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Abstract

Biodegradable magnesium (Mg) alloys have received increased attention as temporary medical implants due to their mechanical properties
and density, similar to natural bone. However, the fast corrosion of Mg alloys in a physiological condition limits their wide applications.
Hence, hydroxyapatite (HAp) coatings on Mg alloys have attracted much attention to address this corrosion issue and enhance the surface
functionalities. In this paper, we present a review of HAp coating strategies on Mg alloys, including the sol-gel method, hydrothermal
treatment, biomimetic coating, electrochemical deposition, electrophoretic deposition, and plasma electrolytic oxidation technique, and their
recent progress to enhance the surface characteristics of Mg alloys. This review focused on aspects of coating morphology, hybrid formulations,
and how they influence corrosion behavior as well as in vitro and in vivo performance. Moreover, we have discussed the future prospects of

HAp-coating strategies, emphasizing on multifunctional, hybrid, and smart coatings for next-generation implant materials.
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Keywords: Mg alloys; Hydroxyapatite; Coatings; Corrosion; Implants.

1. Introduction

Biodegradable magnesium (Mg) alloys have become
promising materials for making temporary biomedical im-
plants, especially in orthopedic and dental applications [1].
Mg-based alloys exhibits mechanical properties and density
similar to natural bone. These features allow Mg alloys to
provide adequate mechanical support without causing stress
shielding [2,3]. Moreover, Mg is an essential element in the
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human body and plays a key role in metabolic and enzymatic
functions. However, the fast corrosion rate of Mg alloys in
physiological conditions remains a significant challenge [4—6].
This often leads to early loss of mechanical strength, local-
ized hydrogen production, and unwanted biological reactions.
Hence, addressing this problem is essential to maximizing
the potential use of Mg-based biodegradable implants. One
strategy developed to reduce corrosion and improve biolog-
ical performance of Mg alloys making HAp coating on its
surface [7,8]. As a bioactive ceramic with excellent proper-
ties for bone growth, HAp improves corrosion resistance and
promotes bone bonding. Therefore, modifying the surface of
Mg alloys with HAp has become a key area of research [7,8].

This review overviews recent advances in HAp coating
methods for Mg alloys, such as sol-gel, hydrothermal treat-
ment, biomimetic, electrochemical, electrophoretic deposition,
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and plasma electrolytic oxidation. The focus is on coating
structure, hybrid and composite formulations, and how this
affects corrosion resistance and in vitro and in vivo perfor-
mance. Finally, this review explores new possibilities, includ-
ing multifunctional innovative coatings, bioactive interfaces
for drug delivery, and additive manufacturing techniques like
3D-printed HAp-coated Mg scaffolds to enhance the poten-
tial applications of Mg alloys for orthopedic and dental biore-
sorbable implants.

2. Mg alloys in biomedicine

Metallic alloys are plays an important role in the biomed-
ical implant industry. They have good mechanical strength,
corrosion resistance, and biocompatibility, which are impor-
tant for their applications [9]. Among these alloys, 316 L
stainless steel is commonly used for load-bearing implants
owing to its strong mechanical properties and low cost [10].
However, the main concern is the release of nickel and
chromium ions [11]. Cobalt-chromium alloys are still pre-
ferred for load-bearing applications, like hip and knee replace-
ments, because of their strong wear resistance and corrosion
stability [12]. Titanium and titanium alloys, especially Ti-6Al-
4V and Ti-6Al-7Nb, are used as a long-term orthopedic and
dental implants owing to high biocompatibility, corrosion re-
sistance, and good strength-to-weight ratio [13]. The excel-
lent biocompatibility and corrosion resistance of zirconium-
niobium (Zr-Nb) and tantalum (Ta) alloys make them poten-
tial candidates for next-generation implant materials [11,14].
Recently, magnesium-based alloys have attracted much atten-
tion as biodegradable implants that dissolve in the body while
promoting new bone growth [1,15]. Improving metallic alloys
through surface modification is crucial for boosting their bi-
ological performance and expanding their use in biomedical
engineering.

As the lightest structural metal, Mg has drawn consider-
able attention for its potential in biomedical applications [16].
It is among the principal essential elements naturally partic-
ipating in several physiological processes, such as cellular
metabolism, enzymatic actions, protein synthesis, and neuro-
muscular function in the human body. This inherent biofunc-
tionality highly corroborates Mg as a material for medical im-
plants [17]. High natural abundance, low cost, and convenient
mechanical properties make Mg as a promising alternative to
traditional materials used in clinical applications [18,19]. In
orthopedics and related medical fields, implant material is es-
sential for the overall success of surgery and patient recovery.
Materials such as traditional metallic implants made from ti-
tanium alloys, stainless steel, and cobalt-chromium alloys are
the most commonly used choice for these implants because
of their excellent mechanical strengths, corrosion resistance,
and an established performance [20,21]. These implants are
permanent and usually remain in the body long after the heal-
ing process. Unfortunately, removal of the implant is required
in many cases, which needs another surgical procedure. Mg-
based materials can effectively address this limitation [2,22].

One of the prominent characteristics of Mg alloys is their
biodegradability in physiological conditions. Under the phys-
iological environment, Mg slowly degrade to form magne-
sium hydroxide and hydrogen gas. The body then absorbs or
excretes these products. These unique self-degrading charac-
teristics permit Mg-based implants to gradually dissolve as
the regenerated surrounding tissue replaces the implant, thus
eliminating the need for surgical removal and reducing the
overall burden on healthcare systems [22-24]. Fig. 1 depicts
an essential correlation between the degradation rate of Mg
implants and their mechanical strength with bone healing. Ini-
tially, Mg implants provide sufficient mechanical support to
stabilize fractured bone. As healing progresses, the implant
is loose while the bone gains strength. This provides support
only through healing without unnecessary retention of foreign
materials in the body [4].

Mg alloys are biodegradable and also show good biocom-
patibility. This property is essential for materials used in med-
ical applications [22,23]. Many in vitro and in vivo studies
have shown that the body tolerates Mg and its degradation
products, resulting in little inflammatory response and fa-
vorable interaction with surrounding tissues [2,22,25,26]. Mg
ions play an essential role in bone remodeling and regenera-
tion, thus making them very suitable for Mg-based implants
in orthopedic and dental applications [2,3]. Fig. 2 shows a
diagram of how Mg alloys help bone healing by changing
immune responses, improving blood vessel formation, sup-
porting bone growth, and controlling osteoclast activity when
used as bone implants. The elastic modulus for Mg is very
similar to that of human bone [3,27]. Table 1 compares Mg-
based alloys, pointing out the differences in mechanical prop-
erties based on their composition [4]. These differences high-
light how alloy composition is crucial for developing Mg-
based materials in biomedical implant applications [4]. These
differences emphasize the importance of alloy composition
in optimizing Mg-based materials for biomedical implant ap-
plications. Thus, by more closely simulating the mechanical
behavior of bone, Mg alloys would help in the natural load
distribution and rehabilitation of bone [3,27]. A long-term
clinical study conducted by Lee et al. demonstrated the ef-
fectiveness of biodegradable Mg-5Swt%Ca-1wt%Zn alloy im-
plants in orthopedic applications [28]. This matrix initiates
early bone healing and enables complete replacement of the
Mg alloy with natural bone within 1 year. This study, in-
volving 53 successful clinical cases, highlights the potential
of Mg-based alloys as next-generation bioresorbable implants
for skeletal repair [28].

The biomedical use of Mg alloys includes orthopedics
for temporary fixation devices, cardiovascular systems as
biodegradable stents, and new areas like tissue engineering
scaffolds and localized drug delivery [2,25,29]. However, con-
trolling corrosion is still the most significant challenge [1,30].
In an aqueous solution, Mg experiences electrochemical cor-
rosion as follows.

Mg — Mg*" + 2e~
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Fig. 1. Relationship between the mechanical strength, degradation of Mg implants, and bone healing time (Reproduced with permission from Ref. [4]. License

no: 6050031331795).
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Fig. 2. Schematic illustration of Mg alloys on participating immune response, angiogenesis, osteogenesis, and regulation of osteoclast function as bone implants
to drive bone healing. Reproduced under Creative Commons license from Ref. [25].

2H,0 + 2e~ — H1 + 20H™
Mg*t 4+ 20H- — Mg(OH),|

Mg(OH), + 2C1~ — MgCl, + 20H™

This process may lead to fast corrosion, which creates
Mg?>* ions and hydrogen gas at the implanted sites. Fig. 3
shows the different corrosions products formed under phys-
iological conditions and the related chemical reactions [29].
Although Mg’s biodegradability eliminates the need for sec-
ondary implant surgeries. However, its degradation rate needs
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Mechanical properties of pure Mg and Mg-based alloys compared with bone [1,4].

Materials Yield strength (MPa) Tensile strength (MPa) Elongation to break (%)
Bone 104-121 110-130 0.7-3
Pure Mg 65-100 90-190 2-10
AZ31 185 263 15-23
AZ91 160 150 2.5-11
WE43 170 220 2-17
Mg-Ca 110 220 15
Mg-Zn 95 200 10
M-Sr 80 180 12
Mg-Y 115 230 8
Mg-Zn-Ca 105 210 9
Mg-Zn-Mn 90 195 13
Mg-Zn-Sr 100 205 7
Mg-Ca-Zn 108 220 6
Mg-Zn-Sc-Sr 103 210 9
Physiological conditions Atmospheric conditions
Biomineralization
) H,O
Ca* OH-
HCO5
COs-
Mg?*
HA: PO, Mg?* A MgCl,+ OH-
Cay(PO,);- X H,
Osteoblasts Mg?*
= ; l /\MgCIQ
Cay(PO,), Mgs(PO.); ACa®0-MICO;5 H,0 J
L Complexity
.~

Fig. 3. Degradation products formed under physiological conditions and the corresponding chemical reactions. Reproduced under Creative Commons license

from Ref. [31].

careful control. Too rapid corrosion might cause the implant
to lose its mechanical integrity before the surrounding tis-
sue has sufficiently healed. This early failure could cause
total mechanical collapse, implant loosening, or incomplete
bone regeneration in load-bearing applications. Another sig-
nificant concern is the rapid release of hydrogen gas during
corrosion. Small amounts of hydrogen gas can be either dis-
solved into the bloodstream or absorbed into nearby tissues
[30,31]. On fast degradation, however, the accumulation of
large amount of hydrogen can create gas cavities around the
implant site. These gas cavities might hinder osseointegration,
interfere with tissue healing, cause soft tissue separation, or
localized pressure effects.

Several researchers have investigated the different ap-
proaches to address corrosion challenges by creating new Mg
alloys, surface modification, and protective coatings [32,33].
Combining magnesium with calcium, zinc, manganese, and
rare earth elements can improves corrosion resistance and
mechanical strength with biocompatibility. Micro-arc oxida-

tion, plasma electrolytic oxidation, and bioceramic coatings
have also shown promising results in controlling the degrada-
tion rate and improving cell adhesion and tissue integration
[3,34]. One of the widely explored methods is surface protec-
tive coating using bioactive ceramics. Among these, the ap-
plication of HAp coatings has received significant attention.
HAp is a naturally occurring mineral form of calcium ap-
atite, chemically similar to the inorganic component of bone,
and exhibits excellent biocompatibility and osteoconductivity
[35]. We can create a barrier by coating Mg implants with
HAp that can reduce the corrosion rate while enhancing bone
cell attachment and growth [7].

3. Overview of HAp: structure, properties, and biological
significance

Calcium phosphates are bioceramics of different types
whose properties mainly depend on their calcium/phosphorus
(Ca/P) molar ratios that affect solubility, stability, and bioac-
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Stoichiometric compositions and Ca/P molar ratios of various calcium phosphate compounds [36-38].

Compound name Chemical formula Ca/P ratio Solubility Characteristics & applications

MCPM Ca(H,PO4),:-H,0 0.50 High Dental cements, fertilizer, food additives

DCPD CaHPO4-2H,0 1.00 Moderate Bone repair, resorbable cements, drug delivery

DCPA CaHPOq4 1.00 Low Toothpaste additive, dental cements, food additive

OoCP CagH,(PO4)6-5H,0 1.33 Moderate Bone graft substitute, precursor to HAp in biomineralization
ACP Cag(POy4)6-nH,O ~1.50 Variable Tooth remineralization, coatings, and controlled drug release
B-TCP B-Caz(POy4), 1.50 Moderate Bone grafting, bioresorbable scaffolds, and dental cements
o-TCP a-Caz(POy), 1.50 High Self-setting bone cements, precursor to HAp

HAP Ca;o(PO4)¢(OH), 1.67 Very low Orthopedic implants, dental implants, bone fillers, coatings
TTCP Cay(PO4),0 2.00 Moderate Dental restorative materials, self-setting cements

tivity. Table 2 presents a comparative overview of the chem- Table 3

ical compositions and corresponding Ca/P ratios of different
calcium phosphate compounds [36,37]. These compounds are
commonly used in different biomedical applications due to
their relevance to biological mineralization and bone-like ma-
terials. Inorganic salts of lesser Ca/P ratios like monocalcium
phosphate monohydrate (MCPM), dicalcium phosphate dihy-
drate (DCPD), and dicalcium phosphate anhydrous (DCPA)
are soluble and therefore serve well in resorbable types of ap-
plications. Octacalcium phosphate (OCP) and amorphous cal-
cium phosphate (ACP) represent metastable phases in early-
stage bone mineralization. Tricalcium phosphate (TCP) has
intermediate solubility and finds use in bone grafts. HAp is
the most stable and bioactive phase, thus preferred in long-
term implantations. Tetracalcium phosphate (TTCP) is more
reactive makes it suitable for use in bone cements. The knowl-
edge of variations in Ca/P ratio thus becomes key factor
to designing materials for specific biomedical applications
[36,37].

Among different calcium phosphate phases, HAp is the
most stable and biologically relevant calcium phosphate phase
since it is main mineral constituents of human bone and teeth
[37,39,40]. Due to its biocompatibility, osteoconduction, and
solubility under physiological conditions, HAp finds wide ap-
plications in orthopedics and dentistry as a bone substitute,
implant coating, and scaffold in tissue engineering. Human
mineralized tissues (enamel, dentin, and bone) differ signifi-
cantly in composition to fulfill their physiological functions.
Enamel is the outer layer of the teeth and is highly min-
eralized (~95-97% inorganic), with a negligible amount of
organic matrix and water. Hence, enamel is the hardest tissue
in the body. On the other hand, dentin and bone are rela-
tively poorly mineralized, with approximately 70% and 60—
70% mineral content, respectively, and contain large amounts
of type I collagen and water [41-43]. Table 3 provides a com-
parative summary of the major elemental constituents found
in three mineralized tissues of the human body [38,44]. All
three tissues primarily comprise carbonated HAp, with Ca/P
molar ratio close to 1.67 [42,45]. Moreover, mineralized tis-
sues contains several trace elements, such as fluoride, mag-
nesium, sodium, strontium, zinc, and carbonate. These trace
elements influence the minerals’ crystallinity, solubility, and
mechanical properties. Fluoride enhances enamel’s resistance
to acids, while Mg and strontium are essential stimulators of

Typical elemental composition of human enamel, dentin, and bone tissues
[38,44].

Component Enamel Dentine Bone
Calcium (Ca) 37.60 40.30 36.60
Phosphorus (P) 18.30 18.60 17.10
Carbon dioxide (CO3) 3.00 4.80 4.80
Sodium (Na) 0.70 0.10 1.00
Potassium (K) 0.05 0.07 0.07
Magnesium (Mg) 0.20 1.10 0.60
Strontium (Sr) 0.03 0.04 0.05
Chlorine (Cl) 0.40 0.27 0.10
Fluorine (F) 0.01 0.07 0.10
Ca/P molar ratio 1.59 1.67 1.65

in vivo bone formation and regeneration. The unique com-
positional features of each tissue highlight the importance of
tailoring biomimetic materials for dental and orthopedic ap-
plications [42,46].

Bone is indeed a hierarchical and intricate biological mate-
rial with structural organization occurring in several different
length scales from macro to nano. The schematic illustration
of bone structure is shown in Fig. 4 [42,47]. At the macro-
scopic level, bone is classified as cortical or cancellous based
on its density and porosity. The basic structural units of cor-
tical bone are osteons (100200 wm in diameter). Osteons
is formed by lamellae, with diameters in the 3—7 pum range
surrounding a central Haversian canal that supports nutrient
exchange. The lamellae are made of collagen fiber bundles
approximately 500 nm in diameter on a nanoscale. Nano-
sized HAp crystals, roughly 50 nm in length, located within
and between the collagen fibers, impart stiffness and compres-
sive strength to the bone [42,48]. These highly oriented HAp
crystals are tightly associated with tropocollagen molecules—
triple-helical protein strands of about 1.5 nm in diameter that
self-assemble into fibrils and function as a matrix template
for mineral deposition. Collagen is rigid and elastic, whereas
HAp crystals are hard and brittle. Together, they produce a
great composite that is both strong and resilient [47,48]. This
delicate multi-scale architecture allows bone to carry diverse
mechanical loads while performing its physiologic functions
of support, protection, and mineral storage. The structural and
chemical similarity between synthetic HAp and biological ap-
atite leads to its extensive application in hard tissue engineer-
ing, dental restoration, and orthopedic implants.
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Fig. 4. The hierarchical structure of bone from macroscale to nanoscale. Reproduced under Creative Commons license from Ref. [47].

Fig. 5. Hexagonal crystal structure of HAp, illustrating the arrangement of calcium (Ca?"), phosphate (PO4>~), and hydroxyl (OH™) ions within the unit cell

(obtained by software VESTA [52]).

The crystal structure of HAp is shown in Fig. 5. It has
a hexagonal structure with space group P63/m and unit cell
parameters ¢ = b ~ 9.42 A and ¢ ~ 6.88 A [44,49-51]. It
consists of calcium ions (Ca?t), phosphate groups (PO4*7),
oxygen atoms (O), and hydroxyl ions (OH™). The calcium
ions occupy two different types of sites (Ca(I) and Ca(Il)).
The Ca(I) site is coordinated by nine oxygen atoms emanat-
ing from phosphate groups, whereas the Ca(Il) site is co-
ordinated by six oxygen and one hydroxyl ion to form a
seven-fold coordination. The phosphate tetrahedra are evenly
distributed throughout the structure, interacting with calcium
ions to stabilize the lattice. The hydroxyl ions tend to be or-

dered in channels parallel to the c-axis [44,50,51]. This stable
structure allows substituting trace elements naturally present
in biological apatite, including carbonate, fluoride, sodium,
magnesium, and strontium [42]. The ionic substitutions in
HAp can improve the mineral’s biological nature by mod-
ifying the solubility, crystallinity, and interaction with bio-
logical fluids. Ca/P ratio of 1.67 is important in maintaining
the stoichiometry of HAp and hence its biofunctionality [37].
A ratio other than these might result in a calcium-deficient
apatite or the presence of other calcium phosphate phases
like TCP, influencing its resorption behavior and cellular
responses [36,40].
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HAp synthesis methods, resulting morphologies, and their biomedical significance.

G.S. Kumar, K. Lalithambigai, N. Van Minh et al./Journal of Magnesium and Alloys 13 (2025) 5313-5344

5319

Synthesis method

Resulting morphology

Key parameters (e.g.,

Ker characteristics

Biomedical applications

temp, pH)
Wet chemical Rod-like, needle-like pH ~10, temp High surface area, good Bone scaffolds, coatings on
Precipitation ~37-90 °C biocompatibility implants
Sol-gel method Nanoparticles, spherical pH ~above 9, High purity, uniform size, Drug delivery, dental fillers

Hydrothermal synthesis

Microwave-assisted
synthesis
Ultrasound-assisted
synthesis

Spray drying

Micro-emulsion
technique
Template-assisted
synthesis
Electrochemical
deposition
Biomimetic synthesis

Nanorods, nanowires
Nanoplates, nanospheres

Flower-like, porous
structures

Spherical microparticles
Porous spheres

Hollow spheres, tubes
Oriented

nanorods/nanoplatelets
Plate-like, hierarchical

calcination at ~600 °C
Temp ~120-200 °C,
pressure >1 atm

Short time, pH ~above
9, temp ~150 °C
Frequency ~20-40 kHz,
temp ~25-60 °C

Atomization, temp

bioactivity

High crystallinity,
anisotropic growth
Rapid crystallization,
uniform morphology
High porosity, improved
drug loading

Controlled size, good

Load-bearing bone tissue
engineering

Fast bone regeneration,
injectable bone pastes
Local drug delivery,
anti-cancer delivery
platforms

Powdered formulations,

~100-150 °C dispersibility bioresorbable carriers

Oil-water ratio, High surface area, controlled Controlled drug release,

surfactants pore structure scaffold materials

Use of soft/hard Tailored pore structure, drug Targeted drug delivery,

templates encapsulation regenerative scaffolds

Voltage, electrolyte Strong adhesion, directional Coatings on orthopedic and

concentration growth dental implants

SBF, temp ~37 °C Close to natural bone Bone graft substitutes,
composition osteoinductive materials

HAp’s physicochemical properties make it one of the prime
material for biomedical applications [53,54]. Being highly
biocompatible, HAp, when implanted in vivo, does not pro-
duce an immune or toxic response. This biocompatibility is
due to its compositional similarity to the bone mineral, allow-
ing it to integrate with host tissue [39,46]. The term "bioac-
tivity" refers to the ability of HAp to form a direct bond with
bone tissue [55,56]. This direct bonding happens when HAp
surfaces stimulate a biological apatite layer upon implanta-
tion, facilitating cell adhesion. This bioactivity also allows
osteoconduction to occur along the HAp material’s surface,
which bonds itself to the surrounding skeletal structure. Os-
teoconduction implies that HAp can provide a framework for
osteoblast proliferation that form new bone tissue [57,58].
Further, HAp could be osteoinductive in particular forms or
compositions, especially if combined with growth factors or
employed in a nanoscale morphology [53,54]. When design-
ing structural implants for load-bearing applications, it’s es-
sential to consider the mechanical properties of HAp. In non-
load-bearing cases, HAp usually offers enough support [56].
HAp is brittle and possesses low fracture toughness and ten-
sile strength [42,53]. Hence, HAp is combined with polymers,
metals, and ceramics to overcome the above drawbacks and
achieve better mechanical properties while maintaining its bi-
ological properties [58,59].

HAp surface offers binding sites for protein and growth
factor, providing a bioactive interface for adhesion of cells
and their differentiation into osteoblasts [42,60,61]. Besides
enhancing cell adhesion, certain ionic releases from HAp, es-
pecially calcium and phosphate ions, mediate signalling path-
ways regulating bone metabolism [60-62]. From the perspec-
tive of regenerative medicine, combining HAp with biological
agents presents an excellent promise for tissue regeneration.

HAp also acts as a carrier for delivering antibiotics, anti-
inflammatory drugs, and osteoinductive proteins [63-65]. Its
porous nature and biocompatibility offer localization and sus-
tained release of therapeutics, which decreases systemic side
effects and facilitates local tissue repair. Furthermore, when
used as a scaffold, they may provide both the structural ma-
trix and biological signals for efficient bone regeneration in
large or complex defects [53,54].

HAp morphology significantly influences its performance
in biomedical applications. Using different synthesis meth-
ods such as wet chemical precipitation, sol-gel, hydrothermal,
microwave-assisted, and biomimetic approaches, we can tai-
lor HAp into various structures like rods, spheres, plates, or
porous structures. These morphologies can affect key prop-
erties such as surface area, crystallinity, porosity, and me-
chanical strength. Hence, we can develop HAp for specific
applications through morphology tuning. Table 4 illustrates
the different methods for synthesizing HAp nanostructures
with different morphological characteristics. Fig. 6 illustrates
diverse HAp nanostructures synthesized via various meth-
ods, including nanoneedles [66], nanowires [66,67], whiskers
[68], nanorods [68], ultralong nanofibers [69], nanotube [70],
nanosheets [71], nanobelts [72], brush-like structures [73],
agglomerated microspheres [09], flower-like spheres [74],
hierarchical nanosheet microspheres [75], hollow nanorod
microspheres [75], bowknot-like nanosheets [76], and sea-
cucumber-like structures [77]. Each morphology offers unique
properties such as high surface area, porosity, and mechani-
cal strength, making them suitable for specific biomedical ap-
plications like bone regeneration, drug delivery, and implant
coatings [7,57,63,78]. Thus, morphology-controlled synthesis
of HAp is essential for optimizing its functionality in appli-
cations such as bone grafts, implant coatings, tissue scaffolds,
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Fig. 6. HAp nanostructures with various morphologies: (A) nanoneedles, (B) nanowires, (C) whiskers, (D) nanorods, (E) ultralong nanofibers, (F) nanotubes, (G)
nanosheets, (H) nanobelts, (I) brush-like structures, (J) agglomerated microspheres, (K) flower-like spheres, (L) hierarchical nanosheet microspheres, (M) hollow
nanorod microspheres, (N) bowknot-like nanosheets, (O) sea-cucumber-like structures (Reproduced with permission from [61]. License no: 6050040137930).

and drug delivery systems. Moreover, HAp is combined with
biodegradable polymers such as polylactic acid, polyglycolic
acid, and polycaprolactone in scaffold composites to provide
mechanical flexibility and competent bioactivity [79,80]. HAp
acts as a reinforcing phase in polymer matrices, enhancing
mechanical properties and supporting bone cell interaction.
Also, there is much interest in nanostructured HAp owing
to its greater closeness to the nanoscale mineral platelets of
natural bone. Nano-HAp, with its higher surface area, also
exhibits enhanced protein adsorption and subsequently pro-
motes cellular interactions compared to its microcrystalline
counterpart [48]. Moreover, HAp substituted with rare earth
ions can find applications in biomedical imaging such as CT,
MRI, and fluorescence imaging [51,81]. These different appli-
cations show how HAp is flexible in addressing problems in
orthopedics, dentistry, tissue engineering, drug delivery, and
cancer diagnosis.

4. Coating techniques for HAp on Mg alloys

Mg alloys have received much attention amongst biomed-
ical implants due to their excellent biodegradability and good
mechanical properties. However, they are limited in use due
to their rapid corrosion in physiological environments [82,83].
The best strategy proposed for protecting Mg-based materi-
als from corrosion is the surface coating of HAp. Over the
years, various coating methods have been developed for de-
positing HAp on Mg and Mg alloys. Different methodologies
are vastly varied in complexity and cost, processing condi-
tions, and also differ in the parameters of corrosion resis-
tance, mechanical properties, adhesion strength, and biologi-
cal activity of the Mg alloys. Most used coating techniques
are sol-gel coating, biomimetic process, hydrothermal process,
electrochemical deposition, electrophoretic deposition, plasma

electrolytic oxidation (PEO), and RF magnetron sputtering
[84,85].

4.1. Sol-gel technique

The sol-gel method has become one of the facile tech-
niques to produce HAp coatings on metal alloy substrates
because of its simplicity, cost-effectiveness, and nanostruc-
ture production [86—88]. In this method, calcium and phos-
phate precursors were dissolved in a suitable solvent with
the addition of a complexing or pH-controlling agent to form
a stable sol by controlled hydrolysis and polycondensation
reactions. The resulted sol containing dispersed HAp precur-
sors could be deposited on the Mg alloy surface by different
methods such as dip coating, spin coating, and spray coat-
ing. Dip coating immerses the substrate in the sol and then
slowly withdraws it, while spin coating spins the substrate
at high speeds to spread the sol evenly on its surface. Spray
coating covers large or uneven surfaces quite well. The de-
posited coating is then heat treated to remove residual or-
ganics and stimulate crystallization for better adhesion. The
sol-gel coating of HAp on Mg alloy mostly uses calcium ni-
trate and triethyl phosphate as precursors, which form a gel
that is applied and heat-treated to create a uniform HAp layer
[87]. Fig. 7(a) shows a typical schematic illustration of the
sol-gel process used to fabricate HAp coatings on a Mg al-
loy substrate. Cross-sectional view of HAp coating fabricated
through sol-gel method on AZ91 magnesium alloy by Rojaee
et al. is shown in Fig. 7(b) [89], revealed thin, dense, and
homogeneous coating.

Sol-gel processing is popular for applying HAp coatings
on Mg alloys because it can alter chemical compositions
and microstructures, provide selective coatings to complex
shapes, operate at lower temperatures, and protect substrates
from structural alterations [86,88]. This process results in thin,
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dense, and homogeneous coatings with a porous texture and
surface area adjustable to orthopedic implants requiring sur-
face bioactivity and controlled degradation. However, main-
taining the viscosity of the sol, drying rate, and thermal treat-
ment is necessary to prevent the formation of cracks, ensure
homogeneity, and maintain thickness. Surface pretreatments
such as acid etching and micro-arc oxidation can further en-
hance adhesion by increasing the roughness of the substrate
[86—-88,90].

Several studies have explored applying sol-gel derived
HAp coatings on Mg alloys with promising results. Rojaee
et al. effectively developed an n-HAp coating using the sol-
gel method on the AZ91 Mg alloy [89]. The n-HAp layer
formed through careful dip-coating and calcination at 400 °C
was uniform. This coating provided good corrosion resistance,
controlled Mg>" ion release, and stabilized local pH levels.
Thus, the coating enhanced osteoblast activity and bone re-
generation. Singh et al. coated Mg-3Zn alloys with HAp,
considering the surface roughness of 15-20 nm to enhance
coating adhesion [91]. They obtained sintered HAp coatings
with dense, and strong interfacial bonding. They reported a
highly increased resistance to corrosion by 40 times com-
pared to the bare Mg alloy with higher osteoblast prolif-
eration and adhesion. Further, Ye et al. explores the effect
of mesoporous HAp coatings in enhancing corrosion resis-
tance of AZ31 Mg alloy to obtain a potential material for
biodegradable implants [92]. Using the sol-gel dip-coating
technique, mesoporous HAp coatings were applied and com-
pared with uncoated samples and samples coated with non-
mesoporous HAp. This study points out that with mesoporous
HAp coatings, corrosiveness and bioactivity can be balanced
efficiently, thereby proposing an interesting approach to pro-
long the working life and biocompatibility of Mg-based or-
thopedic devices. Larimi et al. coated Mg-Zn-Ca alloys with
composite HAp-bone powder coatings to promote further de-
velopments in sol-gel coatings [93]. Anodization in NaOH

and Na,SiO; was employed to form a porous MgO inter-
layer to enhance coating adhesion. The HAp and bone pow-
der provided a twofold barrier against corrosion and bioac-
tivity, highlighting the synergistic effect of composite layers
for orthopedic applications. Roy et al. further contributed to
this field by laying porous calcium phosphate coatings on
Mg4Y alloys [94]. The most innovative work by Singh et al.
where they produced a double-layer superhydrophobic coat-
ing with self-healing property over Mg-Ag-Zn-Ca alloys [95].
The coating combining HAp, polycaprolactone (PCL), phytic
acid (PA), and stearic acid showed excellent superhydropho-
bicity. The developed coating has good cytocompatibility and
antibacterial efficacy for a multifunctional application against
corrosion, mechanical wear, and bio-integration. It is clear
from the series of above studies that HAp-based coatings
from both pure and composite materials from sol-gel meth-
ods have consistently improved Mg alloys’ corrosion resis-
tance, bioactivity, and cytocompatibility for orthopedic appli-
cations. Such coatings act as a barrier to control diffusion
and modulation of ion release, support osteoblast adhesion,
and, to some extent, are antibacterial and self-healing. More-
over, surface pretreatments, hybrid coatings, and incorporat-
ing biopolymers or nanoparticles might be promising key fac-
tors to develop efficient HAp coating by the sol-gel process
[87,88,90].

4.2. Hydrothermal method

The hydrothermal method involves crystallizing various
materials from their aqueous solutions at high temperature and
pressure in a sealed autoclave vessel [97-99]. It usually works
at temperatures in the range of 100-300 °C. The hydrother-
mal method is one of the interesting approaches to deposit
HAp coatings on Mg alloys to increase corrosion resistance
and biocompatibility of implants for specific biomedical ap-
plications [100]. The main concept of this technique is to
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immerse the Mg alloy substrate in an aqueous solution con-
taining calcium and phosphate precursors, keeping it under
elevated temperature and pressure within a sealed chamber.
The hydrothermal conditions promote nucleation and growth
of crystalline HAp on the Mg surface to form a uniform and
adherent coating. It is possible to manipulate the crystallinity,
morphology, and thickness of the HAp layer to tailor surface
properties for enhanced in vivo performance of Mg-based im-
plants. Solution parameters such as pH, temperature, reaction
time, and precursor concentration are under exact regulations
to control the microstructure and biofunctionality of the coat-
ing. Hydrothermal treatments offer coatings that are quite uni-
form and good crystallinity [78,100,101]. The hydrothermal
method promotes the formation of well-crystallized HAp of
controlled morphology that typically occurs in needle-like or
plate-like forms, thus imparting surface roughness and bio-
logical activity [100,101]. The schematic illustration of the
hydrothermal process for fabricating HAp coatings on Mg al-
loy substrate is shown in Fig. 8(a). Wen et al. systematically
investigated the effect of precursor concentration, Ca/P ratio,
reaction temperature, and time on microstructure and corro-
sion resistance of HAp coatings prepared on AZ31B Mg al-
loys. They observed distinctive flake-like morphologies that
significantly enhance corrosion resistance [100]. The chem-
ical modification of surfaces before the hydrothermal pro-
cess brings an important key factor in hydrothermal coating.
Gao et al. compared ethylenediamine (ED) and octanoic acid
(OA) to examine the impact of organic templating agents
on HAp coating. Fig. 8(b) revealed the microstructure and
crystalline characteristics of HAp coating, revealing the role
of carboxylic acid treatment in producing denser and more
compact coating [96]. Jiang et al. also investigated addi-
tional functionality by adding polyelectrolytes during the hy-
drothermal synthesis of HAp coatings to form interpenetrating
polymer—inorganic networks simultaneously. These networks
offer compactness and mechanical integrity to the coatings.

This study provided a potential method for addressing corro-
sion resistance and mechanical strength related to biodegrad-
able Mg implants [102]. Peng et al. have used silane coupling
agents of various functional groups (-NH;, epoxy, vinyl) to
modify the Mg substrate-based surface to fine-tune the bind-
ing ability toward Ca>" and the nucleation behavior accord-
ingly [103]. Fig. 9 shows the morphological feature and chem-
ical composition of the silane-treated AZ31 Mg alloys coated
with the HAp/Mg(OH), coating via hydrothermal synthesis.
The silane surface’s top views (a;—c;) show a smooth sur-
face, (ap—c;) show the sea urchin-like HAp structures. The
cross sections (az—c3) show the bilayer HAp/Mg(OH), coat-
ing consisting of two elemental layers in which the silane
type would influence the coating thickness, structure, and cor-
rosion resistance. APTES-treated surfaces provide a moderate
binding of Ca*>" that favored thicker bilayered coatings with
an inner Mg(OH), layer and an outer sea urchin-like HAp
nanostructure. This structure improved corrosion resistance
and bioactivity, through hierarchical architecture and compo-
sitional gradients [103]. Addressing biological issues, hybrid
coatings combined HAp and antibacterial agents and bioactive
molecules to fight implant infections while fostering osteoge-
nesis. Zheng et al. produced layered double hydroxide/HAp
composite coatings loaded with ciprofloxacin via hydrother-
mal routes. This coating successfully killing bacteria, bio-
compatible to osteoblasts, and promoting the expression of
osteogenic markers, thus emphasizing a dual function for in-
fection control and bone regeneration [104]. Likewise, Liao
et al. developed HAp/tea polyphenol composite coatings that
have HAp bioactivity with the antibacterial properties of tea
polyphenol. This coating offer good corrosion resistance and
promote osteoblast proliferation and biomimetic mineraliza-
tion [105]. Moreover, Zhang et al. investigated HAp/palmitic
acid composite coatings which exhibited good corrosion re-
sistance in simulated body fluids and >98% antibacterial ef-
ficiency against common pathogens [106].
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Fig. 9. SEM images of (aj—c) silane-pretreated AZ31 substrates and (a;—cy) corresponding HAp/Mg(OH),-coated samples showing sea urchin-like HA nanos-
tructures. (az—c3) Cross-sectional SEM and EDS line-scan profiles confirming bilayered Mg(OH),—HAp structure and elemental distribution on HAp/APTES,
HAp/GPTMS, and HAp/VTES samples (Reproduced with permission from Ref. [103]. License no: 6050040716452).

On the other hand, apart from chemical functionaliza-
tion, an innovative physical process, such as femtosecond
laser-assisted hydrothermal coating, produced microemul-
sion cone structures on Mg alloy surfaces that signifi-
cantly improved HAp nucleation and mechanical interlock-
ing, giving rise to thicker and denser coatings with adhesion
strength of ~31.86 MPa and reduced corrosion rate reaching
0.146 mm/year while stimulating fast osteoblast proliferation
[107]. This study showed that HAp coatings significantly im-
proved cell adhesion, and growth compared to surfaces with-
out the coating. The confocal microscopy images with fluo-
rescence staining in Fig. 10 revealed better cell viability and
structural organization on HAp-coated surfaces. The CCK-8
proliferation assay results indicated that HAp coatings sup-
ported osteoblast growth at different periods. These findings
highlight that applying HAp coatings by femtosecond laser-
assisted hydrothermal process could work on Mg alloys to
support bone formation, making them potential materials for
biomedical implants [107].

Further, Zhou et al. have proposed a novel hydrothermal
approach using a polydopamine intermediate layer to ob-
tain denser and more uniform HAp coating with good cor-
rosion resistance and cytocompatibility [108]. This chemical
approach addresses degradation and bio-integration simulta-
neously. These investigations signify the development beyond
basic HAp deposition toward multifunctional and highly en-
gineered coating systems by hydrothermal process, surface
modification, and composite formulations. HAp coatings on
Mg alloys developed through the hydrothermal method im-

prove biocompatibility and corrosion resistance. However,
they often have low mechanical strength, weak adhesion, and
cracking. These problems reduce their durability and effec-
tiveness in load-bearing biomedical implants.

4.3. Biomimetic coating

Simulated Body Fluid (SBF) is an aqueous solution mim-
icking the ionic composition of human blood plasma. It is
mainly used in vitro to test the bioactivity of biomedical ma-
terials, especially those proposed for use in bone tissue en-
gineering. The standard SBF contains Na™, KT, Ca**, Mg?*,
Cl—, HCO5;~, HPO4*~, and SO42~ ions within the concentra-
tion ranges found in plasma [109]. SBF’s primary function is
to determine ability of bioactive materials to form bone-like
apatite formation on their surfaces under physiological con-
ditions. Several modifications have also been implemented to
enhance or modify SBF functionality. Table 5, summarizing
different SBF formulations, highlights minor differences in
ionic concentrations, with all variants commonly buffered to
a physiological pH of 7.4 and at 37 °C incubation. SBF has
become a standard preclinical tool in biomaterials research,
offering an inexpensive, reproducible approach to screening
bioactivity and developing biomimetic coatings [110,111].

Biomimetic deposition is a relatively low-temperature tech-
nique inspired by natural bone formation processes [114,115].
Through this process, the Mg alloy is subjected to surface
treatment (such as via alkaline treatment or acid etching) to
create functional groups or nucleation active sites. These pre-
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Fig. 10. Cytocompatibility of HAp-coated Mg alloys with MC3T3-El cells: (a) CLSM images, (b) fluorescence staining, and (c) CCK-8 assay showing
enhanced cell proliferation on HAp-coated samples (Reproduced with permission from Ref. [107]. License no: 6050180469949).

Table 5

Ionic composition of human blood plasma compared with various SBF formulations used for biomimetic HAp coating development [109-114].

SBF type ITonic concentration (mM)

Nat K* Mg>t Ca>* (e HCO3~ HPO4*~ S04~
Blood plasma 142.0 5.0 1.5 25 103.0 27.0 1.0 0.5
Kokubo-SBF 142.0 5.0 1.5 2.5 148.8 42 1.0 0
Tas-SBF 142.0 5.0 1.5 25 125.0 27.0 1.0 0.5
1.5 x SBF 212.3 7.5 23 3.8 186.8 40.5 1.5 0.5
5 x SBF 714.8 0 7.5 12.5 723.8 21.0 5.0 0

treated substrates are dipped in SBF at 37 °C [7,78]. As time
progress, Mg reacts with water, forming an Mg(OH), layer,
and release hydrogen gas as follows.

Mg + 2H,0 — Mg(OH), + Hyt

This process raises the local pH, thus encouraging the su-
persaturation of calcium and phosphate ions in SBF. These
combine to nucleate and grow as HAp on the surface as fol-
lows.

10Ca?*t + 6PO4*~ + 20H™ — ACP — Ca;o(PO4)s(OH), |

Some of the Mg?" ions released from the substrate may
enter the HAp lattice and enhance its bioactivity. Fig. 11(a)
presents the biomimetic approach to apply HAp coatings on
a Mg alloy substrate by immersion into an SBF solution.
This low-temperature bioinspired process produces the bone-

like apatite coating to enhance corrosion resistance and bio-
compatibility of Mg alloys. Multiple immersions can yield
relatively thicker uniform coatings [115]. Also, biomimetic
coatings may contain carbonate substitutions similar to bio-
logical apatite. However, coatings induced by SBF are lengthy
processing [7,78]. To solve these problems, researchers have
looked into functional materials and biomimetic interfaces.
These can help to develop uniform nucleation of HAp and
improve the integrity of coatings.

Various researchers have investigated different approaches
to enhance the biomimetic coating. Gao et al. treated AZ91
Mg alloy with a graphene oxide layer before immersion in
SBF to develop a dense and uniform HAp-graphene oxide
coating. This coating significantly diminished the corrosion
current densities and enhanced electrochemical stability [117].
Another novel technique uses hydrophilic and adhesive hydro-
gels to enable uniform deposition of HAp. Yang et al. first
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Fig. 11. Schematic illustration of the biomimetic process for fabricating HAp coatings on Mg alloy substrate using SBE. (b) SEM images showing the surface
morphology, (c) cross-sectional view, and (d—i) elemental mapping of HAp coating formed by carboxymethyl cellulose-dopamine through the biomimetic
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applied a layer of carboxymethyl cellulose-dopamine hydro-
gel on AZ31 alloy before its immersion in SBF. The hy-
brid system encouraged dense nucleation of HAp and offered
better corrosion resistance. Fig. 11(b—d) shows the surface
morphology, cross-sectional view, and elemental mapping of
HAp coating formed by carboxymethyl cellulose-dopamine
treated substrate through the biomimetic method. Biologi-
cal studies further showed greater proliferation of MC3T3-
El osteoblast-like cells, confirming the their potential for
use as a biodegradable and bioactive implant coating [116].
Polysaccharide-based systems have also shown promise in
supporting biomimetic mineralization. Zhu et al. fabricated
a hybrid coating by combining HAp with aminated hydrox-
yethyl cellulose using a sol—gel spin coating method followed
by immersion in SBF [118]. The resulted coating displayed
crack-free morphology with improved corrosion resistance,
and good biocompatibility. The presence of amine groups
in hydroxyethyl cellulose likely enhanced ion exchange and
binding, contributing to rapid and stable HAp formation. Lin
et al. sprayed AZ31 alloy with a polydopamine film that al-
lowed uniform HAp deposition during subsequent soaking in
SBF [119]. The polydopamine-assisted coating showed good
electrochemical behavior and enhanced fibroblast cell prolif-
eration. Moreover, researchers have tested biologically active
peptides as molecular triggers for apatite nucleation. Cui et al.
treated AZ31B alloy with a phosphorylated synthetic pep-
tide resembling phosphophoryn, a bone matrix protein. The
peptide suppressed corrosion and thus extensively promoted
calcium phosphate mineralization [120]. Other SBF compo-
sitions have also been investigated to change the structure
and properties of HAp coatings better. Herndndez et al. de-
posited a bilayered HAp coating onto pure Mg using super-
saturated calcification solution [121]. The coating were made
with a thick inner layer and a porous outer layer, resembling
the same hierarchical structure found in bone. In summary,

the biomimetic HAp coating approach via SBF is a more
physiological and facile way to modify surface features of
Mg-based implants. While the basic SBF route can easily
form bioactive layers, recent innovations involving carbon-
based materials, functional hydrogels, bioadhesives, and
biomimetic peptides have contributed significantly to coat-
ing stability, corrosion resistance, and biological performance
[117-121].

4.4. Electrochemical deposition

Electrochemical deposition consists of passing an electric
current to form HAp coating on Mg alloy surfaces from a
solution that contains calcium and phosphate ions. It has ad-
vantages in terms of coating uniformity and deposition rate.
With the different parameters such as voltage, current density,
bath composition, pH, and temperature, we can easily tailor
the morphology, thickness, and crystallinity of the HAp layer.
Cathodic deposition methods are generally used for HAp coat-
ing onto Mg substrates [122]. The electrochemical deposition
of HAp onto a Mg alloy substrate is shown in Fig. 12(a). The
Mg alloy served as the cathode, with the Pt anode immersed
in an electrolytic bath containing Ca?>t and PO, ions. As
the electric current flowed through the circuit, a porous layer
of HAp was deposited onto the Mg alloy surface.

The electrodeposition of HAp coatings presents a series of
electrochemical processes leading to a biocompatible coating
[122]. When a constant potential or current is applied, the
cathode, which is the surface of the Mg alloy, reduces water.
This process releases OH™ ions and produces hydrogen gas
through the following reaction.

2H,0 + 2e¢~ — H,(g) + 20H~

This reaction increases the pH near the cathode, creating an
alkaline environment that favors the supersaturation of Ca*"
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Fig. 12. (a) Schematic illustration of a typical electrochemical deposition process of HAp on a Mg alloy. (b) SEM image revealed surface morphology and (c)
XRD pattern of the HAp coating on AZ91D Mg alloy, as reported by Song et al. (Reproduced with permission from Ref. [123], License no: 6104630455801).

and PO4*~ ions in the electrolyte. These ions are usually con-
tributed from salts such as calcium nitrate (Ca(NOs),) and
ammonium phosphate ((NH4),HPO,), where association of
ionic calcium and phosphate ions initiates the formation of
some intermediate calcium phosphate phases [124,125]. Dur-
ing deposition, these intermediates convert into HAp crystals
with the following overall reaction:

10Ca*™ 4+ 6PO4*~ 4 20H~ — Cajo(PO4)s(OH), N

Now, HAp nucleates and grows on the Mg alloy surface
as a dense and adherent coating. At the same time, the Mg
substrate could be partially dissolved, releasing Mg ions:

Mg — Mg*" + 2e~

Mg ions can enter the HAp lattice, potentially changing its
crystallinity or bioactivity [124,125]. Since this is a chemical
deposition, it depends on several parameters such as elec-
trolyte concentration, temperature, voltage or current applied,
and deposition time. These parameters can affect the mor-
phology of the coating, its thickness, and the characteris-
tics of HAp deposits. The adhesion strength of the coatings
formed by electrochemical deposition can be improved further
by pulse or alternating current deposition processes that can

improve the microstructure of the coatings and the bonding
strength at the interface. Electrochemical methods are scalable
and inexpensive, offering an additional advantage toward in-
dustrialization of this coating method [124,125].

According to several studies, electroplated HAp coatings
help to increase corrosion resistance. For example, calcium
phosphate coatings were applied by Jamesh et al. onto Mg
substrates, starting with the formation of DCPD [126]. Immer-
sion of the coatings in an alkaline solution converted DCPD
to crystalline HAp. The coating provided about a threefold
increase in corrosion resistance in SBF, emphasizing the im-
portance of post-treatment on phase purity and stability of the
coating. Song et al. reported that electrochemical HAp coat-
ings on AZ91D Mg alloy with flake-like structure (Fig. 12)
with reduced the corrosion rate in physiological environment
[123]. Recent electrodeposition developments have also fo-
cused on controlling the chemical composition of the coating
to provide better performance. HAp with dopants such as cop-
per, fluorine, and strontium can provide antimicrobial proper-
ties, corrosion resistance, and differing effects on biological
response. The ultrasonic-assisted pulse-reverse electrodeposi-
tion of copper-doped fluoroHAp (Cu-FHAp) on AZ31 Mg
alloy has been studied by Akbarpour et al., in which uniform
copper incorporation into the coating matrix was achieved
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Fig. 13. 2D micro-CT images showing femora with Mg implants (Reproduced with permission from Ref. [130]. License no. 6050190265467).

[127]. The doped coatings provide a superhydrophobic nature
onto the surface with contact angles of approximately 136°,
with good in vitro corrosion-resistant ability. Cytotoxicity as-
says revealed the coatings to be biocompatible, indicating that
copper doping may offer multifunctional benefits by combin-
ing corrosion resistance and antimicrobial properties. Surface
morphology and wettability also directly affect coating per-
formance. Meng et al. investigated pulsed electrodeposition
of fluorine-doped HAp (FHAp) with hydrogen peroxide addi-
tives to develop dense rod-like FHAp coatings on Mg-Zn-Ca
alloy with better corrosion resistance than continuous deposi-
tion [128]. This study revealed that the enhanced bioactivity
imparted by FHAp would enable apatite formation, almost
simulating natural bone mineralization [128]. Wang et al. de-
veloped a Ca-deficient HAp coating on Mg-Zn-Ca alloy us-
ing pulsed electrodeposition[129]. They found that the coating
slow down the in vivo degradation of the alloy and enhanced
its bone response. The micro-CT images (Fig. 13) showed that
bare Mg implants had severe corrosion with deep pits as early
as 8 weeks. In contrast, those with Ca-deficient HAp coating
showed slight superficial corrosion in the early phase. With
increasing implantation time, coating degradation induced lo-
calized corrosion, but still less than that of bare Mg. These
results indicates that Ca-deficient HAp coatings slow down
the in vivo degradation and holding an excellent potential for
Mg-based orthopedic implants [130].

Post-deposition surface treatments also contribute signif-
icantly to coating adhesion and corrosion resistance. Chen
et al. treated phytic acid, a natural chelating agent, to
modify electrodeposited HAp coatings on AZ31 Mg alloy
[131]. Phytic acid enhanced coating-substrate chemical bond-
ing while increasing coating compactness and mechanical
strength. The best phytic acid concentration (8 g/L) produced
an adhesion strength of 10.32 MPa and a 0.46 mm/year corro-
sion rate in Hank’s solution. Wang et al. found that calcium-
deficient HAp forms very fast during pulse electrodeposition
on Mg-Zn-Ca alloys, while its crystallinity increases over time

when governing conditions of pH and temperature favor HAp
precipitation [129]. The study further revealed that Mgt ions
released from the substrate can partially substitute for calcium
sites in the HAp lattice, affecting crystallinity and biological
behavior. Therefore, electrochemical deposition is the most
promising technique for producing bioactive and corrosion-
resistant HAp coatings onto Mg alloys for biodegradability-
related implant applications. Further functionality improve-
ments come from including dopants into the materials, devel-
oping superhydrophobic surfaces, and using environmentally
friendly surface modifiers.

4.5. Electrophoretic deposition

One of the most commonly used methods for depositing
HAp coatings on Mg alloy substrates is electrophoretic de-
position (EPD), which creates a smooth surface layer, well-
attached and bioactive, thus enhancing corrosion resistance
and biocompatibility [133]. The process begins with prepar-
ing a stable suspension composed of charged HAp particles
dispersed in an appropriate solvent such as ethanol or wa-
ter. Stability of the colloidal suspension is essential and may
be attained by adjusting the suspension’s pH and dispersing
agents. When a DC electric field is applied across the sus-
pension between two electrodes, the charged particles migrate
electrophoretically towards the oppositely charged electrode
[132,133]. The Mg alloy substrate usually works as the cath-
ode (negatively charged), so it attracts the positively charged
HAp particles as shown in Fig. 14(a). The electrophoretic ve-
locity (v) of the particles can be expressed as per the smolu-
chowski equation [134]:

v=(e¢/ME

where ¢ is the dielectric constant of the medium, ¢ is the zeta
potential or charge on the particle surface, n is the viscosity
of the suspension, and E is the applied electric field strength.
As the particles moved and accumulated on the surface of
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Fig. 14. (a) Schematic representation of the electrophoretic deposition of HAp on a Mg alloy substrate. (b—d) SEM micrographs with elemental mapping
showing the HAp coating on the Mg substrate reported by Akram et al. (Reproduced with permission from Ref. [132]. License no: 6143550384207).

Mg, the coating formed a coherent and dense HAp coating
layer. The deposited mass m is modeled by Hamaker’s relation
[135]:

m=CukEt

where C is the particle concentration in the suspension,
is the electrophoretic mobility (. = V/E), E is the electric
field, and ¢ is the deposition time. To achieve the best coating
thickness, density, and uniformity, it is necessary to monitor
process parameters closely. These include voltage, deposition
time, suspension concentration, and pH. After deposition, the
coatings are dried and usually annealed with low heat to im-
prove crystallinity and bonding to the Mg substrate. During
heat treatment, the temperature must be low enough to pre-
vent oxidation or damage to the Mg alloy. EPD is favored
for its simplicity, low processing temperature, ability to coat
complex shapes, and precise control over coating parameters,
making it highly suitable for biomedical implant surface mod-
ification [7,133].

Akram et al. reported an approach to optimize the EPD
parameters when coating pure Mg with HAp nanoparticles
(Fig. 14(b—d)) to improve surface hydrophilicity, mechani-
cal stability, corrosion resistance, and osteoconductive poten-
tial during long-term immersion in SBF [132]. This study
showed that the EPD coating could remarkably slow the
degradation rate and improve biological performance, and
suggested that EPD could practically become the scalable

route toward reliable biodegradable implants. Rojaee et al.
demonstrated found that MAO pretreatment on AZ91 Mg
alloy, followed by electrophoretic deposition of nanostruc-
tured sol-gel HAp coating offer better corrosion resistance
and apatite formation in SBF [89]. In another study, Ku-
mar et al. demonstrated that smoother Mg-3Zn-alloy sub-
strates yielded uniform and crack-free coating by EPD and
annealed HAp coatings to enhance corrosion resistance by
about 25 times and enhanced osteogenic cells adhesion. This
study indicates the surface treatment followed by heat treat-
ment can influence both mechanical integrity and biological
response of the coating [136]. Aver et al. investigated the
comparative coating performance of synthetic shell and natu-
ral shell waste-derived HAp coating on AZ31 Mg alloy and
found that nano-HAp derived from ostrich eggshell exhibits
the highest adhesion strength and corrosion resistance [137].
Furthermore, Tayyaba et al. studied the effect of coating thick-
ness and durability on corrosion resistance HAp coating [138].
This coating dropped the anodic current density by one order
of magnitude. At the same time, the reduction in corrosion
rate was more than fivefold compared with bare Mg. This
study clearly indicates coating thickness and microstructural
integrity as key parameters controlling the degradation of the
implant.

Composite materials combining HAp with fluorides, bio-
glass, chitosan, and graphene oxide have been explored to im-
prove the multifunctionality of coatings further. Rojaee et al.



G.S. Kumar, K. Lalithambigai, N. Van Minh et al./Journal of Magnesium and Alloys 13 (2025) 5313-5344 5329

reported that the FHAp coatings, having 25% fluorine sub-
stitution and deposited on micro-arc oxidized AZ91 Mg al-
loy, increased corrosion resistance and induced bioactivity and
bone ingrowth while minimizing Mg degradation rates during
in vitro tests [139]. Therefore, fluoridation serves as an effi-
cient method for tuning biodegradability versus biofunctional-
ity. Conversely, Singh et al. created multifunctional nanocom-
posite coatings, including HAp, bioglass, chitosan, and mag-
netite (Fe3O4) nanoparticles, onto AZ91 Mg alloy by EPD.
Presence of Fe;O,4 enhanced corrosion protection and hemo-
compatibility, with hemolysis rates lower than 5%, which sug-
gests the hybrid coatings resist degradation while simultane-
ously ensuring blood compatibility [140]. According to Saa-
dati et al., an additional amount of 1 wt% graphene oxide,
accompanied by a controlled voltage during electrophoretic
deposition, would yield dense and uniform coatings exhibit-
ing good adhesion and corrosion resistance on a complex Mg
alloy, where graphene oxide acts as an enhancer of the bar-
rier properties of coatings and durability of implants [141].
Hence, the electrophoretic deposition of HAp and its com-
posites on Mg alloys can be a potential key to solving the
rapid degradation and biocompatibility issues faced by Mg-
based biodegradable implants. EPD coatings with optimized
process parameters, surface pretreatment, and improved ma-
terials, such as the addition of natural biowaste sources and
multifunctional nanocomposites, offer enhanced corrosion re-
sistance along with good mechanical integrity and biological
performance.

4.6. Plasma electrolytic oxidation

Plasma electrolytic oxidation (PEO), also called micro-
arc oxidation (MAQ), is the most advanced surface treatment
technique to produce thick, dense, and strongly adhering HAp
coatings on Mg alloy substrates [142—144]. An oxide-based
ceramic layer is formed through high-voltage anodic oxida-
tion of the specimen in an electrolyte containing calcium and
phosphate ions. When the voltage is sufficiently high (300
~ 600 V), the dielectric breakdown can occur at the metal-
electrolyte interface, resulting in local micro-arc discharges or
plasma sparks [142—144]. These sparks create extremely high
temperatures, which favor the formation of the crystalline
HAp and other oxide phases in situ on Mg alloy surfaces.
The basic electrochemical reaction of Mg oxidation during
MAQO can be expressed as follows:

Mg — Mg>* + 2e~

These electrons reduce water molecules in the electrolyte
to produce hydroxide ions and hydrogen gas:

2H,0 + 2e~—H; + 20H~

The Mg ions react with hydroxide ions to form Mg(OH),:

Mgt 4+ 20H~ — Mg(OH),

The electrolyte carries Ca?* and PO4*~ ions that can com-
bined under plasma conditions to produce HAp as follows:

10Ca>* + 6PO4* + 20H~ — Ca;o(PO4)s(OH), |

The combination of high temperature and energetic plasma
discharges leads to the quick crystallization of HAp and its
good adherence to the Mg substrate. Parameters such as ap-
plied voltage, current density, electrolyte composition, and
processing time can affect the formation of the oxide coat-
ing [142,143]. Based on corrosion resistance and bioactivity
requirements, the thickness and porosity of the MAO coat-
ing may be altered by changing the above key parameters.
Otherwise, the MAO coating is usually mixed in phases, e.g.,
MgO, magnesium phosphate, and crystalline HAp phases. The
MAO process has numerous advantages over traditional coat-
ings such as an excellent bond strength due to metallurgi-
cal bonding, improved corrosion and wear resistance, ability
to coat complex geometries, etc.. This process need aqueous
electrolytes and does not involve toxic precursors or solvents
[145-147].

Despite its benefits, the MAO method also has its draw-
backs. The coatings’ surface roughness is generally higher
than that produced by PVD or sputtering. In addition, the
porosity in MAO coatings, while great for cell attachment,
also becomes a path to corrosion if the coating is not thick
enough. We can modify the thickness, roughness, porosity,
and bioactivity by setting key parameters such as current den-
sity, electrolyte composition, and processing time. However,
the challenge is to resolve corrosion protection versus biolog-
ical performance with MAO due to its porosity and surface
roughness. Gnedenkov et al. used PEO to obtain deposited
HAp coatings on Mg-0.8Ca alloy, demonstrated a uniform
distribution of calcium, phosphorus, and oxygen throughout
the thickness of the coating [148]. Fig. 15 illustrates the cross-
section with SEM and EDX elemental mapping, revealing
that a uniform HAp coating has been formed over the sur-
face of Mg-0.8Ca alloy. This uniformity was essential to de-
lay corrosion onset and ensure the controlled biodegradation
of implants. Further, Usmaniya et al. fabricated an organic—
inorganic hybrid system by depositing a chitosan loaded with
HAp and bioactive glass particles onto PEO-treated ZM21 Mg
alloy [149]. The composite coating exhibit less corrosion cur-
rent density of five orders of magnitude (from 1.07 x 1073
to 4.56 x 1071 mA/cm?) due to the dense barrier effect
and bioactive nature offered by the bioactive glass-HAp ma-
trix. Furthermore, the coating favored apatite formation and
showed excellent in vitro cytocompatibility. Keyvani et al.
have systematically studied the loading of HAp nanoparticles
by PEO coating on AZ31 Mg alloy with different concentra-
tions of HAp (1, 3, and 5 g/L) [150]. The result indicates that
a concentration of 3 g/LL was best for performance with the
thickest coating (~22.5 wm), the smallest average pore size
(~8.7 pm), and the lowest corrosion current density (0.034
LA/cm). Chaharmahali et al. also studied HAp-PEO coat-
ings on AZ31B alloy to determine the effect of increasing
HAp concentration in the electrolyte. This study demonstrates
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Fig. 15. SEM cross-section and EDX maps confirming the homogeneous formation of HAp coating on Mg-0.8Ca alloy. Reproduced under Creative Commons

license from Ref. [148].

increased coating thickness and decreased porosity with an
increasing HAp concentration from 5 to 15 g/L, conferring
improved corrosion protection in SBF [151]. Moreover, Liu
et al. investigated a novel approach in which a self-sealing
HAp-MgO composite coating was applied to AZ31 via a one-
step MAO process by adding HAp nanoparticles into the base
electrolyte. Interestingly, the HAp particles preferentially ac-
cumulated in the outer porous layer and sealed the surface
micro-defects effectively, while the inner barrier layer was
mainly composed of MgO. Such a distribution was favorable
in providing corrosion resistance in Hank’s solution [152].
Then, moving further toward multifunctional coatings, Mo-
meni et al. optimized the PEO process to co-deposit HAp
and silicon dioxide (SiO;) nanoparticles onto AZ31 Mg al-
loy [153]. The composite coating showed significantly re-
duced porosity (~10.3%) and thicker coating layers. EIS stud-
ies showed stable corrosion resistance for 7 days of storage
in SBE. More importantly, the SiO,-HAp dual composition
promoted much better HAp nucleation and bioactivity than
the single SiO, coating. Similarly, Gao et al. created HAp-
magnesia coatings on Mg using plasma electrolytic oxidation
(PEO) and then cathodic electrodeposition (CED) [142]. The
SEM surface images (Fig. 16 (a and c)) and cross-sectional
images (Fig. 16 (b and d)) show that the PEO layer develops a
porous barrier with cracks. The HAp layer deposited through
CED fills these pores, forming a denser, uniform protective
layer. The potentiodynamic polarization curves in Fig. 16(e)
show that bare Mg has the highest corrosion current den-
sity. The PEO coating increases corrosion resistance, while
the combined PEO+4-CED coating offers the best protection,
demonstrating a more positive corrosion potential and a lower
current density. Therefore, MAO/PEO remains an effective
and flexible platform for designing bioactive and corrosion-
resistant coatings on Mg alloys. However, further optimiza-
tion is needed to balance the properties of coating roughness,
porosity, mechanical integrity, and degradation kinetics, pri-
marily in the applications of load-bearing and biodegradable
implants.

4.7. RF magnetron sputtering

The RF magnetron sputtering is a widely accepted physical
method for depositing HAp coatings onto biodegradable Mg
alloys [156]. In this method, an alternating radio frequency
voltage, usually around 13.56 MHz, is applied to the HAp
target, leading to the plasma discharge formation in the low-
pressure argon atmosphere. The inert argon gas is ionized into
positively charged argon ions (Ar™), which, being accelerated
toward the negatively biased HAp target, sputter off atoms or
clusters of HAp from the target surface. The sputtered atoms
or clusters are then carried through the vacuum chamber and
deposited onto the alloy substrate, forming a thin and uniform
HAp coating [156—158]. Fig. 17(a) illustrates the schematic of
a typical RF magnetron sputtering system. This "magnetron"
arrangement takes advantage of the magnetic field near the
target surface to trap electrons and thus maintain a high ion-
ization efficiency, leading to an enhanced sputtering rate and
providing lower substrate heating. Basic sputtering process
given by the reaction [156—158]:

Ar (gas) — Art + e~ (in plasma)

Art + HAp (target) — HAp® (neutral atoms/clusters) + Ar
(reflected)

HAp® (vapor phase) — HAp (solid film on substrate)

The film thickness, crystallinity, adhesion strength, and bi-
ological performance of HAp coating depend on parameters
such as RF power, working pressure, substrate bias, deposi-
tion time, and substrate temperature. Post-deposition anneal-
ing is often used to enhance the crystallinity of HAp coating.
Fig. 17(b) revealed the morphological feature of the HAp-
coated AZ31 alloy prepared by the RF sputtering process.

The RF magnetron sputtering of HAp coatings is found
helpful in improving the corrosion resistance and biofunc-
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Fig. 17. (a) Schematic representation of a typical RF magnetron sputtering system (Reproduced with permission from Ref. [154], License no: 6050071430938).
(b) SEM image of the HAp-coated AZ31 alloy prepared by the RF sputtering process, as reported by Yadav et al. (Reproduced with permission from Ref.

[155], License no: 6104640331006).

tionality of biodegradable Mg alloys in physiological en-
vironments [156,157]. For example, Surmeneva et al. de-
posited ultrathin HAp films with 550 to 750 nm thickness
in Mg-Ca alloys and observed degradation behavior in vitro
in SBF [159]. The electrochemical tests revealed that coat-
ing with HAp increased the resistance to polarization by
more than two orders of magnitude and lowered the corro-
sion current density by almost 98% compared to uncoated
alloys, indicating the effectiveness of the coating as a bar-
rier of protection. Similarly, Mukhametkaliyev et al. also re-
ported improved corrosion resistance for nanostructured HAp-
coated films applied by RF sputtering onto AZ91 Mg alloys
[160]. Further, corrosion tests indicated that after 7 days, the
uncoated alloy had almost seven times the rate of weight
loss compared to the coated alloy. The SEM images after
electrochemical corrosion testing (Fig. 18) further supported

these conclusions, wherein the bare AZ91 alloy exhibited
many deep corrosion pits and widespread localized attack,
while the HAp-coated surface remained intact with only mi-
nor surface corrosion. Thus, applying nanostructured HAp
coating significantly enhanced the corrosion resistance and
long-term durability of the AZ91 Mg alloy in physiological
environments.

Working on the clinical significance, Dragomir et al. stud-
ied the HAp coatings on the Mg-Zn-Ag alloys deposited
at 300 °C to improve the performance of implants in or-
thopedic trauma applications [161]. The higher deposition
temperature allowed the formation of crystalline HAp with
nearly stoichiometric calcium-to-phosphorus ratios. The elec-
trochemical tests at physiological conditions eventually re-
vealed higher corrosion resistance, while mechanical investi-
gations confirmed coating adhesion and uniformity on differ-
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Fig. 18. SEM images of uncoated (a) and HAp-coated (b) AZ91 Mg alloys, illustrating the corroded surface morphology (Reproduced with permission from

Ref. [160]. License no: 6050171154800).

ent alloy compositions. Controlling the deposition temperature
is a key parameter governing the microstructure and proper-
ties of the coating. In a systematic study, Parau et al. varied
the deposition temperature for HAp coatings on AZ31B Mg
alloy from room temperature to 400 °C [162]. The analyses
revealed that grain growth increases with temperature, and a
slight decrease in hardness occurs. The coating deposited at
200 °C providing nearly ~97.3% of protection against corro-
sion owing to the least porosity among all other coating. All
coatings obtained above this temperature showed less mechan-
ical strength and corrosion resistance, putting forward 200 °C
as the optimum deposition temperature for biomedical implant
coatings. Further, Pana et al. have shown that doping HAp
coating with Mg and deposition at 200 °C could improve
mechanical hardness, elastic modulus, and resistance to cor-
rosion on AZ31B alloys [163]. To get a corrosion-resistant,
mechanically stable, and biologically performing coating, a
fine balance should be maintained between the process pa-
rameters such as deposition temperature, target doping, and
so on. Table 6 presents an overview of sol-gel, hydrothermal,
biomimetic, electrodeposition, electrophoretic deposition, mi-
cro arc oxidation, and RF sputtering methods used for HAp
coating on Mg-based biomaterials. The comparison addresses
processing conditions, technical advantages, and present chal-
lenges.

5. Advancement in HAp-based coating on Mg alloy to
improve the performance

Nanostructuring, ion substitution, hybridization, smart re-
sponsiveness, drug delivery, and bioinspired multifunctional-
ity have directed HAp coatings on Mg alloys into tailored
systems. These modifications are made to increase corro-
sion resistance and mechanical strength. They can also pro-
vide antibacterial protection, induce bone growth, and dy-
namic adaptability for next-generation biodegradable orthope-
dic implants [1,7,164,165]. The first approach is engineering
nanostructured HAp coatings through innovation in coating
methodologies. Nanoscale coatings at the morphological and
crystallographic level closely resemble natural bone miner-

als, showing enhanced compatibility with biological tissues
[166]. Further, this nanoscale morphology can be utilized to
control the degradation rate and complete the healing of bone
[61]. Advanced methodologies for HAp coating on Mg al-
loys include the simultaneous use of more than one tech-
nique to optimize the coating performance in corrosion re-
sistance, adhesion, and bioactivity, and provide multifunc-
tionality. Microwave-assisted synthesis yields fast and uni-
form crystallization, while ultrasonication helps in the dis-
persion of particles and better bonding. Such advances help
bring about durable, functional, and tailor-made coatings suit-
able for osteogenesis and extension of implant life. Shen
et al. fabricated FHAp coatings with hierarchical micro/nano-
topography mimicking natural bone resorption surfaces on Mg
alloy via microwave aqueous method [167]. They revealed
that the surface morphology of the HAp and FHAp coat-
ings has distinct nanostructures. HAp-coated samples showed
nanocotton and nanosheet features (Fig. 19a—d) while FHAp-
coated samples formed dense nanoneedles (Fig. 19e-h). El-
emental analysis showed that calcium, phosphorus, and flu-
orine were distributed homogeneously in FHAp nanoneedles
(Fig. 191). 3D optical profiling and roughness analysis fur-
ther revealed that the FHAp coating had significantly higher
surface roughness and peak spacing than the HAp coating,
suggesting an improved surface texture (Fig. 19j-1). Such bi-
layer nanoneedle arrays promoted osteogenesis and showed
outstanding anticorrosion performance in SBF and fast os-
seointegration.

Concerning the surface morphology, Sun et al. used an
ultrasonic aqueous synthesis method to fabricate dense and
crack-free HAp coatings with a bamboo leaf-like microstruc-
ture on Mg substrates [168]. Within 1 h of ultrasonic cav-
itation in calcium-phosphate solutions, a relatively uniform
layer was formed, and strong interfacial bonding of about
18.1 &+ 2.2 MPa was achieved. Electrochemical results in SBF
proved good corrosion resistance, while the rapid deposition
of apatite within 3 days showed the coating was highly bioac-
tive. The coating continued mineralizing for 90 days, thus in-
dicating its long-term protective capacity and biocompatibility
for orthopedic applications. Complimentary to this approach,
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Table 6

A comparative representation of selected methods for HAp coatings on biodegradable Mg alloys with respect to their principles, processing conditions,

advantages, and limitations.

Method Principle Processing conditions Advantages Limitations

Sol-gel Hydrolysis and condensation Low-temp drying and Low cost, uniform coatings, Requires heat treatment,
of precursors to form HAp calcination (~<600 °C) compositional control may produce cracks due
gel to shrinkage

Hydrothermal Crystallization of HAp in 120-200 °C, autoclave, Good crystallinity, strong Long processing time,
aqueous solution under high hours to days adhesion, dense coatings specialized equipment
temp/pressure

Biomimetic HAp growth in SBF Room to body temp, Excellent bioactivity, low Slow coating rate, thin
mimicking natural immersion for several cost, environmentally coatings, may need
mineralization days friendly surface pre-treatment

Electrodeposition Electrochemical reduction to Room temp, 1-24 V, Simple setup, good control Requires post-treatment
deposit HAp from ionic aqueous electrolyte over thickness and for densification, risk of
solution morphology porosity

Electrophoretic HAp particles are deposited Room temp, Uniform coating, fast Requires sintering, weak

Deposition (EPD) from suspension via electric organic/aqueous media, deposition, simple equipment adhesion without an
field DC/AC field interlayer

Micro Arc Oxidation
(MAO)

RF Sputtering

Plasma-assisted formation of
oxide/ceramic layer on Mg
substrate

HAp target is sputtered onto
Mg surface using radio

High voltage

(200-500 V), electrolyte
bath

High vacuum, substrate
heating (~300-600 °C)

Strongly adherent layer,
porous structure enhances
HAp bonding

Dense, uniform films, good
adhesion, high purity

Brittle layer, risk of
cracks, rough surface

Expensive equipment,
low deposition rate, high

frequency plasma

residual stress

Wang et al. developed a double-layer coating comprising mi-
croarc oxidation followed by fluoridated HAp (FHAp) de-
position on Mg-3Zn-0.5Zr-0.5Sr alloy [169]. The microarc
oxidation acted as a base-layer from a corrosion resistance
viewpoint, whereas the needle-shaped FHAp layer (~6 pm
thick) offers osteoconductivity and mineralization ability and
hence stands as a potential coating material for improvement
of Mg implants performance.

Ionic-substituted HAp coatings are recently considered for
enhancing biological functionality. Such coatings containing
Mg>*, Zn>*, Sr2*, Si**, and CO;~ ions can facilitate os-
teogenesis, angiogenesis, and antimicrobial activities without
affecting the structural integrity of HAp. These substitutions
also affect solubility and degradation behavior, making the
coating better suited to Mg alloys. Such coatings provide a
multifunctional surface that supports bone regeneration, low-
ers infection risk, and controls biodegradation. Sr-doped HAp
coatings were prepared on a ZK60 Mg alloy via one-pot hy-
drothermal synthesis by Wang et al., who found that 10%
Sr substitution changed the morphology from nanorods to a
3D nanowire network, thereby improving corrosion resistance
and assisting in better adhesion and proliferation of BMSCs
[170]. Fig. 20 revealed the growth mechanism and SEM im-
ages of Sr-HAp coatings on ZK60 Mg alloy. This Sr sub-
stitution modified the coating structure, osteointegration, and
biodegradation behavior, thus making it more applicable for
orthopedic applications. Also, Sr-substituted HAp coating on
Mg alloy were found to have an excellent corrosion resis-
tance. Hydrogen evolution was much less for Sr-substituted
HAp-coated alloys than for non-coated ones, thus reducing
corrosion [171]. The pH of the Hank’s solution was much
more stable with Sr-substituted HAp-coated alloys suggesting
that coating prevents localized acidification. Fig. 21 clearly

shows the effect of Sr substitution on hydrogen evolution, pH
change, Mg release, and corrosion rates of Sr-HAp-coated
Mg alloys in Hank’s solution. The above results show that
Sr-HAp coatings, especially those with 100% Sr content, af-
forded the best corrosion protection, highlighting the potential
of Sr-HAp coating for developing Mg alloys in biomedical
areas.

Similarly, Zhou et al. showed that Zn-doped nanowhisker
HAp coatings hydrothermally synthesized on ZK60 alloy en-
hanced corrosion resistance while offered antibacterial prop-
erties and enhanced osteogenic activity in rat bone marrow
mesenchymal stem cells [172]. Controlled Zn doping is vital
to obtain these multifunctional properties, making the Mg im-
plants toward multifunctional clinical application. Hiromoto
et al. studied the comparison between carbonate apatite (CAp)
and pure HAp coatings on Mg-0.8 mass% Ca (MgCa) al-
loys implanted in rabbit femurs, for both 8 and 24 weeks
[173]. Both coatings initially prevented rapid corrosion, but
CAp-coated devices underwent significantly less degradation
as time progressed. Specifically, the CAp-coated implants
showed no obvious corrosion pits and had a corrosion rate
at 24 weeks half that of the HAp-coated implants and one-
fifth that of the uncoated implants. The dissolution of the
CAp coating gradually took place without causing any harm,
especially in conjunction with areas of new bone attachment.
This study highlights the great potential of CAp as a bioab-
sorbable layer for corrosion control and bone regeneration in
orthopedic implants.

The hybrid coatings on the Mg alloys combine HAp, poly-
mers, and oxides can offer improved corrosion resistance,
bioactivity, and mechanical stability. Such multifunctional lay-
ers can develop into an interface for the bone, provide drug
delivery, and protect the implants from rapid biodegrada-



5334 G.S. Kumar, K. Lalithambigai, N. Van Minh et al./Journal of Magnesium and Alloys 13 (2025) 5313-5344

- Il HA coating
- I FHA coating

Rsm

Fig. 19. Surface morphology and composition of the HAp and FHAp coatings. SEM and TEM images reveal nanosheets-like HAp coating (a—d), while
a nanoneedles-like structure in FHAp coating (e-h). EDS mapping confirmed the elemental distribution (i). 3D profiling (j—k) and roughness analysis (1)
demonstrated a higher degree of surface roughness and different topography for the FHAp coating (Reproduced with permission from Ref. [167]. License no:

6050090016926).

tion. Sreekanth et al. fabricated hybrid MgO/HAp composite
coatings on an AZ31 Mg alloy via a PEO and EPD route
[174]. The resultant coating exhibited good corrosion resis-
tance against acidic (pH 4.5) and physiological (pH 7.4) envi-
ronments. Structural analyses revealed HAp embedded within
the MgO matrix in the coating, promoting surface passivation
and osteoconductivity. Chen et al. produced carbonated HAp-
graphene oxide composite coatings on AZ91 Mg alloy by
ultrasonic-assisted electrophoretic deposition [175]. Ultrason-
ication simultaneously exfoliated graphene oxide nanosheets
and aided CO, adsorption to induce in situ formation of B-
type carbonated HAp. The carbonated HAp, graphene ox-
ide, and graphene oxide-Mg complexes greatly improved cor-
rosion resistance in saline environments, while the HAp-
graphene oxide coating offers the best protective performance
owing to denser microstructure and barrier effect. Askarnia

et al. created a new composite coating composed of HAp,
chitosan, and graphene oxide on AZ91D Mg alloy by the
electrophoretic deposition method [176]. This work examined
how varying graphene oxide content (0—2 wt%) impacted the
coating’s characteristics. The increase in graphene oxide con-
tent improved mechanical properties such as hardness (40—
60 MPa) and Young’s modulus (3.1-8 GPa). HAp precipi-
tation and bioactivity were enhanced with higher graphene
oxide content throughout 24 days of immersion in SBF. The
corrosion resistance improvement is slightly noticeable, with
corrosion rates decreasing from 4.3 to 0.2 mpy due to reduced
surface cracking caused by the graphene oxide reinforcing ef-
fect. With 2 wt% graphene oxide in the composite coating,
besides corrosion protection, strong antibacterial activity was
found that could completely inhibit the growth of Escherichia
coli and S. aureus after 24 h. These findings indicate the po-
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Fig. 20. Growth mechanism and SEM images of Sr 3% (a) and Sr 10% (b) HAp coatings on ZK60 Mg alloy (Reproduced with permission from Ref. [170].

License no: 6050170004220).

tential use of the coating for biodegradable orthopedic im-
plant applications. Further, Zhang et al. fabricated composite
coatings of polycaprolactone/HAp over AZ31 Mg alloy incor-
porating nanorod HAp crystals in the polycaprolactone poly-
mer fill to improve adhesion and reduce corrosion rates by
an order of magnitude as compared to a composite coating
with HAp only [177]. This hybrid coating moderately sup-
ported BMSC cells’ adhesion and cytocompatibility, although
its antibacterial studies with methicillin-resistant Staphylo-
coccus aureus demand further enhancement. Another hybrid
system was reported by Tian et al., where they prepared
a HAp/hydroxypropyltrimethyl ammonium chloride chitosan
composite coating on Mg alloy having superhydrophilicity
(~4° contact angle) to resist protein adsorption and bacterial
adherence. The coating is highly antibacterial and kills about
99% of bacteria on Staphylococcus aureus and Escherichia
coli, along with improved corrosion resistance and cytocom-
patibility. This study offer a suitable solution for combating
implant-associated infections while ensuring biocompatibil-
ity [178]. Similarly, Ling et al. prepared copper-doped ze-
olitic imidazolate framework-8/HAp (Cu@ZIF-8/HAp) com-
posite coatings onto AZ31B Mg alloy [179]. The dodecahe-
dral Cu@ZIF-8 layer could function as a reservoir for con-
trolled release of Cu?t and Zn?' ions for bacteria killing
against S. aureus and E. coli, while the inner HAp layer can
enhance cell adhesion and osteogenic activity. This multifunc-
tional MOF-based coating demonstrates the synergistic effect

of antimicrobial ion release with improved corrosion resis-
tance and bioactivity (Fig. 22).

Stimuli-responsive coatings are a forefront topic in sur-
face engineering for implants. Dynamic protection is achieved
by changing their surface properties against environmental
changes (such as pH or temperature) at the implant site.
Zhang et al. reported crack-less HAp/phytic acid hybrid coat-
ings formed by chemical conversion and hydrothermal treat-
ment in saturated CaO solution [180]. While providing this
effect, calcium and phosphate ions would first form amor-
phous CaP, which crystallized to HAp, repaired coating de-
fects, and established excellent bonding strength with the sub-
strate, as shown in Fig. 23. Meng et al. prepared a super-
hydrophobic HAp/Bi,Ss/lauric acid composite coating with
near-infrared (NIR) light-triggered wettability transition [181].
This smart coating could switch from hydrophobic to hy-
drophilic, thereby promoting cell adhesion when required, af-
ter NIR exposure and while resisting corrosion and antibac-
terial effectiveness (~99.9% against S. aureus). Further, an
advanced multifunctional coating system was developed by
Rahman et al., whereby they fabricated a 3-layered system
from anodized oxide, HAp (via electrodeposition), and fi-
nally a hydrophobic silk fibroin top coat on Mg and WE43
alloys [182]. This coating reduced the corrosion rate by 50-
fold in pure Mg and 26-fold in WE43. Additionally, the layers
supported cell proliferation and reduced hydrogen evolution,
where the anodized oxide induced microroughness, HAp pro-
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vided mechanical hardness and bioactivity, and silk fibroin
resisted water access and further corrosion. Zhai et al. studied
ultrasonic spraying for coating silk fibroin /nHAp composites
on microarc oxidized AZ31 Mg alloy [183]. The ultrasonic
spraying allowed deep penetration into surface micropores,
thus creating a mechanical interlocking and chemically stable
bioactive layer. In vitro studies showed less hydrogen release
and less degradation, while the in vivo implantation revealed
low inflammatory responses and enhanced tissue regenera-
tion. Researchers introduced the concept of tissue-reactive
coatings, where early fibrous tissue interaction with the sur-
face of an implant forms a protective barrier that regulates
degradation and improves the integration of the substitute.
Heakal et al. studied electrophoretic deposition of nanoHAp-
ETELAC resin composite coatings on Mg-3Zn-0.8Ca alloy
[184]. They synthesized nanoHAp by microwave-assisted hy-
drothermal synthesis and optimized deposition parameters to
50 V at 150 rpm, resulting in uniform, well-adherent, and
crack-free coatings. Such protective coatings provided excel-
lent corrosion resistance in SBF at 37 °C and reduced ion
diffusion while at the same time maintaining mechanical in-
tegrity.

Drug-loaded HAp coatings bring new opportunities for
multifunctionality, such that the coatings can also serve to
deliver drugs locally and not simply act as a barrier against
corrosion. The coating can be loaded with antibiotics, anti-
inflammatory drugs, or growth factors to provide local, sus-
tained release, thus fighting infections, promoting bone regen-
eration, and reducing systemic side effects. Ji et al. developed
a gentamicin (GS)-loaded HAp coating on AZ31 Mg alloy by
layer-by-layer assembly followed by hydrothermal treatment
[185]. The schematic illustration (Fig. 24A) shows the layer-
by-layer assembly of GS-loaded multilayers, followed by hy-
drothermal HAp growth. This process results in a denser and
more compact coating, as shown by SEM (Fig. 24B). This

structural improvement not only increases coating stability but
also allows for effective antibacterial activity and a sustained
release profile of GS, as demonstrated in the antibacterial
assays and drug release studies (Fig. 24C). This GS-loaded
HAp coating show enhanced corrosion resistance, antibacte-
rial property, and excellent biocompatibility with gentamicin
release up to 384 h. This study offer a prolonged protec-
tion against infection during the initial healing phase [185].
Similiarly, Gao et al. produced a calcium phosphate coating
consisting of ciprofloxacin, with polyacrylic acid used as the
templating agent during the hydrothermal synthesis [186]. The
ciprofloxacin incorporated coating worked as an antimicrobial
agent against both S. aureus and E. coli, while also supporting
healthy cell growth with corrosion protection.

Rapid degradation of Mg implants impairs cytocompati-
bility and osseointegration, limiting their clinical application.
To overcome this issue, Li et al. developed a bio-inspired bi-
layer coating, comprising an outer layer of HAp nanorods
simulating osteoclastic bone nanotopography, and an inner
pore-sealed layer of MgO prepared by microarc oxidation and
hydrothermal treatment [187]. The coating acts by regulating
intracellular ion concentrations and minimizing hydrogen evo-
lution thus improving the mineralization of the extracellular
matrix of osteoblasts. Meanwhile, the coating preferentially
degrades at a controlled manner without causing delamina-
tion, thereby preserving its mechanical integrity and prevent-
ing osteolysis. This multifunctional coating represents a mas-
sive potential in the clinical translation of Mg-based implants
by simultaneously addressing corrosion protection, osteoim-
munomodulation, and osseo-integration. The huge advance-
ments in nanostructuring, ion substitution, hybrid layering,
and smart functionalities have allowed for tailored degrada-
tion rate, mechanical integrity, and biological response. Ta-
ble 7 represents various HAp and HAp-based composite coat-
ings applied on Mg alloys with different preparation methods
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and electrolytes, thus comparing their efficacy in corrosion
inhibition reported by several workers. This table clearly in-
dicates that coating composition, preparation method, ion sub-
stitution, hybrid layering, and electrolyte condition greatly af-
fect the corrosion behavior of Mg alloys. Composite coatings
based on HAp and Sr-substituted HAp seem promising in in-
creasing the life and safety of Mg-based implants for biomed-
ical applications. These coatings can lower corrosion current
density and shift corrosion potential to a positive side against
degradation, thereby enhancing the biocompatibility and me-
chanical strength of Mg alloys. Serving as artificial bone min-
erals, these coatings also enhance drug delivery systems and
antibacterial characteristics. Notable advancements of stimuli-
responsive systems, dual-layer architectures, and the loading
of therapeutic agents depict their capability of multiple func-
tions. All of these developments favor HAp-coated Mg alloys
as good candidates for next-generation bioresorbable orthope-
dic implantations with better clinical performance.

6. Challenges in HAp coatings on Mg alloys

Numerous scientific and technological challenges must be
addressed to develop an effective and uniform HAp coat-
ing on Mg substrates [7,29,147]. One of the most signifi-
cant challenges comes from how the Mg alloy is reactive to
environmental factors during the deposition of coating lay-

ers. The highly electropositive character of Mg results in
its rapid corrosion through oxidation and hydrogen evolution
while in aqueous environments, particularly in coating meth-
ods that are aqueous-based such as electrochemical deposi-
tion or electrophoretic deposition [7,194-196]. The excessive
reactivity inhibits good adhesion of the coating to the sub-
strate, thus producing microcracks in the coating layer and
causing non-uniform morphology due to gas evolution at the
metal interface. Porosity is another drawback of HAp coat-
ings, which allows penetration of body fluids and weakens the
protective action, causing localized corrosion under the coat-
ing [7,8,196,197]. Another issue arises from the difficulty in
obtaining strong interfacial bonds between HAp coatings and
alloy substrate [5,29,194]. The mismatch in thermal expansion
coefficients between the coating and alloys might introduce
internal stresses [198]. Such stresses lead to delamination or
cracking of the coating [192,193]. Additionally, Mg inherently
tends to form a surface oxide layer that is loosely adher-
ent and easily removable [7,121,174]. Surface pre-treatments
such as acid etching, alkaline treatment, or anodization have
been studied to improve surface roughness and coating ad-
hesion, but optimizing these processes concerning different
alloy compositions remains challenging [29,133,195].
Moreover, acheiving phase purity and crystallinity of the
HAp coating is an important challenge [29,78]. The biolog-
ical performance, cellular response, and host-tissue integra-



Table 7

Compares diverse HAp and HAp based coatings on Mg alloys produced through distinct methods and worked upon by various electrolyte solutions with different corrosion current densities and potentials.

Corrosion

Leorr (A/sz) Ecorr (V)

Electrolyte

Preparation method

Coating sample

Substrate

Authors

rate (mm/yr)

1.16 x 10~*

—-1.39
—1.35
—1.47
—1.355

Hank’s solution 5.09 x 10~°
Hank’s solution

Hank’s solution
Hank’s solution

SBF

Hydrothermal

ZK60 alloy HAp

Wang et al. [170]
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378 x 107

0.5

1.65 x 1076

Hydrothermal

Sr-HAp
Sr-HAp

ZK60 alloy

Wang et al. [170]

17.55 x 107°

Electrodeposition
Hydrothermal

AZ31B alloy
AZ31 alloy

Gu et al. [171]

0.92
1.2

4.879 x 1078

HAp/Mg(OH),

Peng et al. [103]

—1.486V
—1.422
—0.46
—0.774
—0.789
—1.300
—1.57
—1.401
—-1.172
—1.037
—0.780

542 x 107°

Electrophoretic deposition

HAp-Bioglass

AZ91 alloy

Singh et al. [140]

0.090

398 x 107°

SBF

Electrophoretic deposition

Sol-gel

HAp-Bioglass- chitosan-Fe3O4 composite
PA-HAp-PCL composite

HAp/tea polyphenol

HAp
HAp

AZ91 alloy

Singh et al. [140]

3.8 x 1074
0.349

0.363

0.62

0.94

2.1 x 1079

SBF

Mg-Ag-Zn-Ca alloy
AZ31B alloy

Singh et al. [95]

7.645 x 10~°

SBF

Hydrothermal

Liao et al. [105]
Liao et al. [105]

7.949 x 10~°

SBF

Hydrothermal

AZ31B alloy

0.62 x 107°

SBF

Electrodeposition

AZ91 Mg alloy

Akbarzadeh et al. [188]
Sun et al. [189]

5.56 x 107

SBF
PBS

Ultrasonic aqueous synthesis

Spray coating

AZ31 magnesium alloy HAp

EW62

0413

18.317 x 1076

HAp

Dunne et al. [190]

0.0683
0.0659
0.0188

3.067 x 107°

SBF

Cathodic electrophoretic deposition

AZ31 magnesium alloy HAp-carboxymethyl cellulose composite

AZ31 magnesium alloy HAp-graphene composite

Ahangari et al. [191]

2960 x 10~°

SBF

Cathodic electrophoretic deposition

Ahangari et al. [191]

0.846 x 10~°

SBF

AZ31 magnesium alloy HAp-carboxymethyl cellulose-graphene composite  Cathodic electrophoretic deposition

Ahangari et al. [191]

tion are mainly depending on phase purity, crystallinity, and
morphology of the HAp layer. Poorly crystallized or amor-
phous HAp may be bioreabsorbed too fast or may not pro-
vide sufficient bioactivity, whereas high crystalline coatings
may be too brittle and may crack under mechanical stresses.
The hardest part is producing the right crystallinity without
compromising the substrate when low-temperature coatings
are used, such as biomimetic deposition or sol-gel synthe-
sis [7,120,192,199]. Moreover, another challenges in coating
implants is achieving coating homogeneity over complex ge-
ometries, which may lead to incomplete coating or variable
thickness [33,159,163,200]. Composite or multilayer coatings
have therefore been examined as potential solutions. How-
ever, complexity in fabrication as well as concerns about bio-
compatibility and mechanical mismatch [105,106,195,201].
Laboratory-scale techniques may not be easily and directly
brought into industrial-scale manufacturing while keeping the
coating quality, especially for patient-specific or irregular-
shaped implants [122,124,132,192]. The long-term behavior
of HAp-coated Mg implants, in vivo biodegradation, and re-
lated processes remain with many existing research studies
focusing mainly on short-term in vitro or small-animal mod-
els [122,192]. Finally, balancing bioactivity with degradation
control has long been problematic [171,172,202]. Although
HAp coatings promote biointegration with cell adhesion, pro-
liferation, differentation, and mineralization, it may prevent
the biodegradation of Mg implants that are intended to act
as a temporary support [130,202]. To conclude, despite HAp
coatings having significant potential for enhancing the per-
formance of biodegradable Mg alloys with biomedical appli-
cations, currently few challenges including coating adhesion,
long-term stability, biological response, and scalability should
be addressed for specific applications.

7. Future trends and research directions
7.1. Multifunctional coatings

HAp coatings of the new generation in Mg alloys are ex-
pected to offer biocompatibility and corrosion resistance, have
multimodal functions, and carry therapeutic agents to con-
trol infections during postoperative stages [22,203,204]. The
growth factors can work as osteoinductive agents for increased
bone regeneration [22,205]. The function of such composite
coatings is to form a bioactive interface for the structure of
the implant that helps in the healing process [206]. Also, de-
veloping it as a drug delivery system, where local therapy can
be provided with reduced systemic side effects, thus enhanc-
ing patient outcomes [7,203]. These multifunctional coatings
offer next generation implants in orthopedics and regenerative
medicine [201,204,207].

7.2. Hybrid techniques
Hybrid coating techniques are used to optimize the perfor-

mance of HAp coatings, which allow a synergy of deposition
methods [75,184]. For instance, a biomimetic approach may
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be integrated with electrochemical deposition or sol-gel meth-
ods to enhance both the biological affinity and mechanical sta-
bility of the coating [200,208]. Developing a multilayered or
gradient structure by hybrid processes may exhibits a strong
inner layer to offer good bonding to the Mg substrate and an
outer layer that can be modified for enhanced bioactivity or
drug delivery [195,209,210]. Hybridization also provides the
capacity for imparting new nanoscale features or surface tex-
tures that can promote osteoblast adhesion and proliferation
with antibacterial activity [104,207,211]. Incorporating two
different approaches creates a very flexible and customizable
platform to engineer coatings for specific clinical applications.

7.3. Smart coatings

The evolution of smart coatings represents an innovative
approach in implant technology [179,185,212]. These smart
surfaces are designed to respond dynamically to changes
in the physiological environment, such as pH, temperature,
or biochemical signals. For instance, a smart HAp coating
may remain inert under normal conditions but release anti-
inflammatory or antimicrobial agents in response to infection
or inflammation [213-215]. Other coatings may degrade at
a rate influenced by the surrounding pH, aligning more pre-
cisely with tissue regeneration. Recent research has also ex-
plored the use of shape-memory polymers, piezoelectric ma-
terials, and stimuli-responsive hydrogels integrated with HAp
to create coatings capable of self-healing, releasing drugs
on-demand, or even altering their mechanical properties in
situ [152,213,215-217]. These innovations aim to reduce the
risk of implant failure and promote a more adaptive healing
process. This may offer a new paradigm of self-regulating
biomedical devices [214,218].

7.4. 3D-printed scaffolds

Integrating HAp coating with a 3D-printed Mg scaf-
fold is an excellent approach for patient-specific treatments
[214,218,219]. Additive manufacturing can impart highly
custom geometries to implants that mirror patient-specific
anatomical features, mainly for complicated orthopedic or
maxillofacial reconstructions [218,220]. The HAp coating en-
sures these scaffolds act as promising scaffolds for supporting
structural integrity and promoting fast bone in-growth and re-
modeling. Secondly, the 3D-printed scaffolds allow accurate
design control over matrix porosity and interconnectivity, and
these parameters are critical for nutrients to pass through, vas-
cularization, and host tissue integration [219,221,222]. With
continued advancement in digital design tools and bioprint-
ing technologies, the combination of HAp-coated 3D printed
Mg scaffolds can be used for patient-specific implant therapy
[218,221,223].

8. Conclusion

Mg alloys are an excellent candidate for temporary med-
ical implants, especially from an orthopedic and dental ap-

plications, owing to their biodegradability, biocompatibility,
and mechanical properties similar to bones. However, the fast
corrosion of Mg alloys in physiological environments should
be considered a primary concern. Hence, HAp coatings are
considered a practical solution to this problem as they im-
prove corrosion resistance while enhancing osteoconductivity
and bioactivity. In this review, we have summarized the latest
developments in various HAp coating techniques on Mg al-
loy. While much progress has been made toward corrosion
resistance, biocompatibility, and biological performance of
HAp-coated Mg alloys, further research is required on hybrid
coating techniques and functionalization strategies to enhance
long-term coating stability, controllable degradation rates, and
reproducibility at a large scale. Long-term clinical studies on
HAp-based hybrid and composite coatings are needed to bring
Mg-based alloys for next-generation implant materials.
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