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Abstract
Hydroxyapatite (HA) is one of the most common bioceramics and is abundant in human bones. HA is composed of calcium 
phosphate, which is prevalent in biomedical processes, particularly bone formation, osteogenesis, and angiogenesis. As HA 
is one of the core materials that makes up the human body, there has been considerable research on methods of synthesizing 
HA while changing its properties by substituting various types of metal ions. In particular, previous studies have intensively 
investigated the size, crystallinities, and morphologies generated using various synthesis methods to change the character-
istics of HA by substituting different metal ions. This review summarizes the findings of these studies on HA, including 
findings on the characteristics of HA in natural bone, methods of synthesizing HA, and findings on metal-ion-substituted 
HA. Furthermore, the characteristics and applications of HA that were investigated in previous studies are summarized, and 
the latest trends and perspectives on the future of the field are also presented.
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1  Introduction

Hydroxyapatite (HA) is a type of bioceramic that has 
recently been used in several biological applications. In 
particular, as the ratio of calcium phosphate (CaP) is very 
similar to that of natural bone, HA is feasible for use in the 

treatment of bone defects [1]. In addition, HA has biomin-
eralization properties similar to hard tissue; hence, it is 
currently used in orthopedics and dentistry [2–6]. HA is 
also used for other biomedical applications such as coating 
metallic osseous implants, drug delivery, and tissue engi-
neering scaffolds because of its stoichiometric properties 
that are similar to bone, as well as other advantages such 
as biocompatibility, intimacy with other biopolymers, and 
excellence in inducing bone differentiation [7–13]. Over the 
past few decades, many researchers have attempted to syn-
thesize the natural forms of HA.

Many studies have reported various synthesis methods for 
HA with different characteristics, such as size, morphology, 
stoichiometry, and crystallinity [14, 15]. In addition, many 
studies on the physicochemical properties of HA have been 
conducted for use in broad applications, including bone scaf-
folds, bone fillers, and implant coating applications [16–19].

Metal ion substitution into the HA structure has been 
attempted by many researchers to mimic the mineral com-
position of natural bone and enhance the properties of HA. 
Certain metal ions have been shown to increase the bioac-
tivity and bone regeneration ability of HA. For example, 
strontium ions (Sr2+), magnesium ions (Mg2+), and zinc ions 
(Zn2+) promote bone regeneration by acting as active regu-
lators of osteoblasts and osteoclasts [20]. Therefore, over 
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several decades, researchers have investigated the develop-
ment of methods for the synthesis of metal-substituted HAs. 
In this review, we mainly focus on the different synthesis 
methods of metal ion-substituted HA and highlight the prop-
erties exhibited when using different types of metal ions. To 
clearly explain the difference in the synthesis and properties 
of metal ion-substituted HA materials with bare HA, we will 
start from the discussion of bare HA.

2 � Basic properties of HA

2.1 � Chemical properties of HA

Calcium phosphate (CaP), which is the main constituent 
of natural human bone, accounts for 65% of the total bone 
mass. The remainder is composed of approximately 25% of 
collagen and other proteins, with less than 10% of water. 
In addition, the structure and chemical formula of CaP can 
vary depending on the Ca/P ratio (Table 1), which is influ-
enced by whether it is in a natural or synthetic product and 
also leads to differences in biodegradation and bioresorption 
[21]. Biological apatite has a nanosized inorganic crystal 
structure, which forms an inorganic–organic nanocomposite 
with a collagen matrix and acts as a scaffold for deposi-
tion and crystal growth in bones [22]. Hydroxyapatite (HA), 
whose mineral composition is most similar to that of bio-
logical apatite in natural bones, is the most thermodynami-
cally stable CaP source. However, studies have reported that 
actual biological apatites are calcium-deficient carbonates 
with Ca/P ratios of less than 1.67 [23–25].

It is well known that the pH value, along with calcium 
and phosphate ratios, is important when HA is implanted 
as bone scaffolds. For example, the pH value plays a role 

in determining the phase transformation of CaP [26]. It has 
been reported that the pH value can affect the dissolution 
rate of HA during calcium release [27]. Most importantly, 
as HA is exposed to the biological environment, abrupt pH 
variations can cause disintegration. As such, pH levels can 
potentially interfere with cell adhesion or angiogenesis and 
ultimately increase cytotoxicity, thus disrupting the regen-
erative process [28].

Bone must not only have sufficient strength but also be 
capable of hydrolysis and degradation processes under bio-
logical conditions [29]. However, HA typically shows the 
slowest degradation rate among crystalline forms of CaP. 
Its porosity, structure, and phase may affect the dissolution 
rate of HA [30]. In addition, the size and crystallinity of HA 
are crucial factors in determining its solubility. Generally, 
it is known that the low crystallinity and small size of HA 
can lead to high dissolubility under biological conditions. 
Recently, nano-HA has been attracting attention for use as 
scaffolds in bone tissue engineering because of its similar 
size and crystallinity to natural bone materials [23].

2.2 � Physical properties of HA

Bones perform a range of mechanical functions in the human 
body, such as protecting vital organs and maintaining the 
structure of the body. They can also serve as axis during 
muscle movements. Collagen, the main organic component 
of bone, forms a nanocomposite with HA, which strengthens 
the intrinsically brittle mineral crystals, leading to bones 
with both strength and elasticity. HA can be characterized 
according to the particle’s composition, crystallinity, crys-
tallographic structure, growth orientation, shape, and size. 
The unit cell of HA has a hexagonal structure according to 
the lattice parameters (a = 0.95 nm, c = 0.68 nm). The crystal 

Table 1   Ca/P molar ratio of various calcium phosphates [31–33]

Calcium phosphates Abbreviations Chemical Formula Ca/P molar ratio pH stability 
range at 
25 ℃

Monocalcium phosphate monohydrate MCPM Ca(H2PO4)2·H2O 0.5 0–2.0
Monocalcium phosphate anhydrous MCPA Ca(H2PO4)2 0.5 –
Dicalcium phosphate dihydrate (brushite) DCPD CaHPO4·2H2O 1.0 2.0–6.0
Dicalcium phosphate anhydrous (monetite) DCPA CaHPO4 1.0 –
Octacalcium phosphate OCP Ca8(HPO4)2(PO4)4·5H2O 1.33 5.5–7.0
alpha-Tricalcium phosphate α-TCP α-Ca3(PO4)2 1.5 –
beta-Tricalcium phosphate β-TCP β-Ca3(PO4)2 1.5 –
Amorphous calcium phosphate ACP Ca x H y (PO4)z·nH2O (n = 3–4.5, 15–20% H2O) 1.2–2.22  ~ 5 to 12
Calcium-deficient hydroxyapatite CDHA Ca10-x (HPO4)x (PO4)6−x (OH)2−x (0 < x < 1) 1.5–1.67 6.5–9.5
Hydroxyapatite HA/OHAp Ca10(PO4)6(OH)2 1.67 9.5–12
Fluorapatite FA/FAp Ca10(PO4)6F2 1.67 7–12
Tetracalcium phosphate (hilgenstockite) TTCP/TetCP Ca4(PO4)2O 2.0 –
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growth orientation follows the c-axis of the unit cell, result-
ing in needle-shaped nanoparticles. These needle-shaped 
HAs are the main composition of the bone scaffold. HA 
undergoes continuous and iterative replacement and repair 
processes in the bone. Especially, HA has an important role 
in maintaining the mechanical strength of bone scaffold. 
Brown et al. first reported the mechanical properties of HA, 
such as tensile strength, compressive strength, and Young’s 
modulus [34]. However, they only measured the mechanical 
properties of HAs in bulk-scale which may contain a lot of 
pores. There are only few studies related to the mechanical 
properties of HA itself. Recently, Yoon et al. reported a novel 
method to measure the mechanical property of HA itself 
using the atomic force microscopy (AFM) nanoindentation 
technique [12]. It should be noted that they first confirmed 
Young’s modulus of single HA nanoparticles. HA undergoes 
continuous and iterative replacement and repair processes in 
the bone. In addition, it can be used as a pathway for various 
nutrients. Therefore, there are different pore structures that 
can aid in cell proliferation and nutrient transport [35–38]. 
For example, nanopore-induced HA scaffolds which show 
a similar size of pores in natural bones promoted cell prolif-
eration and differentiation rates. While macropores involved 
in bone formation help to increase the migration of osteo-
blasts and osteocytes, which further promotes osteogenesis 
and tissue mineralization. Micropores also act as pathways, 
increasing angiogenesis and nutrient transport during bone 
regeneration [39–42]. Table 1 shows the different functions 
performed by different pore sizes in HA [43]. Over the past 
few decades, several studies have examined the effects of 
different pore structures in HA [44–46].

2.3 � Biological properties of HA

HA has good osteogenic potential, as it is known to have 
proper biocompatibility and osteoconductivity with natu-
ral bone. The use of HA can help promote bone regen-
eration and suppress the inflammatory or other reactions 
to a foreign body that occur when using other artificial 
substances, resulting in minimized cytotoxicity [24, 47]. 
It is generally known that the biological affinity for bone 
depends on the amount of HA contained in the scaffold 
after implantation [48]. Juhasz et al. reported on the bio-
logical activity of HA when used as a filler in nanocom-
posite hydrogels [49]. They found that cellular activity 
increased as the concentration of HA increased up to 10 
wt% in the hydrogel matrix. In addition, HA-based scaf-
folds have shown excellent biocompatibility, which is why 
several researchers and engineers are currently using HA 
in bone tissue engineering [50, 51]. However, HA has 
significant weaknesses in these applications owing to its 
poor mechanical properties and slow degradation proper-
ties [30]. Therefore, to improve the mechanical properties, 

many metals or metal alloys are used as bone graft mate-
rial, with their surfaces coated with HA to increase bio-
compatibility [52]. Wang et al. fabricated an HA-coated 
magnesium alloy implant [53]. They showed that the HA 
coating not only increased the corrosion resistance of 
the Mg surface by up to 25 times but also enhanced the 
attachment and growth rate of cells. The problem of slow 
degradation with HA can be overcome using a metal-ion-
substituted HA. Gritsch et al. reported on the use of copper 
and strontium-substituted HA scaffolds with chitosan [54]. 
They found that the fast release of copper in the HA led to 
an antibacterial effect, while the slow release of strontium 
guaranteed long-term bone regeneration (Table 2).

3 � Fabrication methods of HA

Synthetic HA continues to be of great interest in bone tissue 
engineering applications owing to its high biocompatibility 
and bioactivity resulting from its chemical similarity with 
the mineral compounds of human bone [55]. However, as 
the osteoconductive and osteoinductive properties of HA are 
highly determined by its physiochemical properties, several 
researchers have been actively reporting on various meth-
ods of synthesizing HA over the past few decades. [56–62]. 
Importantly, the characteristics of HA, such as phase purity, 
crystallinity, stoichiometry, size, and shape, can be changed 
through the use of different synthesis methods. There are 
three types of methods used for HA synthesis: (1) dry syn-
thesis, (2) wet synthesis, and (3) high-temperature synthesis.

3.1 � Dry synthesis

Dry HA synthesis methods do not require the use of sol-
vents. These methods do not significantly change the prop-
erties of the obtained HA powder and are widely used for 
the mass production of HA powder [24, 63]. In addition, 
most dry HA synthesis methods do not require precise 
control of the process parameters, resulting in low produc-
tion costs. The dry methods can be further divided into 
two types: solid-state and mechanochemical methods.

Table 2   Function according to pore size in HA bone

Pore size (μm) Function

 < 1 Protein interaction, responsible for bioactivity
1–20 Cell attachment, orientation of cellular 

growth (directionally)
100–1000 Cellular growth and bone ingrowth
 > 1000 Shape and functionality of implant
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3.1.1 � Solid‑state methods

A solid-state reaction is a decomposition reaction in which 
a mixture of solid reactants is heated to produce new solids 
and gases [64]. In terms of HA synthesis, the solid-state 
method involves a simple reaction of chemical precursors 
containing calcium and phosphate. This method requires 
high temperatures to ensure the solid diffusion of ions from 
the precursor reagents (calcium and phosphate). Pramanik 
et al. reported on the synthesis of hexagonal-structured HA 
using a solid-state method [65]. They used calcium oxide 
(CaO) and phosphorus pentoxide (P2O5) as precursors for 
HA synthesis. Through X-ray diffraction (XRD) patterns, 
they found that the synthesized HA was a good match 
for monetite HA (CaPO3(OH)) and calcium-deficient HA 
(Ca9(HPO4)(PO4)5(OH)). Konnawoot et al. also synthesized 
HA using a solid-state method [66]. Calcium carbonate 
(CaCO3) was used as the calcium precursor and ammonium 
dihydrogen phosphate (NH4H2PO4) was used as the phos-
phate precursor for synthesis. They investigated different 
calcination temperatures and reaction times required for the 
synthesis of high-purity HA. They found that HA with the 
highest purity was obtained at a calcination temperature of 
1250 °C for 2 h. In a follow-up study, Arkin et al. used a 
different calcination temperature of 1300 °C for 7 h [67].

However, solid reactions generally produce a second-
ary phase in the final product, which leads to the formation 
of an inhomogeneous HA powder [68]. This suggests that 
long-term calcination is required to homogenize the sys-
tem configuration. This is a major drawback in biomedi-
cal engineering applications, where precise control of the 
properties of the product is very important. To solve this 
issue, some researchers have further investigated the fun-
damental mechanisms of solid-state methods for HA syn-
thesis. Recently, Javadinejad et al. systemically investigated 
the mechanisms of the solid-state reaction to produce HA 
under non-isothermal conditions [69]. They observed that 
non-isothermal conditions allowed the study of the kinetics 
of solid-state reactions better than isothermal conditions. 
They performed a kinetic analysis of the solid-state reac-
tions using an iso-conversational method, and the kinetic 
parameters were calculated for four different heating rates. 
As a result, they were able to demonstrate that the formation 
of HA does not depend on the heating rate but is related to 
increasing temperature.

3.1.2 � Mechanochemical method

Mechanochemical synthesis is a suitable method for pro-
ducing nanomaterials, including ceramic powders, that 
require high-temperature systems because they do not use 
heat to cause chemical reactions [70, 71]. The reaction 

process includes the coupling of mechanical and chemical 
phenomena on a molecular scale by graining and mixing 
microstructures involving repeated fracture and deforma-
tion of nanoparticles during collision [72, 73]. In particu-
lar, milling techniques, such as ball milling and planetary 
milling, are often used in this method. Several studies have 
shown that milling methods can influence various parame-
ters, including impact compression, local temperature, and 
diffusion processes resulting increase in crystallinity of 
HA [74–76]. This method is typically performed in sealed 
containers made of materials such as stainless steel, zirco-
nia, and agate to diminish the effects of air and moisture 
[77]. Fathi et al. reported on the synthesis of fluoridated 
hydroxyapatite via mechanical alloying [78]. Calcium 
hydroxide (Ca(OH)2), phosphorus pentoxide (P2O5), and 
calcium fluoride (CaF2) were mechanically mixed using 
planetary mills with zirconia vials and balls. They studied 
the effects of various milling times (15, 30, and 60 min and 
2, 4, 6, 8, 10, and 15 h) with a constant ball to HA powder 
weight ratio (35:1). Their XRD analysis demonstrated that 
the Ca(OH)2 phase disappeared after milling for 15 min 
and the CaF2 phase was removed after milling for 30 min. 
This suggests that apatite formation began at this point. 
As a result, they were able to demonstrate that the com-
plete formation of fluorapatite (Ca10(PO4)6F2), with sizes 
ranging from 35 to 65 nm, occurred after milling for 6 h. 
In addition, Shue et al. synthesized HA by mechanical 
milling of dicalcium phosphate dihydrate (CaHPO4·2H2O), 
calcium carbonate (CaCO3), and urea using planetary mill-
ing with zirconia balls [79]. They found that the expected 
XRD pattern for HA appeared after 1 h of milling. How-
ever, the characteristic peaks in the XRD became wider 
when the milling time was increased to 24 h. The broaden-
ing of the XRD peaks suggests a decrease in crystallinity, 
which can be attributed to the formation of carbonated HA. 
Recently, Dinda et al. reported on the mechanochemical 
synthesis of nanocrystalline HA using six different powder 
mixtures containing monocalcium phosphate monohydrate 
(Ca(H2PO4)2·H2O), CaO, Ca(OH)2, and P2O5 [80]. They 
systematically investigated the reaction kinetics of HA 
phase formation during ball milling and found that the 
mechanochemical reaction rate between Ca(H2PO4)2·H2O 
and Ca(OH)2 was very fast compared to other precursors. 
Sadat-Shojai et al. reported that mechanochemical meth-
ods can produce well-defined HA structures compared 
to particles produced by solid-state methods [24]. They 
first summarized how several factors in mechanochemi-
cal methods affected the HA produced, including milling 
speed, milling time, and the mass ratio of the powder to 
balls. In addition, they described how prolonged milling 
times generally increased crystallinity and decreased the 
particle size of HA.
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3.2 � Wet synthesis

The wet synthesis method uses aqueous solutions during 
the HA synthesis process. There are three common types 
of wet synthesis: chemical precipitation, hydrothermal syn-
thesis, and hydrolysis. These methods are currently used for 
the synthesis of nanostructured and ordered HA particles 
[81–83]. In particular, wet synthesis methods are very suit-
able for adjusting the shape and average size of the result-
ing HA powder. However, they also have the disadvantage 
of producing HA with low crystallinity because of the low 
processing temperatures [24].

3.2.1 � Chemical precipitation

The chemical precipitation method is one of the most 
extensively used techniques for HA synthesis. This method 
is used because it is possible to produce a large amount 
of HA at a reasonable cost [66]. Chemical precipitation 
methods generally involve several steps (see Fig. 1). First, 
reagents containing calcium and phosphate are mixed, 
with Ca(OH)2 or calcium nitrate acting as the Ca2+ source 
and orthophosphoric acid or di-ammonium hydrogen 
phosphate acting as the PO4

3− source. Next, the mixture 
is adjusted to ensure an alkaline pH, and the temperature 
range is set between room temperature and the boiling 
point of water [84, 85]. Finally, the solution is stirred to 
age it, and the precipitates are then washed, filtered, dried, 
and crushed to form a powder [24]. In chemical precipi-
tation methods, the morphological properties (shape and 
size), stoichiometry, specific surface area, and crystallinity 
of the synthesized HA are significantly affected by sev-
eral parameters such as the temperature, calcination, pH, 
reagent addition rate, and reaction time [62, 86–89]. For 
example, Mobasherpour et al. investigated the effect of 
reaction temperature on HA synthesis [89]. They found 
that HA particles gradually increased in size when the 
reaction temperature was increased from 100 to 1200 °C. 

They also showed that the hexagonal-dipyramidal phase 
of these synthesized HAs was not transformed to other 
calcium phosphate phases until a temperature of 1200 °C 
was reached. Afshar et al. investigated the effects of sev-
eral parameters, including pH, atmospheric control, adding 
extra acid solution, and stirring speed [87]. Ca(OH)2 and 
phosphoric acid were used as reagents for the HA syn-
thesis. A mixture of these reagents was heated to 40 °C 
and stirred vigorously for 1 h. After adjusting the pH, the 
solution was kept overnight to obtain the HA precipitate. 
Using scanning electron microscopy (SEM), they found 
that the synthesized HA had a rod-like morphology with 
an average length of 200 nm and a diameter of 50 nm. 
They observed that the amount of Ca in the HA decreased 
as the pH decreased. Recently, Yelten et al. systematically 
investigated the effects of certain parameters, such as reac-
tion temperature, acid addition rate, and heat-treatment 
temperature, on HA synthesis [62]. They showed that the 
HA precipitates had a spherical morphology with all the 
parameters tested. Most importantly, they showed that heat 
treatment at 1250 °C produced sharper peaks in the XRD 
results, indicating a more crystalline structure compared 
to the samples heat treated at 950 °C.

Most previous studies found that the pH of mixtures 
containing calcium and phosphate sources was important 
in determining the amount of HA produced. However, the 
mass production of HA has limitations in implementation, 
such as the coordination of certain synthesis parameters 
for chemical precipitation. Erkoc et al. recently proposed 
a continuous semi-batch synthesis process using a vortex 
reactor [90]. They showed that this system can be used to 
obtain pure phase HA in mass production. However, there 
is a chance that the characteristics of the HA synthesized 
by the mass-produced chemical precipitation method may 
deteriorate in terms of purity and crystallinity. Thus, fur-
ther studies should be conducted to ensure the purity of 
the HA produced.

Fig. 1   Illustration of chemical precipitation process for synthesis of hydroxyapatite (HA)
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3.2.2 � Hydrothermal method

Hydrothermal synthesis involves chemical precipitation that 
occurs at high temperatures and pressures. [91, 92]. The 
main reactions require high temperature and high-pressure 
conditions, such as in an autoclave. In the early stages of 
this process, calcium and phosphate precursors are mixed. 
The addition of surfactants that can be used as templates or 
chemical agents, such as urea, can help control not only mor-
phology but also nucleation and crystal growth at adjusted 
pH and elevated temperature and pressure. Zhang et al. 
described a hydrothermal method for HA synthesis [93]. 
Calcium chloride (CaCl2) and phosphoric acid were used 
as the calcium and phosphate reagents, respectively. They 
found that rod-shaped HA with 80 nm in length and 15 nm in 
width was obtained by this hydrothermal method at 100 °C 
after 10 h. Nagata et al. also reported on a hydrothermal 
method using calcium nitrate tetrahydrate and di-ammonium 
hydrogen phosphate for HA synthesis [94]. After varying the 
synthesis temperature and pH conditions, they found that 
pure crystalline HA was obtained at pH 10 for various tem-
peratures (25, 60, 120, or 180 °C). The XRD patterns of the 
synthesized HA had sharper peaks at higher temperatures, 
suggesting a greater degree of crystallinity.

3.2.3 � Hydrolysis method

The hydrolysis method is achieved through water molecules 
breaking one or more chemical bonds by ionic diffusion. It 
is a low-temperature process carried out in an aqueous solu-
tion with different phases classified as non-stoichiometric 
HA. The phase change is highly dependent on the differ-
ent proportions of calcium and phosphate precursors used 
[25, 95]. Shih et al. reported on the synthesis of nanosized 
HA via hydrolysis [96]. They used cetyltrimethylammo-
nium bromide (CTAB) as a surfactant and described its 
role in terms of HA size and stoichiometry. Initially, when 
CaHPO4·H2O (DCPD) was used, calcium-deficient HA with 
a width of 50 nm and a length of 100 nm was synthesized. 
Subsequently, CTAB was added as a surfactant in the HA 
synthesis process. It was found that the synthesized HA 
became thinner, from 20 to 5 nm in width and 50 nm in 
length, when the CTAB concentration was increased from 
100 to 10 mM. Almirall et al. reported on the synthesis of 
calcium-deficient hydroxyapatite (CDHA) during the forma-
tion of α-tricalcium phosphate (α-TCP) paste and its subse-
quent hydrolysis [97]. A hydrogen peroxide (H2O2) solution 
was used as the forming agent, decomposing into water and 
oxygen gas. They showed that the HA phase produced by the 
hydrolysis method was similar to the biological HA found 
in bone. They also showed that it was possible to control the 
pore size, porosity, and shape by adjusting the processing 
parameters, such as the concentration of H2O2.

3.3 � High‑temperature method

The high-temperature method involves a process that causes 
the decomposition of materials through the inflow of heat 
energy into the system. There are two main methods used 
for high-temperature synthesis: combustion and pyrolysis. 
It is known that energy release helps to achieve the elevated 
temperatures required to activate the precursors required for 
HA synthesis [25, 95, 98]. However, there are still issues to 
be addressed with this approach, such as the difficulty in 
controlling the processing parameters and preventing sec-
ondary agglomeration [99].

3.3.1 � Combustion method

Combustion synthesis is an effective process that takes 
advantage of an exothermic reaction in an aqueous solution. 
Normally, combustion synthesis starts at a low temperature 
and fuels are then ignited in the aqueous solutions. Organic 
fuels such as hydrazine, glycine, urea, citric acid, tartaric 
acid, and sucrose are mainly used for combustion synthesis. 
It is well known that oxidants help to introduce high energy 
levels to the combustion reaction. Rapid cooling is an impor-
tant final stage of combustion synthesis, which determines 
the crystalline growth of the HA produced [24, 95, 98, 100]. 
For example, Ayers et al. reported on the synthesis of het-
erogeneous calcium phosphate using a combustion method 
[101]. Using CaO and P2O5 precursors, they synthesized 
HA and TCP under different atmospheres, including argon, 
nitrogen, and carbon dioxide. Through differential scanning 
calorimetry analysis, they showed that an ignition tempera-
ture of 450 °C can decompose P2O5 into PO3, leading to a 
reaction with CaO. These results suggest that combustion 
synthesis is a viable method for producing HA from CaO 
and P2O5 precursors. Ramakrishnan et al. also synthesized 
HA by a combustion method using calcium nitrate and di-
ammonium hydrogen phosphate as precursors [102]. They 
showed that combustion synthesis could produce HA with 
a Ca/P ratio of 1.67. In addition, they used five fuels, urea, 
hydrazine, glycine, alanine, and hexamine, while investigat-
ing the effects of the metal-to-fuel ratio on HA synthesis. 
As a result, they were able to demonstrate that all fuels used 
in alcohol-mediated combustion could form the pure phase 
of HA.

3.3.2 � Pyrolysis method

The pyrolysis method involves the thermal decomposi-
tion of the materials at elevated temperatures. As fuel is 
not necessary in pyrolysis methods, it is possible to con-
tinuously produce HA. The pyrolysis method is frequently 
accompanied by precursor spray techniques for HA syn-
thesis [24, 99, 103]. There are two main methods of spray 
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pyrolysis: liquid-phase reactions, which are used to control 
the composition of HA, and gas-phase reactions, which 
are used to control its morphology. Widiyastuti et al. used 
two components, Ca(OOCCH3)2 and (NH4)2HPO4, to syn-
thesize HA via a spray pyrolysis method [104]. They used 
nitrogen as a carrier gas to heat a furnace to 500, 700, 900, 
and 1000 °C. They investigated the effects of furnace tem-
perature on the particle size, crystallinity, and reacted frac-
tion of the HA precursors. They found that high furnace 
temperatures led to the synthesis of small HA particles and 
the formation of a pure HA phase. An et al. synthesized 
HA with increased crystallinity by adding salt during the 
spray pyrolysis process [105]. They showed that a salt-
assisted decomposition (SAD) method can form a matrix 
that prevents HAs from aggregating, producing HA with 
high dispersibility and a uniform shape. They showed that 
a high aspect ratio and small-sized HA could be produced 
at 500 °C. In addition, other studies have reported that the 
size and density of HA are influenced by various param-
eters such as precursor concentration, precursor droplet 
size, and pyrolysis temperature [99, 106].

4 � Metal ion substitution of HA

As mentioned above, HA is widely used as a bioceramic 
material with a hexagonal crystal structure. This HA mainly 
consists of Ca2+ and PO4

3− with a Ca/P ratio of 1.67. As 
HA is highly adaptable in terms of its cations, certain metal 
ions can substitute into HA without significantly distorting 
its structure. Importantly, these substituted metal ions can 
improve the biological properties of HA, such as osteogen-
esis, osteoconductivity, and angiogenesis [107]. Therefore, 
metal-substituted HA has received a lot of attention in the 
past few decades, and there have been various reports that 
the properties of HA can be improved. For example, several 
metal ions such as strontium, magnesium, zinc, silicon, cop-
per, and sodium are continuously adapted for the fabrication 
of metal-substituted HA. Substitution of HA with metal ions 
was mostly carried out based on the original HA synthe-
sis process, including the hydrolysis method, hydrothermal 
method, and wet chemical and precipitation method (see 
Table 3). Surprisingly, most substituted metal ions cause the 
enhancement of biological properties in terms of HA. We 
now describe the effect of each metal ion on HA in detail as 
a bone graft material.

Table 3   Synthesis methods of metal ion substituted hydroxyapatite and performance

Substituents Synthesis method Performances Numerically enhanced performances References

Strontium Hydrolysis method Cell viability and proliferation 2 times higher cell viability (SAOS-2 
cell)

[108]

Hydrothermal method Pore volume and size Improved drug delivery efficiency [109]
Sol–gel dip-coating method Bone regeneration 1.5 times more differentiation of osteo-

blasts
[110]

Hydrothermal method Cell proliferation and osteogenesis dif-
ferentiation

3 times higher cell proliferation 
(MC3T3-E1 cells) and 1.5 times higher 
ALP activity

[111]

Hydrothermal method Angiogenesis, osteogenesis and mechani-
cal strength

2 times higher ALP activity (MG63 
cells) 1.75 times higher mechanical 
strength

[112]

Magnesium Hydrolysis method Biocompatibility 2 times as less toxic (LDH released; 
MC3T3-E1 cells)

[113]

Mechanochemical method Cytocompatibility Cell growth, cellular activity, and average 
metabolic activity (MG63 cells)

[114]

Wet chemical precipitation and 
hydrothermal method

Cellular viability and proliferation 2 times higher cellular area (calvaria 
osteoblast cells)

[115]

Zinc Chemical precipitation method Biocompatibility 1.2 times of cell proliferation and 2 times 
of ALP activity (SAOS-2 cells)

[116]

Wet precipitation method Antimicrobial 5 times more E. coli and 6 times more S. 
pasteurii

[117]

Silicon Solid state method Biocompatibility 2 times higher cell growth activity [118]
Copper Wet precipitation method Biocompatibility 1.2 times higher cell growth (MG63 

cells)
[119]

Hydrothermal method Angiogenesis More blood vessel in New Zealand rab-
bits

[120]

Sodium Hydrothermal method Osteoconductivity 10 times higher in regenerated the bone [121]
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4.1 � Strontium

Strontium is a chemical element with an atomic number 
of 38. In general, it makes up 0.008–0.01% of our bod-
ies. The overall concentration of strontium ions (Sr2+) is 
related to the calcium present in the body [122], and it 
plays an important role in bone regeneration. For example, 
Sr2+ not only slows down the breakdown of old bone but 
also enhances new bone formation [123–125]. For this 
reason, many researchers have tried to substitute Sr2+ in 
HA to enhance cell proliferation and bone growth [126]. 
However, as the ionic radius of Sr2+ (0.118 nm) is larger 
than that of calcium (0.100 nm), this radius difference can 
induce relaxation of the lattice in surrounding atoms and 
cause enlargement of unit cell parameters [127]. A few 

researchers have attempted to solve these issues by devel-
oping specific HA synthesis methods [109, 128, 129].

Frasnelli et al. suggested an aqueous precipitation method 
for the synthesis of homogeneous Sr2+-substituted HA (Sr-
HA) [108]. They produced stable Sr-HA nanopowders with 
different concentrations of Sr2+ ions varying from 0 to 
100 mol%. Importantly, they found a specific point in the 
HA lattice where the complete dissolution of Sr2+ occurred. 
They showed that the size of Sr-HA depends on the concen-
tration of Sr2+ (see Fig. 2a). Furthermore, they demonstrated 
that stable Sr-HA promoted osteosarcoma cell line SAOS-2 
viability and proliferation (Fig. 2b). Park et al. also reported 
a novel synthesis method for Sr2+-substituted HA (Sr-HA) 
via a hydrothermal reaction method using poly(aspartic 
acid) (PASP) as a template [109]. They controlled various 
parameters, namely reaction time, amount of l-aspartic 

Fig. 2   a Transmission electron 
microscopy images of HA and 
Sr2+-substituted HA (Sr-HA) 
according to the concentration 
of Sr2+. b SAOS-2 cell viability 
when treated with HA and 
Sr-HA with different concentra-
tions of Sr2+ (p* < 0.05) [108]
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acid (l-Asp), and the ratio of Sr ions. They found that l-Asp 
could influence the morphology and other properties of the 
produced Sr-HA. In addition, they showed that the amount 
of Sr2+ substitution changed the size, morphology, and sur-
face area of the Sr-HA, and that a molar ratio (Sr/[Ca + Sr]) 
of 0.25 showed the highest efficiency when used as a drug 
delivery agent.

Several studies have shown enhanced biological effects, 
such as bone formation, angiogenesis, and osteoimmuniza-
tion, of Sr-HA coated on other substrates. Li et al. reported 
on the fabrication of bioactive bone graft materials by 
coating a true bone ceramic (TBC) substrate with Sr-HA 
[110]. They adapted a sol–gel dip-coating method to uni-
formly coat Sr-HA on the TBC substrate. They showed that 
TBC-modified Sr-HA significantly enhanced the adhesion, 
proliferation, and osteogenic differentiation of MC3T3-E1 
osteoblasts in vitro. Furthermore, they found that the TBC 
coated with 10% Sr-HA caused greater bone formation com-
pared with raw TBC after 12 weeks of implantation. They 
also reported that Sr-HA combined with poly(propylene 
fumarate) (PPF) as a polymeric scaffold improved cell pro-
liferation and osteogenesis differentiation [111]. Geng et al. 
described the fabrication of titanium (Ti)-coated Sr-HA 
via a hydrothermal method. They also used biodegradable 
miR-21 to coat Ti-coated Sr-HA. They showed that Sr-HA 
and miR-21 have a synergistic effect on bone formation and 
osseointegration [112].

4.2 � Magnesium

Magnesium is a mineral that is important for the bones and 
teeth. It makes up approximately 0.5–1.5 wt% of our bodies. 
Most significantly, it is well known that magnesium ions 
(Mg2+) play an important role in osteogenesis. In addition, 
magnesium deficiency can lead to bone loss and fractures 
[130]. Several trials have attempted to incorporate magne-
sium into HA to enhance bone formation. For example, even 
a small amount of Mg doped in HA has been reported to 
improve bioactivity [131, 132]. In the past, researchers have 
actively developed methods for the synthesis of Mg-substi-
tuted HA (Mg-HA). However, it is difficult to replace Ca2+ 
with Mg2+, because there is a difference in radius between 
them (0.28 Å), resulting in the distortion of the HA lattice 
(see Fig. 3a) [133].

Chaudhry et al. first used a continuous hydrothermal flow 
synthesis method for the synthesis of Mg-HA [134], using a 
stream of superheated water to effectively nucleate and crys-
tallize Mg-HA. They showed that as the degree of substitu-
tion from Ca2+ to Mg2+ increased, the Mg-HA became ever 
more amorphous, resulting in an increase in the surface area, 
as determined by Brunauer–Emmett–Teller (BET) analysis 
(see Fig. 3b). Farzadi et al. also reported on the fabrication 
of Mg-HA via a wet chemical precipitation method [135]. 

They investigated the effect of Mg2+ incorporation into stoi-
chiometric Mg-HA powder. Their XRD results showed that 
the substitution of Mg2+ for Ca2+ in the HA lattice resulted 
in an increase in the lattice and a decrease in the c lattice 
parameters by 0.0966% and 0.2964%, respectively. However, 
they found that the incorporation of Mg2+ did not change the 
size of HA using transmission electron microscopy (TEM) 
analysis. Most importantly, they showed that the incorpora-
tion of Mg2+ into the HA lattice did not change the high-
temperature phase stability. Thus, they concluded that the 
calcium phosphate phase could remain as a single-phase 
hexagonal structure of HA in both HA and Mg-HA.

A few studies have investigated the effect of Mg-HA 
on cell proliferation. Tamimi et al. examined the biologi-
cal properties of Mg-HA [113]. They showed the excel-
lent biocompatibility of Mg-HA with osteoblasts and bone 
marrow cell cultures. In addition, they found that certain 
Mg-HA phases promoted osteogenic activity in vivo. Ewald 
et al. compared calcium-deficient hydroxyapatite (CDHA, 
Ca9(PO4)5HPO4(OH)) and Mg-HA in terms of osteoblast 
activity [114]. They showed that the cytocompatibility 
of Mg-HA was much higher than that of CDHA, and this 

Fig. 3   a 3D illustration of HA and Mg2+-substituted HA (Mg-HA) 
[133]. b BET surface area of Mg-HA with different concentrations of 
Mg2+ [134]
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result could also be observed in the initial stages of cell 
surface contact by examining the metabolic state and pro-
tein expression. Andres et al. also fabricated bone mimetic 
HA by substituting magnesium for calcium to improve bone 
repair properties [115]. They used an aqueous wet chemical 
precipitation and hydrothermal treatment method to obtain 
Mg-HA. They showed that the synthesized Mg-HA had 
a large area of cellular extension, which could lead to an 
increase in in vitro cellular viability, spreading, and prolif-
eration compared to CDHA.

4.3 � Zinc

Zinc is an essential nutrient, which enhances the immune 
system and metabolic functions. Typically, most zinc ions 
(Zn2+) are present in the muscles, while they also exist in 
human bone [136]. Furthermore, it is known that Zn2+ can 
act as an agent for cell growth, division, protein production, 
enzyme reactions, and DNA synthesis. Yamaguchi et al. first 
showed that Zn2+ is a trigger for alkaline phosphatase activ-
ity and DNA synthesis [137]. As zinc is able to promote 
bone regeneration, several studies used Zn2+ as a substitute 
ion when producing HA. Zinc is of great interest because it 
can cause a reduction in bone resorption and has an antibac-
terial effect. In general, HA cannot inhibit bacterial attach-
ment to its surface under biological conditions. Therefore, 
it is important to find a way to prevent bacterial growth on 
the surface of HA in bone tissue engineering applications.

Ergun et al. first fabricated Zn2+-substituted HA (Zn-HA) 
via high-temperature sintering [138]. They characterized 
Zn-HA with different concentrations of Zn2+ via XRD and 
SEM. Miyaji et al. symmetrically investigated how the frac-
tion of Zn2+ can change the HA phase from the amorphous 
to the amorphous/parascholzite phase [139]. They described 
how the difference in the ionic radii of Zn2+ (0.074 nm) 
and Ca2+ (0.099 nm) determines the lattice parameters of 
HA. For example, the lattice parameter c decreases with an 
increasing Zn2+ fraction. In addition, the lattice parameter 
increases with the Zn2+ fraction because of the amount of 
H2O substituted into the OH sites of the HA structure (see 
Fig. 4a). Li et al. also found that zinc-substituted HA caused 
variations in the HA structure, including changes in crystal-
linity due to the difference in ionic radius between Zn2+ and 
Ca2+ [140]. On the other hand, Zn2+ restrained the growth 
of substituted HA crystals, resulting in a reduction in the 
thermal stability of Zn-HA. Zhong et al. first suggested a fast 
synthesis method for Zn-HA [141]. They used citrate ions to 
achieve this as they caused additional interactions with Zn2+ 
during the recrystallization process. As a result, they were 
able to obtain Zn-HA with a length of 29 nm and a thickness 
of 3–5 nm within 15 min. They found negligible stability 
issues for Zn-HA synthesized via a rapid synthesis method.

Uysal et al. first characterized the effect of Zn2+ in Zn-HA 
in terms of its mechanical and biological properties [116]. 
They additionally doped a fluoride ion (F−) to substitute for 
OH in the HA structure. They demonstrated that co-doping 
with Zn2+ and F− improved the microhardness and fracture 
toughness compared to bare HA (see Fig. 4b). In addition, 
they showed that the alkaline phosphatase (ALP) activities 
of the Saos-2 cells increased with Zn-HA containing 1 mol% 
F− compared to bare HA (see Fig. 4c). Consequently, they 
were able to find an optimum ratio of Zn2+ to F− for use 
in bone graft materials. Thian et al. also demonstrated that 
Zn-HA has good Saos-2 cell viability and excellent protein 
expression compared to bare HA [142]. Recently, a few stud-
ies have demonstrated the enhanced antibacterial effect of 
Zn-HA. Irfan et al. showed the antibacterial properties of 

Fig. 4.   a Lattice parameters a and c for zinc-substituted HA (Zn-HA) 
according to Zn fraction [139]. b Mechanical properties of Zn2+ and 
F− co-doped HA. c Alkaline phosphatase (ALP) activities of the cells 
treated with bare HA (pure) and Zn2+ and F− co-doped HA samples 
[116]
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Zn-HA, which showed good antibacterial effects against 
both E. coli and S. pasteurii compared to bare HA [117].

4.4 � Silicon

Although silicon exists in small amounts in the body 
(0.0015%), it is well known that silicon plays an impor-
tant role in the early stages of bone formation [143, 144]. 
It has been reported that silicon is highly concentrated in 
immature bone, and its content decreases with increasing 
calcium content in mature bone [145]. In addition, silicon 
may influence bone regeneration, mineralization, and bio-
activity in human bone osteoblasts. Importantly, silicon 
has a significant effect on bone formation, independent of 
vitamin D, through its association with a hormone involved 
in bone formation [143]. Therefore, a few researchers have 
created silicon-substituted HA (Si-HA) for application in 
bone tissue engineering. Bang et al. studied the fabrication 
of silicon-substituted carbonate HA (Si-CO3 HA) [146]. 
They found that Si-CO3 HA decreased the powder crystal-
linity and promoted ion release, resulting in better solubility 
compared to bare carbonate HA. Tsalsabila et al. reported 
on the microwave-assisted synthesis of Si-HA with different 
concentrations of silicon (0, 0.4, 0.8 and 1.2 wt%) [147]. 
They found that microwave irradiation helped to shorten the 
synthesis process of Si-HA, as there was no need for aging. 
They showed that this method could successfully reduce the 
synthesis steps required for Si-HA, which has a Ca/P ratio 
of 1.68. However, to the best of our knowledge, few studies 
have investigated the biological effects of Si-HA on bone 
formation. Thian et al. indirectly investigated the biologi-
cal effect of Si-HA on the surface of a Ti substrate with a 
view to its use as an implant material [118]. They coated 
Si-HA on a Ti substrate at different concentrations and found 
that all Si-HA samples showed excellent growth promotion 
of osteoblast-like (HOB) cells compared to bare HA (see 
Fig. 5a). In addition, they found that the actin cytoskeleton 
on Si-HA produced long, distinct microfilament alignment 
compared to bare HA (see Fig. 5b).

4.5 � Copper

Copper (Cu) is an important element involved in human 
metabolism. In bone graft materials, Cu is known to play 
a crucial role in bone maintenance. For example, Cu defi-
ciency has been reported to reduce bone mineral content 
and bone strength. In addition, copper ions (Cu2+) can act as 
cofactors for various enzymes such as lysyl oxidase, which 
is related to the cross-linking of collagen fibrils [148]. This 
indicates that Cu2+ is related to bone mineralization. There-
fore, Cu2+ is currently being used in the development of 
bone graft materials, including HA.

Shanmugam et al. reported on the fabrication of Cu-
substituted HA (Cu-HA) via a precipitation method [149]. 
In addition, they used F− to substitute into the OH sites 
of the HA structure. They observed a secondary phase 
(β-TCP) with an increase in Cu2+ content from 0.5 to 2 in 
Ca10-xCux(PO4)6(OH/F)2. Importantly, they demonstrated 
that Cu-HA has an increased antibacterial effect compared 
to bare HA against S. aureus, E. coli, and C. albicans (see 
Fig. 6a). Yu. Nikitina et al. also fabricated Cu-HA through 
a precipitation method and demonstrated the antimicrobial 
activity of Cu-HA with various Cu content [119]. Further-
more, they found that a certain Cu content increased cell 
viability compared to that of bare HA. In addition, a few 
studies have demonstrated the effect of Cu-HA through 
in vivo testing. Elrayah et al. described the preparation of 
micro/nanostructured Cu-HA for bone tissue engineering 
[120]. They fabricated Cu-HA scaffolds with varying Cu 
content. As the Cu content increased, the surface structure 
of Cu-HA changed from smooth to spherical, flower-like, 

Fig. 5   a Growth activity of human osteoblast-like (HOB) cells at a 
different culturing time. ap < 0.05: growth activity was higher on HA 
between groups; bp < 0.05: growth activity was higher on 0.8 wt% 
Si-HA between groups; cp < 0.05: growth activity was higher on 2.2 
wt% Si-HA between groups; dp < 0.05: growth activity was higher on 
4.9 wt% Si-HA between groups; ep < 0.05: growth activity was higher 
on Si-HA than bare HA within groups. b Immunostained images 
of nuclear DNA (blue) and actin cytoskeleton (green) in HOB after 
1 day [118]
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and nanocrystals. They implanted flower-like Cu-HA sub-
cutaneously into the skeleton skin of New Zealand rabbits. 
They found that the Cu-HA scaffold resulted in the forma-
tion of more blood vessels compared to that of bare HA 
(see Fig. 6b). It should be noted that this is the first study 
to demonstrate the angiogenic ability of Cu-HA through 
in vivo testing.

4.6 � Sodium

Sodium ions (Na+) are essential nutrients necessary for hear-
ing ability and metabolic function [150]. It is known that 
the ionic radius of Na+ (0.102 nm) is very similar to that 
of Ca2+ (0.100 nm). Therefore, researchers expected that 
the synthesis of sodium-substituted HA (Na-HA) would be 
much easier than for other metal ions.

However, Cho et al., who first reported the synthesis of 
Na-HA via the precipitation method, found instability issues 
for Na-HA [121]. This was attributed to the charge differ-
ence between Na+ and Ca2+ ions. This system instability 

of Na-HA caused an accelerated release of constituent ele-
ments, such as Ca2+ and OH−, resulting in a positive influ-
ence on osteoconductivity (Fig. 7). However, the number 
of papers on Na-HA is extremely small compared to other 
metal-substituted HAs, as most studies have focused on the 
problem of Na + for diabetes [151].

5 � Summary and perspectives

In summary, the addition of metal ions not only helps to 
improve the physical and chemical properties of HA, but also 
its biological functions, such as osteogenesis, osteoconduc-
tivity, and angiogenesis. To understand the effects of metal 
ion substitution in HA, we first reviewed the basic properties 
of HA in natural bone in terms of their chemical, physi-
cal, and biological functions. We then summarized various 
HA synthesis methods, including: (1) dry synthesis, (2) wet 
synthesis, and (3) high-temperature synthesis. Importantly, 
all metal substituted HAs are synthesized using the original 
HA synthesis process. Finally, we classified representative 
studies on metal-substituted HAs, including Sr-HA, Mg-HA, 
Zn-HA, Si-HA, Cu-HA, and Na-HA. It should be noted that 
most metal ions lead to crystal-structured HA owing to the 
differences in ionic radius and charge. However, metal ions 
significantly improved the bone regeneration properties of 
HA in terms of osteoconductivity and angiogenesis. As such, 
it is expected that the use of metal-substituted HA will con-
tinue to be of great interest. However, there are a few issues 
that need to be addressed to further adapt metal-substituted 
HA for bone tissue engineering applications.

First, when Ca2+ is replaced with other metal ions in HA, 
there is an issue with distortion of HA crystallinity due to 
the difference in ionic radii. Although many researchers have 
chosen specific metal ions, such as Na+, with ionic radii 
relatively similar to Ca2+ to minimize this issue [121], there 
are still problems with instability. Thus, it is very important 
to further investigate the relationship between metal ions and 
Ca2+ to produce the best possible HA structure.

Second, there is a need to perform in vivo tests to inves-
tigate the effects of metal-substituted HA in the biological 
environment. To the best of our knowledge, very few studies 
have performed in vivo testing of metal-substituted HAs. 
Typically, it is almost impossible to obtain accurate biologi-
cal results from in vitro tests. Furthermore, as clinical tri-
als are necessary for the practical use of metal-substituted 
HAs in bone tissue engineering applications, in vivo testing 
should be carried out beforehand.

Finally, further studies are necessary to confirm the 
effects of metal-substituted HAs on vasculogenesis and 
angiogenesis. It is well known that angiogenesis is an 
important factor in bone regeneration because once blood 
vessels are not properly formed, the growth of cells is 

Fig. 6   a Comparison of the antibacterial effect from bare HA and 
Cu-HA with different Cu contents [149]. b Optical microscopic 
images of bare HA (control) and Cu-HA scaffold 4  weeks and 
8 weeks after implantation [120]
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inhibited [152]. A previous study reported that metal-sub-
stituted HA enhanced angiogenic activity [120]. However, 
the underlying mechanism by which metal-substituted 
HA affects angiogenic activity has not been sufficiently 
investigated for the use of metal-substituted HA in future 
bone tissue engineering applications. If these studies con-
tinue, we believe that metal-substituted HA can be used 
commercially in a wide range of bone tissue engineering 
applications.
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