to those of pure HAp on mesenchymal stem cells and fibroblasts derived from
Winstar rats. The study found enhanced cell growth and differentiation in the carbonate HAp-treated cells.
While both forms of HAp showed effective osteoconductivity and biocompatibility for bone healing, pure
HAp was found to have a slower resorption rate, which could restrict bone remodelling capabilities
(Hesaraki et al., 2014).

Even though FTIR analysis is a well-established method for identifying phosphate and hydroxyl groups
in HAp, there are some limitations that need to be considered. The method of sample preparation can
significantly affect the FTIR spectra. For example, pressing samples into pellets with KBr can introduce
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contamination or alter the HAp, potentially affecting the interpretation of the spectra. In addition, FTIR
analysis is technique-sensitive; thus, it has limitations in detecting low concentrations of HAp in a mixture
(Kamnev et al., 2017). Furthermore, while FTIR can provide qualitative information about the presence of
specific functional groups in HAp, quantitative analysis can be challenging. Factors such as the sample's
thickness, particle size, and the presence of other compounds can affect the absorbance readings, making it
difficult to accurately quantify the components. Finally, the environmental and physical factors, such as the
presence of water and carbon dioxide, can interfere with FTIR analysis as the can be adsorbed in the same
range as HAp, affecting the spectra. The physical state of HAp, such as crystallinity, can significantly
influence the infrared absorption characteristics and potentially mislead the results (Sahadat Hossain &
Ahmed, 2023).

4.5 Morphology and Agglomeration

The morphology of HAp particles plays a crucial role in determining their cytotoxicity and the
subsequent inflammatory response when interacting with biological systems. The shape and size of HAp
particles can significantly affect their interaction with cells, including how cells take up these particles and
respond to them. This response is particularly relevant in the context of developing biomaterials for medical
applications, where minimizing adverse reactions is essential.

Studies such as those by Motskin et al. (2009), Grandjean-Laquerriere et al. (2005), and Laquerriere et
al. (2003) have investigated the impact of micro- and nanoparticles of various materials on the production
of inflammatory cytokines. These cytokines, including tumour necrosis factors-a (TNF-a), interleukin-6
(IL-6), and interleukin-18 (IL-18), are key mediators of the inflammatory response. The findings from these
studies underscore the significance of particle morphology on cellular responses, highlighting that different
shapes and sizes of particles can lead to varying degrees of inflammation and cytotoxicity (Grandjean-
Laquerriere et al., 2005; Laquerriere et al., 2003; Motskin et al., 2009). HAp particle cytotoxicity varies
considerably and is highly dependent on their physical properties. Zhao et al. (2013) specifically compared
the effects of nanosized HAp particles of various shapes, including needle-shaped, plate, sphere, and rod-
like structures, on macrophages and human epithelial cells . Their study found that needle- and plate-shaped
HAp particles induced the most significant cytotoxic effects. These effects were attributed to higher cellular
uptake and agglomeration, which, in turn, increased the phagocytic activity of macrophages. Additionally,
exposure to needle- and plate-shaped HAp particles led to unusual morphological changes in macrophages,
resulting in aberrant phagocytic activity (Zhao et al., 2013). Building on this, Lebre et al. (2017) expanded
the investigation to examine how different HAp shapes and concentrations affect cytokine production by
bone marrow dendritic cells, a key immune response component. Their findings revealed that needle-
shaped HAp particles, across all tested concentrations, were cytotoxic to dendritic cells, leading to increased
interleukin-1p (IL-1p), a pro-inflammatory cytokine.

In contrast, smooth-shaped HAp particles did not induce detectable levels of IL-1p, highlighting the
importance of particle shape in dictating biological responses. The in-vivo studies conducted by Lebre et
al. further validated these observations, showing that needle-shaped HAp particles, when administered
intraperitoneally in mice, caused significant macrophage depletion and decreased mast cells while
simultaneously recruiting neutrophils, eosinophils, and monocytes up to seven days post-injection. This
prolonged inflammatory response was not observed with spherical HAp particles, suggesting that the
morphology of HAp can have a profound impact on the duration and nature of the immune response (Lebre
et al., 2017). These studies emphasize the critical role of particle morphology in the design and application
of biomaterials. Understanding how specific physical properties of materials, such as shape and size,
influence their interaction with biological systems is vital for developing safer and more effective
therapeutic tools.
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This investigation revealed that mw-HAp is characterized by particles of a smooth morphology. Based
on these observations, it is postulated that mw-HAp is unlikely to provoke sustained inflammatory
responses or exhibit cytotoxicity towards macrophages and dendritic cells. However, this proposition
necessitates additional investigation to confirm its validity.

In this research, porosity was observed in both forms of HAp. Porosity affects not just the biological
integration and functionality of HAp scaffolds but also their mechanical strength. Optimum pore sizes are
essential for the growth of bone tissue into the scaffold, ensuring its fusion with adjacent bone. These pores
provide pathways for nutrient and oxygen diffusion to cells within the scaffold, aid in expulsion of
metabolic waste, and support revascularization (Abere et al., 2022).

The ideal pore size for bone regeneration has been a topic of debate. Osteoblasts, which are between
20-50 um in size, require larger pores to penetrate the scaffold and form new bone. This necessity for larger
pores is linked to the prerequisite activity of macrophages, which remove bacteria and dead cells, thereby
facilitating the infiltration of other cells that contribute to colonization, migration, and vascularization,
setting the stage for osteoblast activity (Iviglia et al., 2019). Previous research indicated that pore sizes
around 800 pm significantly enhance bone growth, noting that smaller pores tended to be occupied by
fibroblasts, while the ingrowth of osteoblastic cells favored larger pores (Roosa et al., 2010). Further studies
by Cheng et al. assessed osteoblastic behavior in relation to pore sizes ranging from 250 to 400 um, finding
that larger pores facilitated the development of more mature bone structures, as evidenced by increased
levels of osteopontin, collagen type I, and mature bone markers. Additionally, bigger pores were found to
promote the formation of new blood vessels, which are crucial for supplying oxygen and nutrients to
osteoblastic cells (Cheng et al., 2016). Larger pores offer greater permeability, which is beneficial for cell
growth and proliferation. This is because larger pores take longer to become occluded during ongoing
growth, providing additional time for bone formation to occur (Kang & Chang, 2018).

On the other hand, O’Brien et al. discovered that a smaller pore size of 95 pum is sufficient for protein
adhesion and the initial attachment of cells, noting that micropores of this size offer a greater surface area
(Murphy & O’Brien, 2010). Previous research has indicated that while pore sizes greater than 50 pm
(referred to as macropores) improve osteogenic properties, the infiltration of cells is limited by smaller pore
sizes in in-vitro studies. Conversely, a pore size smaller than 10 um (termed micropore) increases the
surface area, which in turn enhances ion exchange and the adsorption of bone proteins (Morejon et al.,
2019).

A. Boccaccio and his team engineered a scaffold with graded porosity aimed at improving bone
regeneration and functional stability. This innovative scaffold featured a porous section designed to
simulate the soft cancellous bone and a denser section to resemble the hard cortical bone. The results
indicated that this gradient scaffold facilitated better bone growth, cell proliferation, and nutrient flow and
was more effective at withstanding mechanical forces than scaffolds with consistent porosity (Boccaccio et
al., 2016). In a separate study conducted by Sobral et al. in 2011, the ability of mouse osteoblasts to populate
a HAp plate with gradient pore sizes was examined. The findings showed that the scaffold with varied pore
sizes had a 75% cell seeding efficiency, significantly higher than the 35% efficiency of the scaffold with
uniform pore sizes (Sobral et al., 2011). Therefore, scaffolds with heterogeneous pore sizes appear to be
more effective for bone regeneration compared to those with uniform pore sizes.

Jang and his team explored how porous and granular HAp influences the ability to regenerate alveolar
bone. Findings from 4 to 12 weeks after implantation into the alveolar sockets of mice showed that new
bone growth was significantly greater in the case of porous HAp, which had adjustable pore sizes and
interconnectedness, as evidenced by the increased occurrence of osteophytes, in comparison to granular
HAp (Jang et al., 2017).
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FESEM utilizes a field emission gun to generate high-resolution images, effectively capturing the
surface morphology and microstructure of HAp. However, this technique yields two-dimensional images
and primarily offers surface-level details, with internal structures such as pore sizes remaining elusive
without sectioning the sample. The magnification limit for FESEM in this investigation is capped at 200
nm, potentially obscuring the true dimensions of HAp particles. Consequently, the study's insights into
HAp's internal makeup were constrained. Enhancement of the methodological approach is suggested
through the application of high-resolution transmission electron microscopy (HR-TEM), which achieves
magnifications down to 1 nanometre, providing a more intricate view of the material's structure.
Nonetheless, TEM preparation necessitates the creation of thin sample sections, a process that risks altering
the specimen's original condition, for a thorough examination of both the exterior and interior morphology,
including porosity and the network of connections within HAp, X-ray Microcomputed Tomography
(Micro-CT) is recommended for its superior capability to generate detailed 3D imagery, presenting a
comprehensive perspective on the material's architecture (Su et al., 2018).

5. CONCLUSION

This research has provided significant insights into the synthesis process, physicochemical properties, and
biological performance of HAp, paving the way for its optimized application in tissue engineering and
regenerative medicine. From the results, it can be concluded that all the hypotheses can be accepted except
for the antibacterial properties.

Within the limitations of this study, the adoption of microwave-assisted irradiation for synthesizing
HAp emerged as a pivotal advancement, showcasing numerous benefits over conventional methods. This
innovative approach led to the production of HAp with superior crystallinity and unique morphology and
demonstrated efficiency in terms of reduced reaction times. These attributes underscore the potential of
microwave-assisted synthesis in improving the quality and functional properties of HAp, making it a more
viable option for bone regeneration.

In synthesizing these findings, the study articulates a compelling case for the continued exploration
and optimization of HAp's properties for biomedical applications. The research advances our understanding
of HAp's synthesis, characterization, and potential applications and lays the groundwork for future
investigations aimed at harnessing its capabilities for enhanced bone tissue engineering and regenerative
medicine. The multidisciplinary approach, combining materials science, biology, and engineering,
underscores the complexity of developing biomaterials that meet the rigorous demands of biomedical
applications. As the quest for optimal bone regeneration strategies continues, HAp stands out as a material
with significant promise, necessitating further research to fully exploit its potential in improving patient
outcomes in bone

The research in the field of HAp can continue to advance, unlocking new potential for this versatile
biomaterial in bone tissue engineering and beyond. The convergence of multidisciplinary efforts from

materials science, biology, engineering, and clinical medicine will be crucial in overcoming current
limitations and harnessing the full potential of HAp in improving patient care and treatment outcomes.
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