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Abstract

Hydroxyapatite (HA) is one of the most studied biomaterials in medical and dental fields as it is the
main component of bone and teeth. It can be derived from several sources using different methods of
synthesis. This review provides an insight into natural resources for HA and methods that are available
for its synthesis.
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Introduction

Biomaterial is a substance that refers to any natural or synthetic material that is replaced
in the human body for medical purposes. It performs the same role as biological material in
assessing, sustaining, or replacing any tissue or organ [1]. Hydroxyapatite (Ca,,(PO,),(OH),)
is a biomaterial that can be found in nature and also the main mineral component for teeth
and bones [2]. Hydroxyapatite (HA) is one of the biomaterial compounds that has been
regarded as non-toxic, non-inflammatory and non-immunogenic agent which can be directly
formed as a chemical bond with living tissues [3]. This bioactive HA is thermodynamically
stable in its crystalline state in a body fluid and thus poses a wide range of applications in
the biomedical field of dentistry and orthopaedics [4]. It is used as an implantable material in
dentistry, maxillofacial and orthopaedic surgery for repairing bone defects and as a coating
material for metallic implants. Hydroxyapatite consists of calcium phosphate that promotes
osseointegration and a new bone formation process due to their uniqueness properties which
has similarity to mineral bones [5].

Basically, HA has the molecular weight of 1004.6g/mol and it consists of calcium
orthophosphate where the calcium element can be obtained from calcium hydroxide
(Ca(OH), while the orthophosphate groups can be obtained from phosphoricacid (H,PO,) [6].
In comparison, to other calcium phosphate (Ca/P) family, the HA has a molar ratio 1.67 [7].
Natural HA is non-stoichiometric because the calcium and phosphorus from natural sources
differ depending on its original sources. In some cases, like extraction of HA from mammalian
and equatic sources, it may also provide some trace elements such as magnesium ion (Mg?®*),
ferrous ion (Fe?*), sodium (Na) and potassium (K*). Even in a small amount, these trace
elements play a role in speeding up the formation process of bone and teeth regeneration
[1,8].

Natural Sources of Hydroxyapatite

Hydroxyapatite (HA) can be derived from both synthetic and natural sources. Natural
HA can be extracted from biological sources available around nature. Some researchers have
successfully extracted the natural sources of HA from mammalian bones, chicken bones,
fish bones and scales, shell-based material from aquatic shells and eggshells, plants (stalk,
leaves, flower, fruit peel), algae as well as from mineral sources (Table 1). Palmer et al. [9]

Modern Research in Dentistry

785


http://dx.doi.org/10.31031/MRD.2023.08.000676
https://crimsonpublishers.com/mrd/

MRD.000676. 8(1).2023

786

mentioned that the HA prepared from natural sources such as from
bones, eggshells and seashells can demonstrate better biological
properties due to the presence of beneficial cations like Na*, K*,
Mg®, Sr*, Zn*', and AP** or anions like F, CI', SO *, and CO,*or the

Table 1: Natural source for HA extraction.

presence of both anion and cation. The HA from these natural
sources together with these trace minerals are proven in speeding
up some medical application such as in rapid bone regeneration.

Source Related Studies
Bovine bone [7,8]
Mammalian bones Camel bone, horse bone, pig bone [1,8]
Chicken bone [10-12]
Fish bones and Fish scales Sardinella longiceps, Cirrhinus mrigala, carp [13-15]
Egg shell [7,8]
Snail shell [16]
Shells Mussel shell
Clam shell [8,17]
Cockle shell
Red algae (Phymatolithon calcareum) [18]
Plants and algae Moringaoleifera [19]
Avocado [20]
Green tea, basil and mint [8]
Mineral Limestone [1,4]
Dolomite [8,21]

Mammalian bones

Additionally, mammalian bones from bovine, camel, horse and
pig are sources of HA [8]. Bovine bone mostly had been used to
extractthe HA because of meat demand. For this, more bovine source
has been used compared to other animals because their abundance
will be wasted if these bones were not used. Interestingly, part of
the femoral bone from bovine is usually chosen because this part is
similar to human bone structurally and morphologically [1]. Bovine
bone contains calcium phosphate up to 58.3%. Thus, the derivation
of HA from bovine bone was preferred in synthesizing HA since
their main compounds were calcium and phosphate [7].

Before synthesizing HA from mammalian bones, usually
pretreatment like boiling, washing with acid, alkali, acid-alkali
solution is necessary to be carried out to remove dirt, fats, protein
and softtissues. Sometimes, surfactants were used in a pretreatment
of bones to remove soft tissues. Calcination and combination with
other methods are preferred in synthesizing HA from mammalian
bones. The thermal process from the calcination method removes
the organic constituent in the bones as well as remove pathogens
that can relate to the spread of diseases such as bovine spongiform
encephalopathy and Creutzfeldt Jakob disease [8].

Apart from that, biowaste of chicken bones are also good source
of HA. The chicken bones consist of both organic and inorganic
materials that have abundance of minerals especially calcium
and phosphate where the chicken bone particles are normally
composed approximately about 65% of mineral HA, 25% of
protein and 10% of water [1,10,11]. Similar to mammalian bones,
calcination method was preferred in chicken femur bones waste to
produce HA. As Rajesh et al. [10] suggested that calcination process

was conducted between 600 to 1000 °C, Bee & Abdul Hamid [12]
also ran a calcination method for chicken bone femur with different
calcination temperature between 600 to 1000 °C to completely
remove organic matrix from raw chicken bone. Upon calcination,
the colour of chicken bones varies depending on the temperature
of calcination from light grey, off-white and white powder. However,
the HA originated from bones is still costly and high-risk infection
can be transmitted from bones to the human body when implanted
especially when the calcination process is not fully completed.
Moreover, mammalian bones such as pig are often questionable
because it is related to religious feeling [1].

Fish bones and fish scales

Similar to other bones, a marine source such as fish bones
and fish scales were commonly selected as one of natural source
of HA. Among the reasons for their popular usage is abundance
of marine waste accumulated if not used. As the consumption of
fish significantly increased, the fish waste production in the form
of scales and bones also increased. Therefore, this type of HA
extraction has been one of the popular methods. Moreover, fish
bones are rich in calcium, phosphate and carbonate that comprise
the main source of HA [8]. In addition, the HA from fish bones and
fish scales exhibits greater biological activity due to the presence
of all cations (such as Mg#, Al**, Sr?*, Zn%*, K* Na*) and all anions
(such as ClI" and F) that will boost the effectiveness in a variety of
biomedical applications, such as accelerating bone repair [1].

Shells

The other source of raw material of HA is from shells where
the shells are rich in calcium carbonate (CaCO,) [7]. The shells
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available in nature include cockle shells, clamshells, mussel shells,
crab shells, snail shells, and eggshells. Mostly, all shells contain
about 94-97% calcium carbonate (CaCO,). As for the eggshells, they
contain about 94% carbonate (CaCO,). As such, eggshells have been
used to synthesize HA due to their ease of availability and high in
calcium content [8]. Generally, the calcium derived from carbonate
(CaCo0,) is normally used for the synthesis of HA. As such, these
practices are not only important in the production of HA but may
reduce environmental pollution as well as industrial cost [7,8].
However, some consideration should be made especially when
synthesizing HA from eggshells because there is a risk for infection
from Salmonella enteritidis. These bacteria may have transmitted
viruses originating from eggshells into the surrounding tissues if
the HA is derived from infected eggshells implanted in a human
body [1,13-17].

Plants and algae

Previous studies reported that plants and algae have the
potential to become a source of HA [18-20]. The HA had been
extracted from plants parts such as from leaves, stalk, flower, fruit
peel and some researchers have successfully extracted HA from
algae [8]. Plants that are rich in carbonate (CaCO,) could be the
sources for HA including red algae (Phymatolithon calcareum),
Moringaoleiferaleaves, avocado fruit peel, leaves and stems of green
tea, basil and mint [18-20]. The synthesis process in transforming
Moringaoleifera leaves into HA is considered cost effective as it
is low cost, a safe process and other than that, the materials are
abundantly available. As such, it displays a good application in
future tissue repair engineering [19]. Besides, red algae contain
sufficiently porous interconnected CaCO, with high similarity to
human bones where the calcite produced from calcination of the
red algae converts into HA and retains its naturally porous nature
using a mixture of Diammonium Hydrogen Phosphate (DAHP) and
Magnesium Nitrate (MgNO,) [18].

Mineral

Limestone is one of the natural minerals sources that has been
used to synthesize HA. Naturally, limestone formation consists of
precipitation of the animal shells or skeletons, foraminifera or algae
that contained carbonate (CaCO,) [8]. The content of carbonate
(CaCo0,) in limestone is around 95% and it should be purified to
produce calcium. Research on limestone has been popular because
the synthesis of HA from limestone is regarded as an alternative to
produce HA for application in dentistry and orthopedics. This is due
to its close natural properties of teeth and bones [4,21]. However,
instead of CaCO,, dolomite is widely present in sedimentary rocks
of limestone. CaCO, can be extracted from limestone and dolomite
by purifying the CaCO,. These minerals are usually related to
impurities that may affect the calcination process. Therefore,
screening for natural sources of HA is important and the selection
of HA synthesis are crucial because the physicochemical properties
of synthesized HA such as Ca/P ratio, crystallinity, crystallites size
and morphology can affect the properties of the obtained HA [1].

Additionally, trace minerals such as Magnesium (Mg) are

crucial in any application of HA to the human body. Magnesium
(Mg) from dolomite contributes to the mineralization of calcified
tissue and thus stimulates the growth of bone tissue. This trace
mineral is necessary for the growth of bones and metabolic activity.
Additionally, this Mg component included in the HA structure aids
in promoting osteoblast proliferation, which is crucial for bone
production [1].

Synthesis of Hydroxyapatite

Hydroxyapatite can be synthesized either through chemical
or natural synthesis by using natural calcium sources. Chemical
synthesis of HA may control the morphology, crystallinity and
stoichiometric composition (1.67) of the HA, but this chemical
synthesis is costly, complicated and time consuming that mostly
produces undesirable by-products after synthesis [1]. Over the
decades, there have been several methods to synthesize HA from
natural sources. Generally, it can be classified into dry methods,
wet methods and high temperature methods [22]. But in some
approaches, synthesis of HA from natural sources can be specified
into dry methods, wet methods, hydrothermal methods, high
temperature processes, synthesis by biogenic sources and mixture
of combination methods [2,4]. Each method has its own advantages
and limitations in producing HA. As such, method of HA synthesis
should be considered crucial when choosing the suitable methods
for each different natural sources of HA.

Dry methods can be classified into solid-state and
mechanochemical reaction where the precursor of chemicals
(calcium and phosphate) is used in a dry form. Compared to the dry
methods, wet methods used aqueous solution during synthesis of
HA. Some examples of HA synthesis by wet methods are chemical
precipitation, hydrothermal and hydrolysis. As for high temperature
methods, high temperature is used to decompose the material in
order to extract HA. There are two methods that can be selected
for this category which are combustion and pyrolysis methods.
However, through the journey in producing HA from natural
sources, these approaches were rarely used due to the poor control
over processing parameter as well as the production of secondary
aggregates [22].

Dry methods

Chemical precursors in dry methods for both solid-state and
mechanochemical methods were calcium and phosphate. These
precursors are in a dry form and the process of synthesizing HA
does not require the use of a solvent [4,22].

Solid-state: Method of solid-state is a simple method where
calcium and phosphate are milled and calcined to obtain HA. As
the reactants used are in a solid form, thermal treatment with high
temperature is necessary to initiate solid-state ionic diffusion of
reagents [23]. For Example, Pramanik et al. [24] produced a-tri
calcium phosphate (a-TCP) after sintering at 1250 °C. Meanwhile,
Koonawoot et al. [25] produced a mixture of HA, TCP and calcium
oxide where this process produced the highest composition of HA
at a calcination temperature of 1250 °C for 2h.
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Mechanochemical: Mechanochemical method is a method
that employs compression, shear, or friction via grinding and
milling to induce a chemical transformation [22]. Generally,
mechanochemical methods use ball-milling or planetary mills at
certain speeds or frequencies. This technique is conducted in a
sealed vessel or jar made from materials such as stainless steel,
agate or zirconia [26]. In mechanochemical approach, parameters
like the rotational speed, milling time and mass ratio of the
powder and ball should be investigated to produce the HA [27].
Compared to solid-state, the mechanochemical method produces
a heterogeneous particle with an irregular shape. This is because
of the perturbation of the surface-bonded species as a result of
pressure, enhancing thermodynamic and kinetic reactions between
solids [28]. Extraction of HA powder from eggshells powders were
investigated via ball milling at various milling times followed by
heat treatment. The eggshells were cleaned, dried and crushed
with an agate mortar before it is mixed with Dehydrated Dicalcium
Phosphate (DCPD) at a ratio of 4:3 together with deionized water.
This mixture was then milled ranged from 1 hour to 10 hours in a
planetary ball-mill at 170rpm. After milling, the slurry was dried at
150 °C for 24h followed by heating the dried powder to 1000 °C ata
rate of 10 °C/min for 1 h to finally producing the powdered HA [29].
This mechanochemical approach is considered as a simple, efficient
and inexpensive method that produced HA in a powder form in a
well-defined structure [30].

Both solid-state and mechanochemical methods are preferred
for mass production of HA powders without worrying about
the processing parameters because no precise and no control
conditions are needed when dealing with these dry methods [4,27].

Wet methods

Wet method for HA synthesis can be divided into 3, chemical
precipitation, hydrothermal and hydrolysis methods.

Chemical Precipitation: The most preferable approach
in synthesizing HA via wet methods are chemical precipitation
method. The chemical precipitation method is one of the broadest
research techniques in synthesizing HA [21]. The other names for
chemical precipitation method we had known as precipitation or
precipitation aqueous because this method uses aqueous solution
during synthesis of HA. Moreover, HA can be produced in relatively
large quantities with the absence of the use of organic solvents at a
reasonable cost and thus this chemical precipitation is in demand
[31]. Usually, chemical precipitation methods must undergo several
processes. The precursors of calcium and phosphate should be
mixed according to the molar ratio of HA. Then the pH of this mixture
should be adjusted to a specific alkaline pH and temperature also
should be adjusted to range from room temperature to boiling
point of water. After that, the solution is stirred for some time
for ageing purposes, and then the precipitation solution is finally
washed, filtered, and dried before crushing it into a powder form
of HA [22]. The process of extracting HA using limestone as the raw
material was studied using precipitation method where calcium
oxide from limestone was mixed with diammonium hydrogen

phosphate. The mixture was then washed, dried and crushed to
remove impurities and homogenize the size of limestone. Finally,
calcination process was proceeded at 900 °C for 4hours to extract
the HA from limestone [32]. The chemical precipitation approach
needed a few crucial processing parameters such as suitable pH
and temperature for precipitation to occur and the right molar ratio
of HA should be determined because the unbalanced molar ratio in
the chemical precursor of calcium and phosphate could result in
the formation of another compound [4,22].

Hydrothermal: Hydrothermal synthesis of HA is similar to
the chemical precipitation method where the reaction method is
in aqueous media but with variations in pressure and temperature
[27]. As the hydrothermal time and temperature increased, the
phase purity and Ca/P ratio improved, and the production of HA is
in a better structure with increased crystallite size and crystallinity
compared to low reaction temperature [1]. An autoclave or
pressure vessel was usually used to create high temperature and
high-pressure environments for this hydrothermal approach. This
high pressure and high temperature will increase the reactivity,
and the effect of the condensation creates the chemical bonds
and forms a nucleus that ensures the production of a relatively
stoichiometric and highly crystalline HA [33]. This approach was
taken to investigate the HA synthesis by mixing calcium nitrate
tetrahydrate and diammonium hydrogen phosphate at different
temperatures for 3h. At pH 10, pure crystalline HA was generated
and XRD patterns showed sharper peaks as temperature increased.
But the HA produced were not consistent in shape and sizes. Thus,
surfactants should be added to control the HA morphology [34].
Production of HA by hydrothermal method produces HA with
higher crystallity compared to chemical precipitation but modifier
such as surfactant should be included to generate controllable size
and morphology of HA [22].

Hydrolysis: Hydrolysis method is a method that deals with
water ionization process that causes the diffusion of hydrogen
and hydroxide ions. This method basically hydrolyzed calcium
phosphate with the produced formation of a non-stoichiometric
HA. Synthesis parameters such as temperature, reaction duration,
ratio and composition of the starting reagents, and pH in hydrolysis
reaction may produce a better composition and morphology of
synthesized HA in a crystal form [35]. Water and/or other organic
solvents are used to hydrolyze HA from natural sources. For
example, water was used in the hydrolysis of a-TCP to produce
Calcium-Deficient Hydroxyapatite (CDHA) [36]. The o-TCP was also
used to generate HA where the temperature of o-TCP suspension
and water were maintained at certain temperature (20, 40, 60
and 100 °C). When the temperature is maintained at 40 °C, it
takes 48h to completely synthesize HA by this hydrolysis process.
Their findings revealed that when maintaining the temperature at
100 °C, it only took 3h to produce HA [35]. Organic solvents such
as alcohol at different concentrations were used in the study of
hydrolysis of Calcium Hydrogen Phosphate Dehydrate (DCPD) into
HA. But the alcohol concentration affected the crystallite size of HA.
At the concentration of 0 to 70% alcohol, the crystallite size of HA
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decreased and at the concentration of 70 to 90%, the crystallite
size of HA increased [37]. Hydrolysis method can produce HA with
high purity but parameters such as time required to hydrolyze HA
and appropriate concentration of solvents should be optimized to
generate this pure HA.

High temperature methods

High temperature method is a process that promotes
decomposition and reactions of HA precursors through firing cycles.
This approach consists of two methods which are combustion and
pyrolysis [4]. Both combustion and pyrolysis are rarely used in HA
synthesis because of poor control over the processing parameter as
well as the other production of secondary aggregates [22].

Combustion: Combustion method is carried out in a single
step to obtain high purity of HA. This process is fast, low energy
and exothermic which once combustion process started, it does
not require any external heat source and enough with only a self-
sustained chemical reaction occurs between an oxidant and organic
fuel such as hydrazine or citric acid in an aqueous medium [4,22].

Pyrolysis: Pyrolysis is a high temperature method that involves
spraying of a precursor into a hot zone of the electric furnace using
ultrasonic generator. This spray approach production of final
products of HA are formed through an aerosol process that atomizes
a solution and heats the droplets to produce solid particles with
no addition of fuel [4]. The reaction between vapors and gases at
high temperature produced final powder product but the product s
aggregated and agglomerated [27]. Limited studies have reported
the synthesis of HA via pyrolysis method.

Conclusion

Hydroxyapatite can be obtained either synthetically or naturally.
Among the natural resources from which the HA can be obtained
are mammalian bones, fish bones and scales, shells, plants and algae
and from mineral resources. Researchers need to choose the right
resources to obtain the HA as some resources have limitations and
disadvantages for biomedical purposes. Similarly, several methods
can be used to synthesize HA from natural resources. However, we
need to choose the right method as specific parameters are deemed
crucial to ensure that the materials can be transformed into value
added materials to be used for biomedical applications.
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