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ABSTRACT: Ion substitution techniques for nanoparticles have
become an important neighborhood of biomedical engineering and
have led to the development of innovative bioactive materials for
health systems. Magnesium-doped nanohydroxyapatite (Mg-nHA)
has good bone conductivity, biological activity, flexural strength,
and fracture toughness due to particle doping technology, making
it an ideal candidate material for biomedical applications. In this
Review, we have systematically presented the synthesis methods of
Mg-nHA and their application in the field of biomedical science
and highlighted the pros and cons of each method. Finally, some
future prospects for this important neighborhood are proposed.
The purpose of this Review is to provide readers with an
understanding of this new field of research on bioactive materials
with innovative functions and systematically introduce the latest technologies for obtaining uniform, continuous, and
morphologically diverse Mg-nHA.

1. INTRODUCTION
Each year, a large number of people suffer from infections,
bone tumors, osteoporosis, various accidents, and other issues,
resulting in varying degrees of bone defects that severely affects
the lives of the patients and their physical and mental
health.1−3 One of the main treatments for a lot of bone loss is
the use of biomaterials as bone implants.4−6 The development
of biomaterials with structural properties and functions similar
to those of natural bone, such as mechanical strength, bone
integration, thermal stability, and antibacterial capabilities, has
received much attention.7−9 These studies have helped replace
autologous bone with bone substitute materials and are
believed in to be one of a growing number of activities for
human tissue replacement surgery. Current biological materials
have certain limitations, so the development direction of bone
replacement materials is to explore a novel bone repair
material, optimize the function and structure of the materials,
and improve the preparation methods of the materials to
improve their biocompatibility, biological activity, and
mechanical properties.9,10 For example, magnesium-doped
nanohydroxyapatite (Mg-nHA) is a biologically superior
bone substitute material.11−13

Magnesium (Mg) is one of the most essential elements in
the human body, with 60−65% in bones and teeth and 35−
40% in the rest of the body.14−17 Mg2+ affects bone
metabolism, regulates the activity of osteoblasts and

osteoclasts, and stimulates the process of osteogenesis.
Moreover, as magnesium is an essential element for the
human body, the element itself has no deleterious proper-
ties.18−22 Magnesium-based materials are considered innova-
tive materials for orthopedic implants due to their biocompat-
ibility and biodegradability.23−26 Magnesium-based materials,
however, have some problems. First, magnesium tends to
produce hydrogen gas during reactions in the body, creating
bubbles in the tissue surrounding the implant.27−30 This
prevents the material from binding to the tissues. Therefore, to
make magnesium-containing composites more corrosion-
resistant, the hydrogen precipitation rate must be reduced.
Numerous scholars have proposed different solutions, such as
alloying, coating, and ion substitution, to improve the
corrosion resistance of magnesium.31−33 While bone tissue
repair often takes more than three months, magnesium
implants lose their mechanical properties within six to nine
weeks of implantation.34−37 As a result, it is challenging to
maintain the integrity of the necessary mechanical properties
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throughout the healing process. This is necessary to reduce the
degradation rate of magnesium-based materials so that they
can be used in orthopedic implants.38−40

The structure and composition of hydroxyapatite (HA) are
similar to those of natural bone. It has excellent biocompat-
ibility and bone conductivity and can form chemical bonds
with the bone tissue, which is important in biomedical
engineering.41−45 However, the preparation of porous HA as
a scaffold (template) for facilitating bone regeneration and
growth has presented a formidable challenge to researchers.
The integration of additive manufacturing technology provides
the advantage of relatively rapid, precise, controllable, and
potentially scalable fabrication processes, thereby opening up
novel possibilities in the realm of bioceramic scaffolds.46

Nanoscale metal−organic frameworks (nano-MOFs), which
are three-dimensional porous nanomaterials composed of
metal ions and organic ligands with an infinite lattice structure,
represent a cutting-edge additive manufacturing technology.
The recent surge in research efforts has been directed toward
the utilization of nano-MOFs in tissue engineering applications
owing to their distinctive attributes, including tunability,
excellent biocompatibility, appropriate size, intracellular
accessibility of active sites, and expedited adsorption/
desorption kinetics.47,48 Furthermore, unlike their large-
volume counterparts, nano-MOFs offers enhanced capabilities
for delivering small materials such as drugs and biomolecules
into cells, thereby significantly improving the loading efficiency
within scaffolds.46 The preparation and research progress of a
significant opportunity for scaffolds in bone and wound tissue
engineering.
The magnesium-doped nanohydroxyapatite-based biomate-

rials, which are nano-MOF materials, have been extensively
utilized in the field of biomedicine. However, we reviewed a
large number of relevant experimental research and found that
the experimental methods of the magnesium ions mixed in

nanohydroxyapatite (nHA) are different, and it was found that
there are very few reports on the preparation methods of Mg-
nHA crystals and a lack of systematic and complete literature
reviews. This Review presents a comprehensive and systematic
overview of the preparation methods, biological character-
ization, and physicochemical properties of Mg-nHA. It
encompasses the latest research findings and development
trends in related fields while also collating and analyzing
numerous literature sources to present key issues, controver-
sies, and potential future research directions. It will provide
systematic theoretical and operational guidance for subsequent
experimental studies by scholars.

2. DOPING OF IONS WITH NANOHYDROXYAPETITE
Optimizing the performance of nHA by doping ions is the best
approach. Ion doping commonly includes cation and anion
doping in two main ways. Cationic dopants typically include
strontium ions, europium ions, terbium ions, and magnesium
ions, among others.49−51 Among them, the strontium ion can
improve the biological activity of nHA by changing its ionic
shape.52,53 Additionally, because strontium has multiple
radioactive isotopes and selective half-lives, it helps nHA
provide reliable and accurate in vivo markers for dynamic
observations of pharmacokinetics and their interactions with
cells.53 Europium and terbium ion doping is based on their
respective fluorescence properties. Under fluorescence irradi-
ation, europium-doped ions show red fluorescence and
terbium-doped ions show green fluorescence.54,55 Magnesium
ion doping modifies the morphology and physicochemical
properties of nHA, improving the biological activity and
reducing the crystallinity of the product by displacing some
calcium ions. Anion dopants include chloride ions, fluoride
ions, and carbonate ions, among others.56−58 Chloride ions
alter the morphology of nHA by partially displacing carbonate
ions. After the substitution, crystal cell parameter c becomes

Table 1. Production of Nanohydroxyapatite with Different Sizes and Shapes by Different Preparation Methods

synthetic strategy dominance morphology and size ref.

wet synthesis
sono-chemical monodispersed nanoparticles of different shapes could be produced irregular, sphere, filament, rod, tube.

monodispersed nanoparticles of different shapes
could be produced. size range: 5 nm to 1000 μm

65−68

polyol nonagglomeration, high boiling point of polyols used as the solvent as well as the
reducing agent

irregular, leaf, flake, plate, whisker, nanorods. size
range: 5 nm to 80 μm

65,69,70

microemulsions better control of particle size, restricted hard agglomeration irregular, sphere, rod, tube, flower. size range: 5 nm
to 8 μm

65, 71, 72

hydrothermal
synthesis

enhanced solubility of precursors, controlled growth dynamics irregular, sphere, rod, needle, tube, fiber, wire,
whisker, feathery structures. size range: 3 nm to
1000 μm

65, 73, 74

sol−gel synthesis molecular-level mixing of reactants improves the chemical homogeneity of
synthesized pure and hybrid nanostructures at low temperatures

irregular, sphere, rod, needle, tube, filament,
whisker, platelet. size range: 3 nm to 1000 μm

65, 75−77

coprecipitation simplest and most efficient chemical method. synthesis at room temperature. particle
size can easily be controlled by adjusting the pH and ionic strength of reaction
media. nanostructures of wide range of sizes and morphologies

irregular, sphere, rod, needle, tube, fiber, filament,
wire, whisker, strip, platelet, flower. size range: 3
nm to 1000 μm

65, 78, 79

dry synthesis
solid state well crystallized structure irregular, filament, rod, needle, whisker. size range:

5 nm to 1000 μm
65, 80, 81

mechanochemical no calcination is required irregular, sphere, rod, needle, whisker. size range: 5
nm to 200 μm.

65, 82, 83

high-temperature synthesis
thermal
decomposition

good size control, narrow size variation and good crystallinity irregular, flake, plate, sheet, formless. size range: 5
nm to 200 μm

65, 84, 85

combustion quickly procedure, high purity, single-step operation sphere, oval, ball, irregular spherical. size range: 5
nm to 200 μm

65, 86, 87

pyrolysis rod-like nanoparticles and single phase with high crystallinity and good stoichiometry nanorods embedded to micrometer form. size
range: 10 nm to 1000 μm

65, 88, 89
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smaller, parameters a and b become larger, lattice distortions
and dilation occur, and the appearance changes from needle to
sheet. The fluorine content changes the structure of fluorine-
doped nHA and leads to changes in the chemical and
biological properties.59 As the fluorine content increases, the
crystalline phase of the synthesized product changes
appropriately, but the lattice parameters and the crystal plane
spacing gradually decrease.60 Carbonate doping is based on
human solid tissue apatite, which contains varying levels of
carbonate. nHA bioactivity can be increased by ion
substitution.

3. SYNTHESIS OF NANOHYDROXYAPATITE
HA is a widely used biomaterial whose chemical structure and
physical composition strongly affect its biological and
mechanical properties in vitro and in vivo.61,62 At present,
researchers have adopted a variety of methods to prepare HA
nanoparticles; however, most of the preparation methods are
very limited in terms of economy and performance, and only a
few synthetic methods can be applied to commercially or large-

scale synthesis.63 These obstacles are not only the wide variety
of surfactants, solvents, or precursor materials required in the
synthesis process and stringent storage conditions but also the
major agglomeration and phase impurities, the complex and
costly processes, and the wide distribution of particle sizes.63

Different preparation schemes have their advantages and
disadvantages, as shown in Table 1. The preparation of
nanoscale HA is varied. The usual strategy is to maximize size,
crystallinity, particle agglomeration, stoichiometry, and geom-
etry using synthesis methods that improve on existing
processes and new routes.63−65 It is now possible to synthesize
nanoscale HA with specific compositions, repeatable sizes, and
structures at large scales. In recent years, environmentally
friendly fabrication methods,63 including template synthesis,
hydrothermal synthesis, molten salt synthesis, and biomimetics
synthesis, have been widely recognized as viable techniques for
a wide range of ceramic synthesis. nHA particles can be
prepared by various drying process technologies, such as
mechanical synthesis and solid-state fabrication. Ultrasound
chemistry, microemulsions, polyols, hydrothermal synthesis,

Table 2. Comparing the Pros and Cons of Different Synthesis Methods for Synthetic Mg-nHA

synthetic strategy preponderance disadvantage

hydrothermal
synthesis

the synthesis method is simple and has few
process control conditions

lattice defects are created, leading to an unstable crystal structure

hydrothermal
synthesis−ion
exchange

a simple way to prepare Mg-nHA particles with
superior crystallinity, dispersion, and elevated
purity

the rapid response speed led to an unmanageable size distribution and a diverse
morphology of Mg-nHA particles

chemical
precipitation

the morphology and average size of Mg-nHA
particles were controllable

the low synthesis temperature can easily lead to the formation of other CaP phases, and
multiple ions in the aqueous solution may enter the crystal structure and form
impurities

mechanochemical
synthesis

simple operation method, no process control
requirements

experimental studies are less reported, and the test results are more biased

mechanochemical−
hydrothermal
synthesis

of the smaller nanoparticles, with good stability Tval operation, many steps, process control indicators, easy to produce impurities

spark plasma
sintering

time-consuming and simple process the experimental equipment and environment necessitate stringent requirements, while
also posing certain safety issues

biomimetic synthesis low-temperature control, with a simple process experimental studies have few reports and poor stability

Figure 1. A schematic representation of the emergence of synthesis methods for Mg-nHA.
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chemical coprecipitation, and sol−gel are other wet process
technologies; high-temperature synthesis techniques such as
thermal decomposition and combustion are also employed.

4. SYNTHESIS METHOD OF MAGNESIUM-DOPED
NANOHYDROXYAPATITE

Over the past 30 years, various methods have been reported for
the preparation of nanoscale hydroxyapatite doped with
magnesium ions, including Mg-nHA nanocrystalline whiskers
and nanoparticles.90 Since each preparation method has
different control requirements on the device and the
environment, it brings multiple submethods. Therefore, it is
extremely difficult to employ specific submethods to prepare
Mg-nHA under different experimental conditions, and the size
and structure of the resulting nanoparticles are also different.
From a literature review, we summarize the preparation
methods. By comparing different methods (Table 2), a
practical, economical and efficient scheme for obtaining Mg-
nHA can be chosen. A schematic representation of the
emergence of synthesis methods of magnesium-mixed nano-
hydroxyapatite is shown in Figure 1.
4.1. Mechanochemical−Hydrothermal Synthesis. Me-

chanochemical−hydrothermal synthesis is a modified techni-
que that combines mechanical methods with hydrothermal
synthesis. Calcium salts, magnesium salts, and nitrates were
dissolved in deionized water, vigorously stirred by a magnetic
stirrer, and ground by grinding instruments to obtain initial
Mg-nHA particles. The initial particles are treated with citrate
at a certain temperature and pH to finally obtain purified
particles. Specifically, first, 0−23.2 g of calcium hydroxide and
1.003−20 g of magnesium hydroxide powder were mixed with
350 mL of deionized water. Then, 25.892−29.41 g of
ammonium hydrogen phosphate powder was added to the
mixture under magnetic stirring for 10 min to maintain the
molar ratio of (Ca + Mg)/P at 1.67. The pH of the mixture
was controlled to be 9.94−10.44. The mixture was then put
into a lab-scale mill equipped with a zirconia liner and the
zirconia ring grinding medium for grinding. The treatment was
started at 1500 rpm for 1 h at a temperature of 29 to 33 °C,
followed by 800 rpm for 4 h at a temperature of 25−28 °C.
The mixture was then centrifuged at 4500 rpm for 30 min, and
the centrifuged precipitate was dried in an oven at 70 °C for 24

h and ground to a powder to obtain the preprepared Mg-nHA.
The prepared impure Mg-nHA powder containing unreacted
magnesium hydroxide was then placed into a 0.2 M citric acid
solution for purification. After solid-phase washing, the washed
Mg-nHA powder was subsequently centrifuged at 4500 rpm
for 30 min, dried in an oven at 70 °C for 24 h, and ground to a
purified Mg-nHA powder.91 Although this method can be used
to prepare smaller nanoparticles, it is cumbersome with many
steps, process control indicators, and easy impurity generation
and has seen few applications in recent years.
Chen et al.92 mixed (Ca(OH)2 and (Mg(OH)2) in

deionized water and gradually added (NH4)2HPO4 to the
mixed solution. The reaction mixture was stirred vigorously
with a magnetic stirrer and a multiring medium mill with a
rotation speed of 1000−5000 rpm at a reaction temperature of
22−32 °C. After freeze-drying, the initial particles were placed
in an ammonium citrate bath solution, the final pH of which
was adjusted to 8.9. The purified nanoparticles were obtained
after a “citrate treatment” and a “heat treatment”. The freeze-
dried powder was found to have a lower degree of
agglomeration than regular oven-dried powder. The particle
size can be reduced to 10.5 nm after treatment with pure
citrate, and a large number of nanotubes can be produced
repeatedly under controlled composition and phase conditions.
Suchanek et al.91 also used Ca(OH)2, Mg(OH)2, and

(NH4)2HPO4 as raw materials. First, a suspension of a powder
mixture containing Ca(OH)2 and Mg(OH)2 was prepared in
deionized water in a glass beaker. Subsequently, the
(NH4)2HPO4 powder was slowly added, and the slurry was
placed in a laboratory-scale mill equipped with a zirconium
liner and a zirconium ring grinding medium. High purity
nanoparticles were obtained by purifying ammonium citrate
water, and the stability of the particles was better after heat
treatment at 900 °C. The concentration of Mg in Mg-nHA
obtained by the mechanochemical−hydrothermal synthesis
method is as high as 28.4 wt % compared to 5 wt % obtained
by other methods of synthesizing Mg-nHA from aqueous
solutions. The alternative level of Mg in Mg-nHA powder
prepared by this preparation method is higher than those of
nanoparticles prepared by other methods. As the number of
Mg particles increases, the composites have higher osteoin-
ductivity and other biological activity.

Figure 2. Schematic representation of the hybrid nanocomposite porous bead preparation process.
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4.2. Chemical Precipitation. Among the many synthesis
methods, chemical precipitation is one of the most widely
used.14 The advantage of chemical precipitation is that the
morphology and average size of the product is controllable.93

In the synthesis process, aqueous solutions of calcium salts and
phosphates are mixed and then, after evaporation, sublimation,
or hydrolysis, appropriate surfactants and pH regulators are
chosen to gradually generate homogeneous Mg-nHA non-
participants. Finally, the resulting precipitate is centrifuged,
washed, and freeze-dried.94,95 Concisely, 260 mL of solution
containing 0.6 M calcium nitrate tetrahydrate and 0.2 M
magnesium chloride hexahydrate were combined in 240 mL of
0.4 M ammonium dihydrophosphate solution (added to 4 M
sodium hydroxide solution to maintain pH 9) and stirred
under magnetic stirring conditions for 2 h. The white
precipitate was separated by filtration on Whatman No.1 filter
paper and rinsed several times with plenty of ultrapure water.
The precipitate was dried at 50 °C for 24 h to yield Mg-nHA
nanoparticles.96 The main disadvantages of the wetting
method are that the low synthesis temperature can easily
lead to the formation of other CaP phases, and the second is
that multiple ions in the aqueous solution may enter the crystal
structure and form impurities.93,97

Alagarsamy et al.96,98 synthesized by a chemical precipitation
method using Ca (NO3)2·4H2O, MgCl2·6H2O, and (NH4)-
H2PO4 as raw materials and NaOH as pH regulator at 50 °C.
Nanoparticles synthesized in this way have a rod-like structure
with an average size of 82.62 nm. Alagarsamy’s related research
process96 is shown in Figure 2.
Using Ca (NO3) 2·4H2O, MgCl2·6H2O, and (NH4)H2PO4

as raw materials and ammonia as the pH regulator, Shoba et
al.94 synthesized Mg-nHA by chemical precipitation at 90 °C.
The nanoparticles synthesized in this way have a rod-like
structure with an average size of 70 nm. It was also found that
magnesium doping suppresses the crystallization of nano-
hydroxyapatite, resulting in smaller nanoparticles.
Lilley et al.99 synthesized Mg-nHA by a chemical

precipitation method using Ca(NO3)2·4H2O, Mg(NO3)2·
6H2O, and (NH4)·H2PO4 as raw materials, ammonia as the
pH regulator, pH = 11, and a controlled temperature of 25 °C.
It has been found that the lattice parameters of nHA increase

with increasing magnesium content, which is thought to be due
to the adsorption of magnesium onto the nHA core resulting
in structural changes that destabilize the crystalline calcium
phosphate. As the magnesium content increases, the
mechanical properties of Mg-nHA decrease significantly.
4.3. Mechanochemical Synthesis. Mechanochemical

synthesis100 is a dry preparation technique in which calcium
salt, phosphate, and magnesium salt powders are mixed in air
and ground in a specific grinding apparatus according to a
certain ratio of materials. The method is simple to operate and
has no stringent environmental requirements during the
experimental process. However, there are few reports on the
fabrication techniques of this method, and the experimental
results are somewhat biased. In the future, more experiments
are needed to verify the feasibility and superiority of the
preparation scheme.
Briefly, precursors Ca(OH)2, (NH4)2HPO4, and Mg(OH)2

were mixed in a planetary ball mill with zirconia vials and ball
as grinding medium, and the molar ratio of (Ca + Mg)/P was
1.67. The powder-to-ball mass ratio is fixed at 1:5. Set the
speed and milling time to 370 rpm and 15 h, respectively. Each
milling session lasts 45 min, with a 15 min pause, resulting in
the final Mg-doped hydroxyapatite particles.101 The reaction
equation for Mg-doped hydroxyapatite in three precursors is
given in the following equation:

+ +

+ +

x x

x

(10 )Ca(OH) Mg(OH) 6(NH ) HPO

Ca Mg (PO ) (OH) 12NH OH (6 )H Ox x

2 2 4 2 4

10 4 6 2 4 2

where x = 0, 0.1, 0.3, 0.5 is denoted as the Mg2+ molar
concentration. The different peak resolutions and broadening
of the synthesized powders are due to the intensity of the nHA
peak in the XRD decreasing with increasing Mg2+ concen-
tration. This trend is also consistent with the results of studies
Caciotti et al.102 using the precipitation technique and the
mechanical hydrothermal method.
4.4. Spark Plasma Sintering. Spark plasma sintering is a

method of sintering samples with pure magnesium and pure
nanohydroxyapatite powder under appropriate pressure in a
vacuum environment using pulsed DC current.103−105 In
detail, magnesium powder and nanohydroxyapatite with an
average particle size of 180 μm and purities of 99.5% and 95%,

Figure 3. Schematic illustration of a spark plasma sintering (SPS) system for manufacturing magnesium−hydroxyapatite composites.
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respectively, were used as starting powders. The two powders
were mixed according to four combined forms (0, 8, 10, and 12
wt % HA, and the rest were Mg) in argon using a planetary
microsphere mill at 500 rpm for 10 min. The different groups
of mixed powders were then separately compacted at 10 MPa
for 1 min to form a green powder in a graphite mold. Then, the
cells were sintered by discharge plasma sintering (SPS) at 500
°C for 10 min under a uniaxial pressure of 50 MPa. Finally,
Mg-doped nanohydroxyapatite was obtained. The preparation
process is shown in Figure 3. Compared to conventional
sintering methods, this technique has the advantages of high
intensity, low voltage, and pulsed current and can sinter
samples in a short time.106,107 The powder is surrounded by a
graphite mold and punch for compaction, and the copy paper
is placed between the powder and punch for easy removal of
the compaction after sintering. In the vacuum chamber, the
graphite dies and the punch containing the powder are
sandwiched between the graphite gaskets. Compared to
conventional sintering methods, this method has a shorter
sintering time and a smaller process.108,109 After the sintering
process, the samples were cooled to room temperature in a

vacuum chamber. However, this approach is highly demanding
for experimental equipment and the experimental environ-
ment. The wide application of this synthesis method is limited
by the fact that pure magnesium powder is prone to exploding
in air, which introduces some security risks to the experiment.
At the same time, the discharge and generation processes of
plasma are highly controversial in the research community.110

Nakahata et al.110 stirred the sample at 500 rpm for 10 min
in an argon atmosphere using a planetary micro ball mill. The
mixed powder is compacted in a graphite die for one min at 10
MPa to form a green compact. Then, spark plasma sintering
(SPS) was performed at 500 °C and 50 MPa uniaxial pressure
for ten min. Nanoparticles with a particle size of 32 nm were
prepared. Although the process is performed under vacuum
conditions, there is sufficient air between the powder in the
chamber and the mold. Since the process is performed at high
temperatures, oxidation occurs more readily than at room
temperature. Therefore, this scheme is prone to impurities
such as MgO.105,111

Moradi et al.112 screened 800−900 μm pure magnesium
particles and nanohydroxyapatite under the condition of a

Figure 4. Process of fabricating apatite hybrid materials. (A) Coprecipitation method. The calcium solution is mixed with collagen and then a
phosphate solution. (B) The collagen and calcium premixed solution is pressed through a filter membrane. The collagen fibers from the left side are
mineralized when meeting phosphate solution. (C) The molecular templates are made into gels with porous structures. The calcium and phosphate
ions diffuse into the gel and form crystals.

Figure 5. Mechanisms of the multimolecular template-regulated mineralization process by fibrous templates.
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spacer (urea) to prepare nanoparticles by plasma sintering.
Experimental results show that the prepared nanoparticles are
less than 30 nm in size and the nanoparticles of nano-
hydroxyapatite are distributed almost uniformly over the
magnesium matrix. Mechanical and corrosion tests showed
that the Mg-nHA composites with 2 and 4 wt % had the best
properties, with the same strength and elastic modulus as
human cancellous bone.112,113

4.5. Biomimetic Synthesis. Mg-nHA materials were
prepared by biomimetic mineralization, in which material
ratios with a similar composition comapred to human bone
tissue are used to simulate the environmental growth and
formation process of normal human bone tissue in an
environment close to human temperature.114,115 This method
allows low temperatures to be controlled during preparation,
and the process is simple and closer to the bone formation
process. This is a highly effective preparative procedure that
deserves further validation and improvement. First, 0.5 g of
tType I collagen was dissolved in 100 mL of deionized water,
followed by the addition of 450 mL of 0.1 M calcium chloride,
50 mL of 0.1 M magnesium chloride, 300 mL of 0.1 M sodium
hydrogen phosphate, 40 mL of 1 M citric acid, and 3.6 g of
sodium chloride. The reaction took place in a water bath at 37
°C. After the mixture stirred for a period of time, a certain
amount of 4 M sodium hydroxide solution was added
dropwise, the pH was adjusted to 9−10, and the mixture
was stirred for 2 h. Then, the obtained slurry was incubated in
an incubator at 37 °C for 7 days. The resulting precipitate was
suspended in 75% ethanol and centrifuged, and the washing
process was repeated three times. Finally, the samples were
freeze-dried to obtain Mg-nHA powder.92 Ma et al.116,117

prepared Mg-nHA nanoparticles by biomimetic mineralization
using collagen fibers and citric acid as double template
materials. The shape of the Mg-nHA particles is lamellar with a
size of 30−50 nm, similar to the shape of HA in natural human
bone. Ma’s related research process117 is shown in Figures 4
and 5.
However, the application of the experimental method in the

preparation of Mg-nHA has rarely been reported, which makes
the stability of this method in doubt. More relevant studies will
be needed to confirm it later.

4.6. Hydrothermal Synthesis. Hydrothermal synthesis is
the method of growing Mg-nHA at a certain pH, pressure, and
temperature using aqueous solutions containing calcium,
phosphorus, and magnesium as precursors and reacting
solutions. After cooling, washing, and drying, the sample is
ground into powdery nanoparticles. First, 0.1 mol/L Ca-
(NO3)2·4H2O solution, 0.06 mol/L NH4H2PO4 solution, and
0.1 mol/L Mg(NO3) 2·6H2O solution were combined
according to (Ca + Mg)/P = 1.67. The solution of calcium
ions, phosphate ions, and magnesium ions was mixed
proportionally, and 1 mol/L acetamide solution was added
as acid−base sustained-release agent. The solution was stirred
evenly by a magnetic agitator, then the pH value of the
solution was adjusted to 3. Finally, the prepared solution was
put into a high-pressure reactor, the temperature was increased
to 180 °C for reaction, and the target product Mg-nHA
nanoparticles were obtained. The preparation process is shown
in Figure 6.
The nHA prepared by Zhao et al.118 by the hydrothermal

method is hexagonal, and the average length and width of the
particles are about 100 and 30 nm, respectively. The average
length and width of Mg-nHA prepared in the same way are
about 80 and 30 nm. The aspect ratio of the nanoparticles was
found to decrease with increasing Mg content, which is
thought to be caused by the suppression of grain growth and
lattice distortion when the Mg element is substituted in
nHA.118 In the hydrothermal synthesis of Mg-nHA composite
with an acid−base slow-release agent at pH = 3 and a
temperature of 180 °C, Zhang et al.119 found that with the
increase of Mg2+ content. This is mainly because the radius of
Mg2+ (70 pm) is smaller than that of Ca2+ (100 pm). When
Mg2+ enters the nHA crystal to replace Ca2+, lattice distortions
are induced, directly leading to changes in the crystallinity, unit
cell parameters, and morphology of nHA. When the doping of
Mg2+ is less than 5%, the value of the unit cell parameter a of
Mg-nHA remains essentially unchanged and the XRD shows
no impurity phase. Only when the doping of Mg2+ reaches 8%
does the value of a decrease, and the XRD pattern indicates the
presence of an impurity phase, which is directly related to the
difference in radii between the calcium and magnesium ions.119

The rod-like Mg-nHA nanoparticles with uniform particle size,

Figure 6. Experimental diagram of the preparation of Mg-nHA by hydrothermal synthesis.
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a width of about 20 nm, a length of about 100 nm, and
irregular pores of about 2−4 nm on the surface of the particles
were obtained by hydrothermal synthesis using cetyltriethy-
lammonium bromide (CTAB) and ammonia solution (NH3·
H2O) as adjuvants. The obtained nanoparticles were found to
be of high purity, and the Mg substitution had no effect on the
morphology, particle size, zeta potential, or surface area of the
nanoparticles.120

Hydrothermally synthesized nHA is typically a calcium-
deficient apatite, and the phosphate in the crystal readily
breaks down to form pyrophosphate upon heating. When Mg2+
enters the nHA lattice to replace Ca2+, lattice defects are
created, leading to an unstable crystal structure. In the nHA
crystal containing calcium defects, the combination of OH− is
unstable and reacts with pyrophosphate to form the crystal
phase of β-TCP. Therefore, the greater the concentration of
Mg2+, the more lattice defects, and the greater the content of β-
TCP. When the calcination temperature gradually increases
from 800 to 1000 °C, XDR shows additional impurity phases,
indicating that the calcination temperature and the doping
amount of Mg2+ are major technical difficulties affecting the
nanosynthesis.119

4.7. Hydrothermal Synthesis−Ion Exchange. The
hydrothermal synthesis−ion exchange method is a method to
prepare Mg-nHA by hydrothermally synthesizing nHA,
dispersing it into a solution containing Mg2+ particles, inducing
cation exchange on the surface of the nanoparticle by magnetic
stirring for a certain time, and finally washing, freezing, and
drying. Briefly, a 60 mL solution containing 20 mM calcium
nitrate tetrahydrate and 12 mM ammonia hydrogen phosphate
was magnetically stirred and adjusted to a pH < 5 by adding
nitric acid. Then, 0.9 g of sodium citrate triethyl dihydrate was
added to the solution, and the mixture was transferred to the
autoclave for another 15 min. After heating at 180 °C for 2
min, the nanohydroxyapatite particles were obtained by
cleaning with deionized water and freeze-drying for 24 h.
Then, 500 mg of nanohydroxyapatite particles were weighed
and added into 50 mL of magnesium chloride solution, and the
cationic exchange process was induced on the surface by
magnetic stirring at room temperature for 24 h. The
synthesized Mg-nHA particles were separated by ultra-
centrifugation (100 000 rpm, 15 min), washed with deionized
water, freeze-dried for 24 h, and then collected by using a
mortar and pestle.121

Mg-nHA and nHA show the same spectrum, indicating that
the bulk structure of nHA does not change significantly after
substitution. It moves to higher angles as the concentration of
the Mg2+ solution increases. These results suggest that the
substitution of Mg2+ on the bare nHA surface affects the lattice
contraction along the c-axis direction. Cox et al.’s122−124

description of the lattice change when Mg2+ is added to the
HA structure is consistent.
It was confirmed that the substitution process introduces

Mg2+ into the surface structure of nHA, which reduces the c-
axis lattice parameter of nHA. In general, substitution by
cations larger than Ca2+ leads to a lattice expansion of nHA,
whereas substitution by smaller cations reduces the volume of
c-axis dimensionally.125,126

Compared with other methods, this method is considered as
a simple way to prepare Mg-nHA particles with superior
crystallinity, dispersion, and elevated purity. However, the
addition of a pH regulator shifts the pH value of the solution
rapidly, resulting in extremely fast reaction rates. Therefore,

controlling the particle size distribution and morphology of
Mg-nHA has become a major obstacle to the hydrothermal
approach.

5. APPLICATIONS OF MAGNESIUM-DOPED
NANOHYDROXYAPATITE

Magnesium-doped nanohydroxyapatite-based biomaterials
have been reported in the field of biomedicine, mainly
focusing on tissue engineering. In addition, there are a few
reports in other fields such as bone defects, cartilage repair,
periodontal diseases, angiogenesis, and cell transmembrane
transmission.
The main goal of bone tissue engineering is to promote the

integration and expedite the regeneration process of damaged
bones. However, researchers have focused extensively on
biodegradable polymer scaffolds due to various challenges
associated with metal implants, such as stress shielding,
palpation concerns, and worries about biocompatibility.
Incorporating magnesium nanohydroxyapatite into these
polymeric scaffolds not only enhances physical and chemical
properties but also improves their biological characteristics and
antibacterial activity. Lett et al.127 utilized 3D printing to create
a scaffold made of Mg-doped hydroxyapatite-coated polylactic
acid (PLA). The synthesized composite exhibited a three-
dimensional porous structure and demonstrated excellent
blood compatibility, thereby facilitating efficient nutrient
delivery and promoting protein uptake. Magnesium-doped
nanohydroxyapatite scaffolds based on PLA were synthesized
by Swetha et al.128 and demonstrated exceptional cell adhesion
properties and verified osteogenic potential at the cellular level
through mesenchymal stem cells assay. Sedghi et al.129

successfully grafted polycaprolactone onto chitosan and
developed a novel scaffold based on copper(I)-catalyzed
azido-alkynyl cycloaddition (CuAAC), incorporating Mg-
nHA. Their findings demonstrated that the incorporation of
a triazole ring into the copolymer chemical structure
significantly enhanced the bone mineralization ability of the
fabricated scaffold while exhibiting negligible cytotoxicity. The
effect of incorporating zinc ions into magnesium-doped
nanohydroxyapatite-based biomaterials remains controversial.
Kazimierczak et al.130 investigated the addition of magnesium
and zinc ions to chitosan−agarose−hydroxyapatite scaffolds
but did not observe any enhancement in biological properties
compared to the sole addition of zinc ions. They proposed that
including zinc ions in polymer scaffolds based on Mg-doped
nanohydroxyapatite did not yield favorable effects on cellular
behavior. Conversely, Dittler et al.131 arrived at an opposing
conclusion, potentially due to variances in experimental
outcomes arising from disparate scaffold materials employed
by both groups. Consequently, further experiments are needed
to validate the biological performance. Furthermore, Scalera et
al.132 successfully fabricated nanoporous scaffolds made from
magnesium-doped Sr-limestone using high-temperature sinter-
ing to achieve exceptional thermal stability. According to their
findings, the presence of 0.5 wt % magnesium and strontium
leads to optimal thermal stability and mechanical properties,
emphasizing the essential role of Mg and Sr doping in attaining
bone remodeling functionality in a promising bone-mimetic
matrix suitable for cellular growth and proliferation.
In the investigation of bone defect repair, Ahmadzadeh et

al.133 conducted a study in which they implanted Mg-nHA
particles in a rabbit tibial osteotomy model and evaluated the
ability of the graft to promote bone tissue growth in vivo.
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Upon examination 4fourweeks after surgery, the grafts were
successfully replaced by new calcified tissue without any signs
of inflammation or infection. Therefore, it can be concluded
that grafts constructed with Mg-doped nanohydroxyapatite are
an effective alternative material for conductive bone tissue.
In the study of a biocoating application, Xing et al.134 used

nHA derived from porcine bone to synthesize magnesium-
doped particles, which were then coated onto the surface of
porcine bone. The results of both in vivo and in vitro
experiments showed that 20% Mg-doped nHA displayed
superior osteogenic properties and effectively eliminated excess
material while maintaining an inherent average pore size of 300
μm, a three-dimensional porous skeleton structure, and
controlled release of magnesium ions with immunomodulatory
effects on macrophages at appropriate concentrations.
In the past few years, researchers have been primarily

focused on finding solutions to the difficulties related to the
regeneration of bone and cartilage. Chitosan has emerged as a
highly regarded biomaterial in this field due to its exceptional
ability to enhance both cartilage and bone healing. Roffi et
al.135 developed a novel composite scaffold incorporating
magnesium-doped hydroxyapatite and assessed its potential for
bone-cartilage regeneration in a sheep model to investigate the
regenerative capacity of collagen and chitosan scaffolds.
However, their study did not observe any discernible
regeneration of cartilage or the underlying bone tissue.
These findings suggest that further research is required to
determine the optimal formulation of magnesium-doped
hydroxyapatite-enhanced composite materials for applications
in bone-cartilage regeneration.
Typically, tooth extraction or periodontal disease can have

an impact on the supporting tissues surrounding the teeth,
including the periodontal ligament, alveolar tissue, and gingival
tissue. The objective of periodontal treatment is to promote
cell regeneration through a concept of tissue regeneration.
However, in clinical practice, secondary surgery becomes
necessary due to the nondegradability of most biomaterials.
Introducing a biodegradable nanofiber scaffold made from
polymers for delivering essential regenerative bioactive
substances represents a relatively novel approach. Shoba et
al.94 discovered that incorporating Mg-nHA into a function-
alized polymer scaffold significantly enhances its biological,
thermal, physicochemical, and mechanical properties. More-
over, the synthesized nanobiomaterial exhibits promising
antibacterial activity and blood compatibility and also improves
the cell proliferation capability and the migration rate in in
vitro experiments. Canullo et al.136 conducted a clinical trial to
observe patients who had undergone ridge preservation surgery
for either 4 or 12 months. They found that at the 4 month
mark, collagen matrix remodeling started from the apex and
proceeded in a coronal direction, showing increased activity
around the transplanted particles. After 12 months following
surgery, complete socket regeneration was observed, with well-
structured mineralized bone tissue filling in around the
remaining biomaterial particles. These findings also verified
substantial degradation and absorption of the transplanted
material throughout the experimental period. Based on the
aforementioned fundamental and clinical trials, it can be
inferred that biomaterials based on Mg-nHA exhibit significant
potential for advancement in the field of oral medicine.
Despite the substantial influence of ion substitution on the

biological performance of hydroxyapatite, there is still a limited
understanding regarding its effects on nanoparticles. Several

researchers have examined the microscopic perspective to
explore how cellular behavior is influenced by Mg-nHA.
Bonany et al.137 employed two distinct types of nanoparticles,
nHA and Mg-nHA, to investigate their interaction with MG-63
cells. Following the introduction of these nanoparticles during
cell culture, the authors observed the formation of numerous
calcium-rich vesicles through calcium fluorescence probe
imaging. These multivesicular bodies potentially serve as
reservoirs for calcium ions upon cellular uptake. Furthermore,
it was confirmed at a microscopic level that these nanoparticles
undergo significant degradation within MG-63 cells, thus
validating the biodegradable properties of Mg-nHA. The
theory of nanoparticle internalization still presents several
unresolved issues; however, it has also revealed numerous
novel possibilities. In their investigation on the impact of
magnesium-doped hydroxyapatite nanoparticles on cellular
behavior, Zhao et al.138 made a significant observation that the
surface charge of nanoparticles profoundly influences MG-63
cells. Excessive negative charge hinders internalization; never-
theless, this phenomenon was not observed in experiments
involving bone marrow mesenchymal stem cells. Conse-
quently, we can conclude that magnesium doping primarily
affects MG-63 cells with high cytotoxicity and does not exert
any influence on bone marrow mesenchymal stem cells. This
finding further substantiates the notion that stimulants can
serve as valuable tools for modulating nanoparticle internal-
ization.
However, it is worth mentioning that a limited number of

papers have conducted comprehensive evaluations on the in
vivo biological characteristics of biomaterials based on Mg-
nHA. Despite many in vivo studies carried out and published
on these materials, their outcomes often fail to meet the
criteria for large-scale production. Bridging the divide between
laboratory research and clinical implementation will necessitate
substantial endeavors. It is crucial to establish close
collaboration among chemists, scientists, biologists, bioengi-
neers, and clinicians in order to transform intriguing research
discoveries into medically applicable materials.

6. CONCLUSION AND FUTURE PROSPECTS
This Perspective mainly introduces the preparation techniques
of various Mg-nHAs. The physicochemical properties of
nanoparticles are often affected by the morphology and
crystallinity of the particles. We found that the particle
synthesis process played an important role in the formation of
the morphology and crystallinity of the Mg-doped nano-
particles. Different morphologies of Mg-nHA particles (rod-
like, flake-like, and rod-like) can be prepared due to different
precursors, pH levels, temperature , pressure , etc.
The Mg-nHA particles prepared by hydrothermal synthesis

have a rod-like structure, and the particle size is less than 100
nm. When the amount of Mg2+ is not more than 5 wt %, the
obtained nanoparticles have high purity, and Mg substitution
has no effect on the morphology, particle size, zeta potential,
and surface area of the nanoparticles. The hydrothermal
synthesis ion exchange method is regarded as a simple method
for preparing samples with crystallinity, high purity, and good
dispersion. The obtained Mg-nHA particles exhibit no obvious
change in the shape and structure of the original nano-
hydroxyapatite particles. The disadvantage of this preparatory
approach is that the addition of pH regulator in the synthesis
process makes the pH value of the solution change rapidly,
resulting in a too fast reaction rate and affecting the particle
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size distribution and morphology of the nanoparticles.
Chemical precipitation is one of the most widely used
methods. This method can prepare Mg-nHA particles with
controllable morphology and uniform particles at low temper-
ature. It is also these low temperature conditions that are more
likely to cause the formation of CP phase impurities during the
synthesis. As a dry synthesis technology, mechanochemical
synthesis is simple to operate and has no stringent environ-
mental requirements during the experimental process. This is
the most suitable and most worthy preparation strategy, but
there are few reports on this method in the past decade, and
the validity and reliability of the results are questioned.
Mechanochemical−hydrothermal synthesis is an innovative
synthesis scheme. Combining the advantages of mechano-
chemical and hydrothermal synthesis, Mg-nHA with a smaller
particle size (10.5 nm) can be prepared and can be repeatedly
produced under the condition of controlling composition and
phase. The combination of the two methods increases the
complexity of the preparation process and the difficulty of
process control, and the purity of the obtained product is also
challenged. The spark plasma sintering method is used to
synthesize Mg-nHA particles under a vacuum environment in
high-temperature and high-pressure conditions. The synthe-
sized particles have a small particle size (<30 nm) and uniform
distribution. Due to the high requirements for the experimental
process and experimental equipment, the wide promotion of
this preparation method is extremely limited. Biomimetic
mineralization is one of the various preparation methods. The
preparation environment, conditions, and precursors are
closest to the growth and formation process of real human
bone tissue. This is an ideal method of synthesis and deserves
extensive study and generalization.
To date, there are still many open questions and challenges

within this field that need to be investigated in detail. Future
trends in the morphology and properties of Mg-nHA for
biomedical applications may lie in the following areas: (1) The
application of Mg-nHA is still in its infancy, and further
research is needed, such as whether Mg-nHA can significantly
improve biocompatibility and bone induction in artificial
biomaterials. (2) A key question to be addressed is the lattice
defects of the Mg-nHA particles. Effective strategies to reduce
lattice defects in experimental products should be further
investigated in future experimental studies. (3) There have
been many studies on the morphological control of nano-
particles during preparation but very few on the fine-size
control. Understanding the reaction mechanisms of a different
method of synthesis will not only help to improve existing
techniques but may also shed new light on the development of
new control strategies to obtain nanoparticles with better
morphology and size. (4) Although various methods have been
reported for preparing Mg-nHA, the resulting nanoparticles
vary widely in size. The synthesis of stable, homogeneous,
high-aspect-ratio Mg-nHA will be a hot topic in the future.
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