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From rapid corrosion to clinical use: coating
technologies for magnesium-based orthopedic
implants
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Biodegradable magnesium (Mg) and alloys are widely used for orthopedic fixation due to their bone-like

elastic modulus and gradual biodegradation, which can eliminate the need for secondary removal surgery;

however, rapid and localized corrosion in physiological environments, initiated at defects and microcracks,

leads to premature mechanical failure, hydrogen evolution, and alkaline conditions that disrupt protein

adsorption and cell integration during early bone healing, making surface coatings essential for controlling

interfacial reactions, regulating material transport, and improving biological compatibility. In this work, a

comparative and mechanistic framework is presented to evaluate inorganic (Ca-P and oxide), organic (PCL,

PLGA, chitosan, collagen), and hybrid coating systems, where representative studies are critically analyzed

in terms of corrosion performance, biological response, and key limitations, thereby enabling the

identification of consistent structure–property relationships across different coating strategies. The analysis

shows that hybrid and multilayer coatings provide the most balanced performance by combining effective

barrier protection with controlled Mg2+ release and enhanced bioactivity, whereas clinical translation

remains limited due to insufficient long-term adhesion under physiological loading, lack of scalable

fabrication methods, and the absence of standardized corrosion–biology evaluation protocols, thereby

emphasizing the need for next-generation Mg coatings with multifunctionality, controlled degradation, and

improved interfacial stability.

1. Introduction

In recent years, the demand for biomaterials for bone repair
and regeneration has increased markedly, with more than 2.2
million bone grafting procedures performed annually,1 includ-
ing joint replacement, spinal fracture correction, internal

fixation of long bones, maxillofacial surgery, and other ortho-
pedic interventions.2 This clinical demand has accelerated the
development of implant materials with high biocompatibility
and sufficient mechanical strength, which are broadly classi-
fied into bioinert, bioactive, and bioresorbable, and include
metals, polymers, ceramics, and composites widely used in
bone tissue engineering.2,3

Among these materials, metals are commonly used in load-
bearing orthopedic applications due to their durability and
fracture resistance; conventional metallic biomaterials include
stainless steel, titanium (Ti) alloys, cobalt–chromium (Co–Cr)
alloys, and magnesium (Mg) and its alloys, which are routinely
employed in clinical orthopedic practice.4,5 Stainless steel and
Co–Cr alloys exhibit very high elastic moduli (E200–253 GPa)
and tensile strengths exceeding 1000 MPa,6–8 while titanium-
based alloys show relatively low moduli (E55–150 GPa) with high
yield and tensile strengths (E600–1764 MPa).8 Although these
traditional metallic implants provide excellent mechanical relia-
bility and acceptable biocompatibility,5 they suffer from inherent
clinical limitations. So, these inert materials are designed to
remain permanently in the body, often necessitating secondary

a Department of Materials Engineering, Engineering Technical College-Baghdad,

Middle Technical University, Baghdad, 10074, Iraq.

E-mail: nabeel_Khadum@mtu.edu.iq
b Center of Industrial Applications and Materials Technology, Scientific Research

Commission, Baghdad, Iraq
c School of Mechanical Engineering, Chengdu University, 2025 Chengdu Avenue,

Chengdu, 610106, China
d Chemical Industries Department, Ministry of Higher Education, Institute of

Technology-Baghdad, Middle Technical University, Baghdad, 10074, Iraq
e Technical Instructor Training Institute, Middle Technical University, Baghdad,

10074, Iraq
f Central Metallurgical Research and Development Institute (CMRDI), Helwan, Egypt
g School of Materials and Chemistry, Southwest University of Science and

Technology, Mianyang, Sichuan, China
h School of Automotive Engineering, Chengdu Aeronautic Polytechnic, Chengdu,

610106, China

Received 17th February 2026,
Accepted 25th March 2026

DOI: 10.1039/d6ma00232c

rsc.li/materials-advances

Materials
Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 1
0:

10
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal

https://orcid.org/0000-0003-4532-6955
https://orcid.org/0009-0002-4359-5414
https://orcid.org/0000-0003-3552-4878
https://orcid.org/0000-0002-9711-0059
http://crossmark.crossref.org/dialog/?doi=10.1039/d6ma00232c&domain=pdf&date_stamp=2026-04-20
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00232c
https://pubs.rsc.org/en/journals/journal/MA


Mater. Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry

surgical removal after bone healing, which increases patient risk,
cost, and the likelihood of complications or tissue mismatch.9–13

Furthermore, their elastic modulus is significantly higher than
that of natural bone, leading to stress shielding effects that can
result in bone resorption, implant loosening, and long-term
failure. In addition, corrosion-induced release of metal ions or
wear debris may cause local toxicity or allergic reactions.14

In contrast, magnesium alloys exhibit mechanical properties
closer to those of natural bone, with an elastic modulus of 55–
110 GPa and a density of 1.74–1.84 g cm�3,6 which are compar-
able to those of human cortical bone (15–30 GPa; 1.80–
2.10 g cm�3),15 as illustrated in Fig. 1. They have tensile strengths
of about 690–1100 MPa, values that are markedly lower than
those of stainless steel and Co–Cr alloys and closer to that of
cortical bone. This similarity helps reduce the stress shielding
effect, making magnesium-based implants more appropriate for
load-bearing and temporary fixation applications.14,16–22 Accord-
ingly, an increasing number of Mg-based alloys have been
proposed as promising candidates for temporary implants.23

In addition to their mechanical compatibility,24–26 magnesium
alloys offer good biocompatibility27–30 and in vivo biodegrad-
ability.31–33 This makes them a suitable option for temporary
implants, eliminating the need for surgical removal and reducing
patient costs.9,10 This favorable biological response is attributed to
the essential role of magnesium in the human body, where it is
regularly consumed in amounts of 250–500 mg per day and safely
excreted.19 Also, Mg2+ ions released during degradation enhance
osteoblast proliferation and support bone regeneration by stimu-
lating gene expression and protein activity involved in bone
remodeling, as well as regulating extracellular matrix components
essential for bone tissue.34,35 These combined mechanical, biolo-
gical, and degradable characteristics explain the growing clinical
interest in magnesium-based implants, and their roles in bone
healing processes are summarized in Fig. 2.

Due to these features, magnesium and its alloys have gained
increasing attention in biomedical applications, particularly in
orthopedic implants (Fig. 3), such as bone screws,36 bone
plates,37 bone pins and K-wires,38,39 spinal fixation devices,40

intramedullary nails,41 3D-printed scaffolds,42,43 interference
screws,44 and for fracture fixation or bone defect repair.14

Despite possessing several desirable properties, such as
biocompatibility and the ability to induce bone development,
magnesium-based materials used as temporary implants still
face critical limitations that hinder their clinical biomedical
application due to their uncontrollable degradation rate in
physiological environments.19,45,46 Although the corrosion by-
products of magnesium alloys are generally non-toxic and can
be cleared through metabolism, magnesium alloys still degrade
rapidly in the human body because physiological conditions
accelerate their corrosion.18,47 The high concentration of chlor-
ide ions (B96–106 mEq per L) and the neutral to slightly
alkaline pH (B7.4–7.6) in bodily fluids cause more aggressive
degradation compared to typical aqueous solutions.16

This rapid degradation is accompanied by continuous electro-
chemical reactions at the implant surface, during which anodic
magnesium dissolution and cathodic hydrogen evolution lead to
the formation of a transient Mg(OH)2 layer and the release of H2

gas.35,48 In chloride-containing biological fluids, this hydroxide
layer becomes unstable and readily converts into soluble MgCl2
when the chloride concentration exceeds B30 mmol L�1, thereby
accelerating corrosion.49–51 Consequently, excessive hydrogen gas
evolution occurs, creating localized alkalization due to OH�

accumulation and a significant increase in pH at the implantation
site.9,40,52 Although elevated pH promotes calcium-phosphate pre-
cipitation, the resulting protection is non-uniform and insufficient
to prevent continued corrosion.51 The accumulation of hydro-
gen bubbles can form gas cavities near the wound area, trigger-
ing early-stage inflammatory responses and disrupting the local
biological microenvironment. This disrupts the local biological
environment, interfering with bone tissue formation and delay-
ing healing, which limits the clinical application of these
implants.53–56

As a result, localized corrosion in magnesium alloys, parti-
cularly pitting corrosion, facilitates the formation of micro-
defects that trigger stress corrosion cracking (SCC) through
anodic dissolution and hydrogen-assisted cracking mechan-
isms, markedly increasing the risk of premature implant failure
under physiological loading conditions.57–59 So, achieving a
controlled degradation rate that maintains sufficient mechan-
ical integrity over the bone healing period (approximately 24–32
weeks) remains a critical challenge for the clinical application
of magnesium-based implants.16,60,61 The principal factors
governing degradation behavior and mechanical stability dur-
ing bone healing are summarized in Fig. 4.

To suppress the intrinsically rapid degradation of magne-
sium alloys in physiological environments, effective control of
the degradation rate is essential for safe clinical application.
Although alloying and processing optimization have been
widely explored, alloying alone cannot sufficiently enhance the
early-stage bone response of Mg-based implants.62 Accordingly,

Fig. 1 Young’s modulus of representative implant materials in compar-
ison with cortical bone.
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surface modification strategies have attracted increasing atten-
tion due to their simplicity, cost-effectiveness, versatility, and
superior performance.63–77 Among these strategies, biocompa-
tible surface coatings have emerged as the most effective
approach, as they provide a physical barrier between the Mg
substrate and the physiological environment, thereby signifi-
cantly improving corrosion resistance while simultaneously
enhancing mechanical stability and biological performance.78

Coating biocompatibility, controlled degradability, and robust

interfacial adhesion are essential for clinical safety and long-
term in vivo stability. The coating composition and microstruc-
ture critically determine corrosion resistance, interfacial integ-
rity, and cellular responses, while weak adhesion can cause
coating failure and accelerate magnesium degradation.79

Accordingly, recent advances in coating technologies for
biodegradable magnesium alloys have focused on improving
coating–substrate adhesion and ensuring long-term in vivo
stability. These systems are commonly classified into inorganic,

Fig. 2 Physiological distribution of magnesium and mechanistic biological effects of magnesium-based implants on bone regeneration. (a) Conceptual
overview of magnesium intake, absorption, systemic distribution and storage, and renal excretion in the human body. (b) Schematic illustration of a
magnesium-based implant embedded in bone tissue, highlighting the implant–bone interface and local degradation environment. (c) Conceptual
mechanistic wheel model showing how magnesium implant biodegradability induces immune modulation, angiogenesis, osteogenesis, and bone
remodeling, with Mg2+ release acting as the central driver of these coupled processes.
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Fig. 3 Applications of magnesium and its alloys in orthopedic implants.

Fig. 4 Factors influencing the degradation behavior and biological activity of magnesium implants.
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organic, and hybrid coatings, each playing distinct roles in
corrosion control and biological response,9,47,80,81 as illustrated in
Fig. 5. However, current reviews are often descriptive and do not
fully establish a clear mechanistic link between coating structure,
degradation behavior, and biological performance, which limits
their value for material selection and design. In this work, a
unified mechanistic and comparative framework is established
that directly links coating type, corrosion behavior, and biological
response across different coating strategies. Also, representative
studies are systematically analyzed based on corrosion perfor-
mance, biological outcomes, fabrication complexity, and key lim-
itations to identify consistent performance trends and underlying
mechanisms; this approach provides design-oriented insights and
supports more informed selection and development of coating
systems for next-generation biodegradable Mg implants.

2. Types of biocompatibility coatings
2.1 Inorganic coatings

2.1.1 Ca-P-based coatings. Calcium-phosphate (Ca-P) coat-
ings are among the most widely used surface treatments in
biomedical applications due to their strong compatibility with
bone tissue. Calcium and phosphorus are the principal compo-
nents of natural bones and teeth and are typically present in the
form of hydroxyapatite (HA) and tricalcium phosphate (TCP),
which provide structural support and facilitate cellular attach-
ment. When applied to magnesium alloys, Ca-P coatings aim to
reduce the rapid corrosion rate of magnesium while improving
biological performance, as the coating acts as a barrier that limits
direct magnesium dissolution in physiological environments.

Recent studies have further enhanced the performance of Ca-P
coatings by incorporating dopant elements such as strontium
(Sr), fluorine (F), niobium (Nb), and silicon (Si), which improve
corrosion resistance and promote bone regeneration.82–88 So, this
section reviews studies on Ca-P coatings applied to magnesium
alloys, focusing on fabrication methods, corrosion protection,
and biological performance. Owing to their chemical similarity to
bone mineral, Ca-P coatings provide a bioactive surface that
facilitates osteoblast attachment and enhances the integration
of magnesium-based implants with the surrounding bone
tissue.89–92

Wang et al.85 deposited a Ca-P coating on the AZ31 magne-
sium alloy using a chemical deposition method (Fig. 6a). This
coating formed a continuous and adherent layer with flake-like
crystalline morphology that uniformly covered the alloy surface
and acted as a bioactive barrier reducing magnesium dissolu-
tion and improving both corrosion resistance and biological
response (Fig. 6b). Consistent with this surface morphology,
immersion tests in Dulbecco’s modified Eagle’s medium
(DMEM) demonstrated improved degradation behavior where
after 30 days the uncoated AZ31 alloy exhibited a weight loss of
approximately 26.21% while the Ca-P coated sample showed a
markedly lower degradation of about 10.38%, confirming effec-
tive corrosion suppression (Fig. 6c). Also, in vitro experiments
using MC3T3-E1 osteoblast cells showed high cell viability
together with enhanced adhesion and proliferation on the Ca-P
coated surface, indicating improved cytocompatibility (Fig. 6d).
Furthermore, in vivo implantation in rabbit bone confirmed
slower degradation of the coated implants without inflammatory
responses or organ toxicity, demonstrating good systemic bio-
compatibility and stable implant performance (Fig. 6e).

Fig. 5 Schematic illustration of various types of coatings constructed on the magnesium surface.
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Similarly, a comparable improvement in corrosion control
and biological performance was reported by Gao et al.,90 who
fabricated a dicalcium phosphate dihydrate (DCPD) coating on
the AZ60 magnesium alloy through a chemical conversion
process (Fig. 6f). The resulting coating exhibited porous flake-
like morphology composed of crystalline Ca-P phases domi-
nated by dicalcium phosphate dihydrate (DCPD) with a thick-
ness of approximately 8 � 2 mm (Fig. 6g). Electrochemical
measurements showed a marked decrease in corrosion activity.

The corrosion current density (icorr) dropped from 67 mA cm�2 (for
the bare alloy) to approximately 6 mA cm�2 (for the coating),
accompanied by a shift toward a more positive corrosion potential
(Fig. 6h). Biological evaluation using MC3T3-E1 osteoblast cells
showed increased cell viability, proliferation, and alkaline phos-
phatase (ALP) activity, indicating enhanced osteogenic behavior
(Fig. 6i). Also, in vivo studies revealed slower implant degradation
and increased peri-implant bone formation without inflammatory
responses, confirming favorable biological integration (Fig. 6j).

Fig. 6 (a) Schematic illustration of Ca-P coating formation on the AZ31 magnesium alloy via chemical deposition. (b) SEM image showing the flake-like
Ca-P coating morphology. (c) Weight loss in DMEM indicating reduced degradation of coated AZ31. (d) MC3T3-E1 cell proliferation demonstrating
improved cytocompatibility. (e) X-ray images of rabbit tibia at 4, 8, and 12 weeks showing slower in vivo degradation of Ca-P-coated AZ31 implants.
Adapted from ref. 85. Copyright r 2016, Sage. (f) Schematic illustration of DCPD coating formation on the AZ60 magnesium alloy via chemical
conversion. (g) SEM image showing the porous DCPD coating microstructure. (h) Potentiodynamic polarization curves showing a reduced icorr. (i) ALP
activity of MC3T3-E1 cells showing enhanced osteogenic response. (j) Micro-CT images revealing slower in vivo degradation and increased peri-implant
bone formation of coated AZ60 implants. Adapted from ref. 90. Copyright r 2020, Elsevier.
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However, the corrosion protection provided by pure Ca-P
coatings remains limited by their intrinsically porous microstruc-
ture, which facilitates electrolyte penetration and localized degra-
dation as reported for DCPD coatings.90 Furthermore, important
parameters such as coating thickness and long-term interfacial
stability were not evaluated in some studies,85 and antibacterial
performance was not investigated. These limitations indicate that
conventional Ca-P coatings mainly address corrosion control and
osteogenic response but lack multifunctional protection. Conse-
quently, recent studies increasingly modify Ca-P coatings with
additional components to form hybrid systems that overcome
these drawbacks, an approach that will be discussed in the
following sections.

2.1.2 Oxide coatings. Oxide-based coatings form a major
class of inorganic surface modifications for magnesium alloys,
especially in applications that require controlled degradation and
improved stability in physiological environments. The common
oxide systems include TiO2,93 ZrO2,94 Al2O3,95 SiO2,96 and MgO,97

as well as silicate-based and composite oxides. These coatings are
primarily used because of their chemical stability and strong
barrier function, which reduces corrosion current density, slows
degradation, and promotes apatite formation on magnesium
surfaces. Nanostructured oxide layers can further improve coat-
ing stability and biological response by increasing the surface
area and strengthening the interfacial interaction with the sur-
rounding tissues. Recent developments therefore focus on multi-
functional oxide systems incorporating dopants such as Mg,
Sr, Ag, and Zn or hybrid oxide structures including Si–ZrO2,
TiO2–MgO, and graphene oxide (GO) reinforced coatings that
enhance corrosion resistance, cellular response, and antibacterial
performance.98–103 The following studies examine oxide coatings
developed on the AZ91D magnesium alloy using multilayer and
composite strategies to improve corrosion resistance and biolo-
gical functionality.

Thirugnanasambandam et al.104 reported the deposition of
ZrO2 and Si–ZrO2 composite coatings on the AZ91D magnesium
alloy using electron beam physical vapor deposition (EB-PVD)
(Fig. 7a), which produced dense oxide layers with low porosity
and uniform coverage (Fig. 7b). Electrochemical measurements
showed a strong reduction in corrosion activity, where the corro-
sion current density (icorr) decreased from 379.31 mA cm�2 for bare
AZ91D to 0.94 mA cm�2 for ZrO2 and further to 0.10 mA cm�2 for
the Si–ZrO2 composite coating (Fig. 7c). In parallel, the charge
transfer resistance (Rct) increased from 151 O for the bare substrate
to 4.3 kO for ZrO2 and 5.2 kO for the Si–ZrO2 composite coating,
respectively, which indicates the formation of a compact ceramic
barrier that effectively restricted electrolyte penetration. Post-
immersion surface analysis also revealed fewer cracks and reduced
chloride accumulation on coated samples compared with the
uncoated alloy. In addition to corrosion protection, the Si–ZrO2

composite coating exhibited antibacterial activity against Staphy-
lococcus aureus and supported higher fibroblast viability and
adhesion than ZrO2 alone (Fig. 7d and e).

Samiee et al.105 fabricated a TiO2–MgO–GO multilayer coat-
ing on the AZ91D magnesium alloy using radio frequency (RF)
magnetron sputtering followed by electrophoretic deposition

(EPD), where titanium dioxide (TiO2) and magnesium oxide
(MgO) layers were capped with a graphene oxide (GO) layer that
acts as a crack-bridging phase improving coating integrity
(Fig. 7f and h). In addition, microstructural observations indi-
cated that the TiO2–MgO layers contained microcracks formed
during deposition, whereas GO nanosheets bridged these
defects and reduced crack propagation (Fig. 7g). Moreover,
Raman spectroscopy confirmed the presence of graphene oxide
through characteristic D and G bands with an ID/IG ratio of
about 0.83, indicating relatively low defect density in the GO
layer. Also, based on biological evaluations, the MG63 osteoblast
like cells showed enhanced cell attachment and proliferation on
the TiO2–MgO–GO coating, where higher cell density and more
extended cell spreading were observed compared with the
uncoated AZ91D surface (Fig. 7i and j).

However, the corrosion resistance of conventional oxide coat-
ings primarily arises from dense ceramic barrier layers that limit
electrolyte penetration rather than regulating the degradation
process. Consequently, their long-term stability can still be com-
promised by microcracks, residual stresses, or localized defects
generated during the deposition process. In addition, fabrication
techniques such as EB-PVD require vacuum processing and
complex equipment, which limits scalability for large biomedical
implants. Although hybrid architectures such as TiO2 MgO–GO
improve coating integrity through crack-bridging effects, most
oxide systems still rely primarily on barrier protection rather
than multifunctional surface design. So, recent research
increasingly focuses on hybrid or doped oxide coatings that
simultaneously enhance corrosion resistance and biological or
antibacterial performance.

2.2 Organic coatings

Organic coatings based on biodegradable polymers represent an
important strategy for improving the surface performance of
magnesium alloys used in biomedical implants, where these
polymers form a protective barrier that reduces direct contact
between the alloy surface and physiological fluids, thereby slowing
corrosion and controlling the release of Mg2+ ions.106–109 Com-
monly investigated polymers include polylactic acid (PLA),110

poly(lactic-co-glycolic acid) (PLGA),111 polycaprolactone (PCL),112

and polydopamine (PDA),113 in addition to natural polymers such
as chitosan (CS)114 and collagen (COL);115 besides corrosion
protection, polymeric coatings can regulate protein adsorption
and cellular responses, including adhesion, proliferation, and
differentiation, which are critical for bone regeneration. How-
ever, the rapid degradation of Mg-based implants may still lead
to hydrogen evolution and local alkalization, which can affect
the surrounding tissues when the local pH approaches 7.8.116

Therefore, current research increasingly focuses on functional
polymer coatings and hybrid polymer bioactive systems that
simultaneously control degradation behavior and improve bio-
logical performance.

2.2.1 Polycaprolactone (PCL) coatings. Polycaprolactone
(PCL) is a biodegradable polyester widely investigated for sur-
face modification of magnesium alloys due to its slow degrada-
tion rate, good biocompatibility and mechanical flexibility. It
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degrades through hydrolysis of ester bonds and is ultimately
metabolized into CO2 and H2O within approximately 6–12 months
making it suitable for temporary biomedical implants;117,118 when
applied as a coating, PCL forms a polymer barrier that delays
electrolyte penetration, regulates Mg2+ release and improves corro-
sion resistance, providing sufficient time for tissue healing
although the adhesion and long-term stability of polymer coat-
ings on Mg substrates remain critical challenges due to the
rapid degradation of the underlying metal.119 To address this
limitation, several surface modification strategies have been
explored to enhance interfacial bonding between PCL coatings
and magnesium substrates including the use of intermediate
layers such as MgCO3 coatings,120 silane coupling treatments,121

and polydopamine interlayers,122 while PCL matrices can also
incorporate bioactive or antibacterial agents such as hydroxyapatite
Cu-containing bioactive glass nanoparticles or antibiotics to further
enhance osteogenic activity and antibacterial performance.123,124

However, the present section focuses specifically on coatings
primarily based on PCL and the recent strategies used to
improve their stability and functionality on magnesium alloys.

Kim et al.125 fabricated a PCL coating on magnesium ortho-
pedic screws to regulate degradation and improve bone regen-
eration. The Mg screws were first treated by plasma electrolytic
oxidation (PEO) to form a porous oxide layer (B2 mm) that
increased surface roughness and enhanced polymer adhesion
(Fig. 8a). PCL was then deposited by dip-coating using 5–7 wt%
solutions with 2–6 coating cycles followed by drying at 40 1C.
The optimal condition was obtained at 6 wt% PCL with four
coating cycles producing a uniform coating thickness of about
52 mm (Fig. 8b). After immersion in simulated body fluid for one
month the optimized coating maintained stable surface cover-
age although partial exposure of the PEO layer was observed at
the thread region due to mechanical damage during screw
insertion (Fig. 8c), where elemental mapping indicated the

Fig. 7 (a) Schematic illustration of ZrO2 and Si–ZrO2 coating deposition on the AZ91D magnesium alloy using EB-PVD. (b) SEM images showing
compact oxide grains and a denser microstructure for the Si–ZrO2 composite coating. (c) Potentiodynamic polarization curves showing a reduced icorr.
(d) L929 fibroblast cell viability results showing increased cytocompatibility of the coated substrates. (e) Epifluorescence microscopy images confirming
improved cell adhesion and proliferation on ZrO2 and Si–ZrO2 coatings. Adapted from ref. 104. Copyright r 2024, MDPI. (f) Schematic illustration of the
TiO2–MgO–GO coating fabrication on AZ91D via sequential TiO2 sputtering, MgO sputtering, and EPD of GO. (g) SEM image revealing hierarchical
wrinkled GO modified coating morphology. (h) Schematic showing GO nanosheets bridging microcracks in the TiO2–MgO coating and blocking
electrolyte penetration paths. (i) Cell viability results showing increased viability of MG63 cells on TiO2–MgO–GO coated AZ91D. (j) Fluorescence
microscopy images showing MG63 cell attachment and spreading on the TiO2–MgO–GO coating surface. Adapted from ref. 105. Copyright r 2024,
Springer Nature.
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presence of magnesium (Mg), oxygen (O), phosphorus (P), and
calcium (Ca) in the exposed regions suggesting localized degra-
dation of the substrate and formation of corrosion products. In
the composite coating, the porous PEO layer improved interfacial
bonding while the outer PCL layer acted as a barrier that delayed
electrolyte penetration and reduced magnesium dissolution.
In vivo implantation in rat tibia further showed increased bone
formation and improved bone–implant integration around PCL-
coated screws compared with PEO-treated implants as confirmed
by micro-CT and histological observations (Fig. 8d and e). These
results demonstrate that a uniform PEO–PCL multilayer coating
can effectively regulate the degradation behaviour of magnesium
implants while promoting bone regeneration.

Mousavizadeh et al.126 improved the corrosion resistance of
the WE43 magnesium alloy using femtosecond laser surface
texturing followed by deposition of a PCL coating (Fig. 8f). Laser
ablation generated a microstructured oxide layer that increased

surface roughness (1–10 mm) and oxide thickness (18–35 mm),
promoting strong mechanical interlocking with the polymer
layer. PCL coatings were then deposited by ultrasonic spray
coating using different deposition cycles (30–90 cycles) to con-
trol coating thickness, where SEM before and after phosphate-
buffered saline (PBS) immersion showed severe corrosion on
uncoated WE43, whereas PCL coatings maintained surface
integrity, with the 60-cycle coating exhibiting the most stable
morphology and minimal corrosion features (Fig. 8g). Electro-
chemical polarization showed that the untreated WE43 alloy
exhibited high corrosion activity (icorr = 134 mA cm�2), whereas
laser-treated samples showed reduced corrosion activity
(51 mA cm�2). Electrochemical impedance spectroscopy (EIS)
further indicated that the optimized 60-cycle PCL coating exhibited
the highest corrosion resistance with Rct = 3296 O cm2, compared
with E994 O cm2 for thinner coatings (Fig. 8h). Also, scratch
testing showed a significant improvement in coating adhesion,

Fig. 8 (a) Schematic of surface modification for Mg screws showing polymer peeling during insertion and formation of a PEO–PCL multilayer, where the
porous PEO layer enhances adhesion and the outer PCL layer limits electrolyte penetration and corrosion. (b) Coating thickness under different PCL
contents showing optimal thickness at 6 wt%. (c) Surface morphology showing uniform polymer coverage on PEO-treated substrates. (d) Micro-CT of rat
tibia implants at 1 and 2 months showing higher bone volume for PCL-coated screws compared to PEO. (e) Histology showing improved bone
integration with dense osteocytes for PCL-coated samples, while PEO shows gas cavities and localized corrosion. Adapted from ref. 125. Copyright r
2018, Springer Nature. (f) Schematic of WE43 surface modification using femtosecond laser texturing followed by PCL coating. (g) SEM before and after
PBS immersion showing coating integrity under different deposition cycles. (h) EIS Nyquist plots showing improved corrosion resistance. (i) Scratch test
showing increased adhesion after laser treatment. (j) Cytocompatibility showing higher cell viability for coated samples. Adapted from ref. 126. Copyright
r2025, Elsevier.
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where the critical load increased from B10–15 mN for untreated
WE43 to 4100 mN after laser texturing (Fig. 8i). Cytocompatibility
tests using human aortic endothelial cells (HAoECs) indicated
improved biological response of the coated samples (Fig. 8j).

Both approaches highlight the critical role of interfacial
engineering in stabilizing PCL coatings on magnesium implants.
The PEO-based strategy enhances polymer anchoring through a
porous oxide interlayer; however, exposed pores and insertion-
induced stresses may still permit localized electrolyte penetration
and partial coating damage. In contrast, femtosecond laser surface
texturing generates microstructural roughness that promotes
stronger mechanical interlocking with the PCL layer, although
excessive polymer deposition can introduce coating heterogeneity
and slightly reduce corrosion protection. From an application
perspective, both methods face challenges related to coating
uniformity on complex implant geometries and possible coating
damage during implantation as well as limitations in scalable
fabrication; therefore future coating strategies should focus on
improving interfacial sealing and controlling polymer thickness in
order to achieve stable coating adhesion and durable corrosion
protection under physiological conditions.

2.2.2 Chitosan (CS) and collagen (COL) coatings. Chitosan
(CS) and collagen (COL) are natural biopolymers widely inves-
tigated as organic coatings for magnesium alloys in biomedical
applications due to their ability to combine corrosion mitiga-
tion with biological functionality.127–129 CS coatings primarily
act as barrier layers that restrict electrolyte and chloride ingress
while stabilizing corrosion products and moderating local pH,
thereby reducing degradation and limiting subcutaneous gas
formation.130–133 In contrast, COL coatings provide a bioactive
extracellular-matrix-like interface that promotes cell adhesion
and recruitment, while their three-dimensional network regu-
lates magnesium ion (Mg2+) release within a therapeutic win-
dow, supporting proliferation and differentiation without
inducing cytotoxicity.115,134–136 So, both systems can regulate
the local ionic microenvironment and promote angiogenesis
and bone regeneration. However, their performance is con-
strained by intrinsic instability in aqueous physiological envir-
onments, where water uptake induces swelling, microcracking,
and interfacial degradation, which limit long-term corrosion
protection.

Zheng et al.137 applied a CS coating on the Mg–Zn–Zr–Gd–Ca
alloy via dip coating after phosphoric acid activation. The
coating reduced corrosion current density (icorr) from 2.7 �
10�4 to 3.3 � 10�5 A cm�2, and the corrosion rate decreased
from 0.64 to 0.34 mg cm�2 h�1, confirming its barrier effect.
SEM observations showed fewer corrosion pits and improved
short-term surface stability; however, coating swelling, micro-
cracks, and partial interfacial detachment were observed after
immersion, indicating water-induced degradation and incom-
plete surface coverage (Fig. 9a–c). Also, the coating maintained
cell viability above 75% and enhanced proliferation, while
in vivo results demonstrated no systemic toxicity and increased
expression of osteogenic growth factors, including transform-
ing growth factor beta-2 (TGF-b2) and basic fibroblast growth
factor (b-FGF), during the first 1–3 weeks post-implantation,

indicating enhanced osteogenic signaling and accelerated
early-stage bone healing (Fig. 9d and e). These results indicate
that CS coatings provide effective initial corrosion mitigation
but limited long-term durability due to structural instability.

Wang et al.115 developed a collagen-coated 3D-printed
Mg–1Zn–1Ca scaffold via electrostatic adsorption followed
by chemical crosslinking. The coating significantly improved
corrosion resistance, reducing icorr from 2.81 � 10�4 to 1.11 �
10�5 A cm�2, along with decreased hydrogen evolution and
degradation rate. In addition, Mg2+ release was reduced (from
10.69 to 5.23 mmol L�1), maintaining concentrations within a
biologically favorable range. Biological evaluation showed
enhanced proliferation of MC3T3-E1, human umbilical vein
endothelial cells (HUVECs), and L929 cells, together with
increased angiogenic activity, as indicated by higher branch
number and total tube length, and upregulation of vascular
endothelial growth factor (VEGF) and hypoxia-inducible factor-
1a (HIF-1a). In addition, the in vivo performance of the scaffold
showed increased bone volume fraction (BV/TV), bone mineral
density (BMD), and vascularization compared with uncoated
Mg, confirming improved osteointegration. These outcomes
are attributed to controlled Mg2+ release, which regulates the
local microenvironment and supports coupled angiogenesis
and osteogenesis (Fig. 9f–i).

CS and COL coatings show clear benefits by combining corro-
sion control with biological activity, as CS mainly slows initial
degradation through a barrier effect, while COL regulates Mg2+

release to support angiogenesis and bone formation; however,
both systems still suffer from instability under physiological
conditions, where water uptake causes swelling, microcracks,
and interfacial weakening, which reduce long-term protection,
and COL-based designs also involve multistep processing and
scaffold structures that can limit scalability and consistency, which
means improving coating stability and adhesion, for example
through better crosslinking or adding stable inorganic layers,
remains necessary to achieve reliable long-term performance.

2.3 Hybrid coatings

Hybrid coatings address the limitations of single-layer systems
by combining inorganic and organic components within one
structure; within magnesium-based implant systems, inorganic
layers provide mechanical strength and initial corrosion resis-
tance but remain porous and vulnerable to long-term degrada-
tion, while organic coatings improve flexibility and bioactivity
but lack structural stability and adhesion under physiological
conditions. The integration of both phases produces a unified
coating that enhances barrier properties, limits electrolyte
penetration, and supports controlled ion release at the inter-
face. As a result, this combination leads to improved corrosion
resistance, more stable degradation behavior, and better biolo-
gical response. Despite these advantages, performance still
depends on interfacial bonding, coating integrity, and the
ability to maintain structural stability over time.

2.3.1 Inorganic–organic coatings. Inorganic–organic hybrid
coatings integrate inorganic and organic phases to overcome the
limitations of single-layer coatings.138 Inorganic components
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Fig. 9 (a) Schematic showing CS coating formation on the Mg–Zn–Zr–Gd–Ca alloy and its barrier effect. (b) Corrosion rate after 1, 3, and 5 days of
immersion, with lower values for the coated samples. (c) SEM images after immersion showing fewer pits on CS-coated surfaces, although microcracks
are still present. (d) TGF-b2 expression over 1–3 weeks, with higher levels in CS coated samples than control (p o 0.05). (e) Radiographs for 3 weeks
showing improved bone healing for CS-coated implants. Adapted from ref. 137. Copyright r2022, Sage. (f) Schematic of the COL-coated Mg scaffold
implanted in a cranial defect, illustrating controlled Mg2+ release within a therapeutic range. (g) Degradation and hydrogen evolution of Mg and COL/Mg
with time, showing lower degradation for the coated scaffold. (h) Angiogenesis results from branch number and total branch length, with higher values in
COL/Mg. (i) Micro-CT images at 4, 8, and 12 weeks showing increased bone formation and better defect closure in COL/Mg compared to uncoated Mg.
Adapted from ref. 115. Copyright r 2025, American Chemical Society.
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such as calcium phosphate (Ca-P), hydroxyapatite (HA), and
metal oxides provide corrosion resistance,139,140 mechanical
strength, and bioactivity, while organic polymers including
polycaprolactone (PCL),141 PLGA,142 polylactic acid (PLA),143

chitosan,144 and collagen145 improve flexibility, enhance surface
sealing, and allow more controlled degradation, which reduces
Mg2+ release and hydrogen evolution. These coatings can be
fabricated using various techniques, including dip-coating,146

electrophoretic deposition (EPD),147 electrospinning,147 sol–
gel,148 and hydrothermal.149 In addition, multilayer or gradient
designs help increase coating density, limit defects, and improve
both corrosion protection and biological performance, making
them suitable for magnesium-based implants. Therefore, most
current strategies rely on independent optimization of the
inorganic protective phase and the organic bio interface,
limiting full functional integration. Within inorganic–organic
hybrid coatings, the design evolution shifts from passive barrier
sealing toward multifunctional systems capable of simulta-
neously controlling corrosion behavior and biological response.

Early MAO/polymer systems function as passive barrier coat-
ings that suppress electrolyte penetration by combining a porous

micro-arc oxidation (MAO) layer with a polymer sealing phase, as
demonstrated by Li et al.,150 where PLGA/MAO coatings signifi-
cantly improve electrochemical stability (Fig. 10a). Specifically,
the PLGA/MAO coating lowered the corrosion current density
(icorr) to 3.62 � 10�7 A cm�2 and sustained low corrosion activity
during prolonged immersion (Fig. 10b), owing to effective pore
sealing and restricted ionic transport. Also, this behavior is
consistent with in vivo micro-CT analysis, where higher remain-
ing volume values and preserved implant morphology (Fig. 10c
and d) indicate reduced degradation and improved structural
retention compared to Mg and MAO samples. While these
systems operate primarily through a passive barrier mechanism,
their performance is governed by coating continuity, effective
pore sealing, and resistance to electrolyte transport.

Later studies added functional nanoparticles to the organic
layer, forming denser coatings with better corrosion resistance
and improved biological performance. Chen et al.151 developed
a PCL/MAO@TiO2 system (Fig. 10a), where TiO2 incorporation
produced a dense hybrid barrier and reduced icorr to 5.348 �
10�9 A cm�2 (Fig. 10b), which improved electrochemical stability;
the coating also controlled Mg2+ release and limited pH increase,

Fig. 10 (a) Schematic of PLGA infiltration and sealing of the porous MAO layer on the Mg–Mn–Zn screw. (b) Electrochemical response shows reduced
corrosion. (c) Remaining volume indicates slower degradation. (d) Micro-CT images of screws implanted in the rabbit mandible show better structural
retention for PLGA + MAO. Adapted from ref. 150. Copyright r 2023, Elsevier. (e) Schematic illustration of the PCL/MAO@TiO2 coating on the WE43
alloy, showing formation of a porous MAO layer followed by TiO2–polymer sealing to produce a dense barrier. (f) Potentiodynamic polarization and Mg2+

release show lower corrosion. (g) Bone mineral density at 2 and 8 weeks shows higher bone formation. (h) Micro-CT and Masson staining confirm new
bone formation and improved osseointegration. Adapted from ref. 151. Copyright r 2025, Elsevier B.V.
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maintaining the solution pH below 10.2 during degradation,
which reflects improved stability of the system. In addition, high
cell viability (100%) and enhanced bone formation (BV/TV 32%)
were observed with clear new bone formation (Fig. 10c and d).

However, the antibacterial effect remained dependent on UV
activation of TiO2, indicating a limitation under physiological
conditions. In contrast, Xu et al.152 introduced a bioactive
TA–CS layer, achieving icorr reduction to 4.93 � 10�9 A cm�2

Fig. 11 (a) Schematic of the PEO porous layer sealed with a PCL matrix containing BTA-loaded HNTs, illustrating defect-triggered inhibitor release and
formation of a protective Mg BTA layer leading to localized self-healing. (b) SVET maps showing the evolution of local current density at defect sites over
1–48 h in HBSS, where the HC–HNTe-B coating exhibits significant suppression of localized corrosion, confirming defect-responsive inhibition and
improved electrochemical stability. Adapted from ref. 153. Copyright r 2025, Elsevier B.V. (c) Fabrication of Mg + FnCaP coating via biomimetic
mineralization, forming a hierarchical mineral–protein interface on a Mg substrate, followed by implantation into the distal femur (rabbit model). (d)
Micro-CT analysis showing enhanced peri-implant bone formation. (e) H&E staining confirming improved bone–implant contact. (f) OCN staining
indicates elevated osteogenic activity, where the coating enables rapid tissue integration and stable osteointegration through a bioactive surface
mechanism. Adapted from ref. 154. Copyright r 2025, Advanced Science.
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and Rct = 3.13 � 106 O cm2, with improved cell viability (92–
96%) and reduced inflammation; this approach relied on
bioactive surface chemistry rather than external activation,
although the protection mechanism was dependent on coating
integrity.

A more fundamental shift appears in the work of Gnedenkov
et al.,153 where the coating functions as an active corrosion-
control system rather than a passive barrier. The incorporation
of benzotriazole (BTA)-loaded halloysite nanotubes (HNT)
enables defect-triggered inhibitor release and localized self-
healing (Fig. 11a). Electrochemical results showed high impe-
dance at 0.01 Hz (|Z|0.01Hz = 1.02 MO cm2) together with a low
corrosion current density (icorr = 11 nA cm�2), accompanied by a
reduced degradation rate (0.07 mm year�1) and suppressed
hydrogen evolution (0.13 mL cm�2). The coating also maintains
strong adhesion (45.5 � 3.09 N), indicating structural stability
during degradation. More importantly, localized scanning
vibrating electrode technique (SVET)/scanning ion-selective
electrode technique maps (Fig. 11b) revealed a clear reduction
in current density at defect sites over time, confirming active
corrosion suppression and self-healing behavior. Also, this
response is associated with the release of BTA and formation
of protective Mg–BTA complexes, alongside stabilization of the
local pH (7.0–7.8). These findings demonstrate a transition from
conventional barrier protection to a defect-responsive inhibition
mechanism. However, the system remains dependent on poly-
mer degradation kinetics and lacks direct biological validation.

Zhang et al.154 prepared the Mg + FnCaP coating by modifying
a magnesium substrate with fibronectin-mimic peptides (Fn) that
act as bioactive nucleation sites, followed by biomimetic calcium
phosphate (CaP) deposition from aqueous Ca2+ and PO4

3� pre-
cursors under controlled conditions, forming a hierarchical
mineral–protein interface (Fig. 11c). The coating reflects a shift
toward microenvironment-driven design, where corrosion control
is coupled with immune regulation. It achieved BV/TV 35–40%,
BMD E 0.9–1.0 g cm�3, and Tb�Th E 10–12 mm, while modulat-
ing immune response (TNF-a, IL-10, M1 - M2) and enhancing
osteogenesis (OCN, TRAP) (Fig. 11d and f), where the coating
promotes peri-implant bone formation, improves bone–implant
contact, and enhances osteogenic activity. This behavior arises
from the biomimetic mineral–protein interface that regulates
cell–material interaction. However, the absence of electroche-
mical parameters prevents direct comparison with corrosion-
focused systems.

However, the transition from passive MAO/polymer barriers to
nanoparticle-reinforced hybrids, defect-responsive self-healing
systems, and bioactive immune-regulating coatings reflects sig-
nificant advancement; yet these strategies remain functionally
decoupled. While barrier systems rely on coating integrity, self-
healing approaches depend on degradation-triggered release,
and bioactive coatings emphasize cellular response with limited
quantitative electrochemical validation. Therefore, a coating that
simultaneously achieves long-term electrochemical stability,
defect tolerance, and validated in vivo performance has not yet
been realized. Future work should focus on mechanism-driven
hybrid systems that integrate active corrosion control with

immune modulation and osteogenesis under stable physiological
conditions.

2.3.2 Inorganic–inorganic coatings. Inorganic–inorganic
hybrid coatings combine multiple inorganic phases to over-
come the limitations of single-layer systems by integrating
complementary functionalities within a unified structure;
these coatings have been explored for biomedical magnesium
implants due to their ability to enhance corrosion resistance
and antibacterial performance through the formation of dense,
uniform layers or gradient architectures. Such structures
improve surface stability, limit electrolyte penetration, and
inhibit microbial colonization while supporting bone tissue
integration.155–158

Xiu Li et al.102 developed an inorganic–inorganic MAO–ZnO
coating on the ZK60 magnesium alloy via in situ incorporation of
nano-ZnO during MAO. The optimized condition (Z5) shows a
pronounced reduction in corrosion activity, where icorr decreased
from 0.76 to 0.06 mA cm�2 (12� reduction) and the corrosion rate
decreased from 0.0174 to 0.0002 mm year�1 (102 improvement),
accompanied by a slight positive shift in Ecorr (�1.49 V), indicating
enhanced barrier stability (Fig. 12a). This improvement is directly
linked to ZnO-induced pore sealing and formation of a compact
inner layer (Fig. 12d), which limits electrolyte penetration. In
addition to corrosion protection, the coating exhibits strong anti-
bacterial activity against S. aureus, achieving B95% inhibition
after 24 h (Fig. 12b, c and e), which is attributed to Zn2+ release and
surface-mediated antibacterial effects. However, the excess ZnO
(Z8) reduces corrosion resistance (icorr = 0.29 mA cm�2) due to
crack formation and loss of coating integrity. So, the combined
effect of dense oxide formation and ZnO incorporation
enhances surface stability and limits microbial colonization,
indicating potential for orthopedic applications, particularly in
infection prone environments.

However, the MAO–ZnO system remains fundamentally pas-
sive, where corrosion protection and antibacterial activity are
governed by coating densification and ZnO incorporation rather
than adaptive or multifunctional mechanisms. It lacks defect-
responsive behavior, biological regulation, and in vivo validation.
More importantly, inorganic–inorganic coatings remain relatively
underexplored compared to hybrid organic systems, highlighting a
clear gap in developing integrated inorganic architectures capable
of simultaneous corrosion control and biological functionality.

3. Comparative analysis, limitations,
and future directions

Recent advances in surface coating strategies for biodegradable
magnesium alloys reveal clear performance trends across coat-
ing categories, as summarized in Table 1. Inorganic coatings
such as Ca-P and oxide layers reduce corrosion current density by
1–2 orders of magnitude in systems such as AZ31 and AZ60,85,90

mainly due to dense ceramic barriers that limit electrolyte
penetration and stabilize interfacial reactions; this also enhances
osteoconductivity, reflected by improved cell viability and ALP
activity. Yet, these coatings remain susceptible to microcracks
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and weak adhesion, and their performance is mostly validated
through short-term electrochemical testing. Organic coatings
such as PCL, collagen, and chitosan exhibit enhanced biological
performance but limited corrosion protection. As shown in
Table 1, they improve cell viability, promote growth factor
expression, and support tissue integration,115,137 owing to their
flexible and biocompatible structure. However, their intrinsic
permeability restricts their barrier function, limiting their use as
standalone protective systems. Hybrid and composite coatings
provide the most balanced performance. Systems such as MAO/
PLGA, PCL/MAO@TiO2, and TA–CS/MAO achieve reductions in
corrosion current density exceeding 99.99% and increased
charge transfer resistance.150–152 This improvement arises from
synergistic interactions between the inorganic barrier and the
functional secondary phase, which enhances sealing, adhesion,
and biological response. In addition, antibacterial activity
against S. aureus and E. coli is frequently observed.151,152 Com-
pared to single-layer systems, hybrid coatings consistently
demonstrate superior multifunctionality and stability and repre-
sent the most effective strategy under reported conditions.
Significant variability in experimental conditions, testing proto-
cols, and reporting methods across studies limits direct quanti-
tative comparison and raises concerns regarding reproducibility
(Table 2).

Despite these advantages, most coating systems remain
passive and structurally dependent, where performance is
strongly governed by coating integrity, with defects such as
microcracks, delamination, and non-uniform layers leading to
rapid degradation.90,137 In addition, variability in testing con-
ditions and lack of standardized protocols complicate direct
comparison, and high-performance coatings often require
complex fabrication methods such as EB-PVD and sputtering,

increasing cost and limiting scalability.104,105 Also, most biolo-
gical evaluations remain limited to in vitro or short-term small-
animal studies.85,115,150 Another critical limitation is the mis-
match between degradation kinetics and the bone healing
period. Although corrosion rates are reduced, precise control
within the clinically relevant 12–24 week window remains
challenging.85,125 This mismatch may lead to premature
mechanical failure or delayed implant resorption, while corro-
sion behavior directly influences the biological response
because controlled Mg ion release and stable local pH promote
cell proliferation and reduce inflammatory activity.137,154

From a practical perspective, coating selection should be
application-driven, in which inorganic coatings offer simple and
scalable corrosion protection, organic coatings enhance biological
response, while hybrid systems provide integrated multifunction-
ality at the expense of processing complexity. No single coating
system is universally optimal, and therefore selection must bal-
ance corrosion resistance, biological performance, durability, and
manufacturability, while future research should focus on adaptive
and multifunctional coatings in which stimuli-responsive systems
enable controlled drug release and dynamic protection, and the
integration of self-healing with immune modulation represents a
key direction for next-generation Mg implants, with advances in
scalable fabrication and standardized evaluation protocols being
essential for reliable clinical translation.

4. Conclusion

The development of biodegradable Mg-based orthopedic
implants is strongly governed by coating engineering, as failure
mechanisms arise from surface corrosion reactions, electrolyte

Fig. 12 (a) Schematic illustration of the fabrication and structural evolution of the MAO–ZnO coating on the ZK60 magnesium alloy, showing in situ
incorporation of ZnO during micro-arc oxidation, pore sealing, dense inner layer formation, and defect generation at excessive ZnO content (Z0–Z8). (b)
Potentiodynamic polarization curves in Hank’s solution demonstrating improved corrosion resistance with ZnO incorporation. (c) Antibacterial performance
against S. aureus, showing enhanced inhibition efficiency with increasing ZnO content. Adapted from ref. 102. Copyright r 2024, Springer Nature.
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penetration through defects, and associated biological effects
such as hydrogen evolution and local pH increase; while inor-
ganic coatings (e.g., Ca-P and oxide layers) provide effective early-
stage corrosion protection and promote osteoconductivity,
organic polymers enhance flexibility, regulate ion transport,
and improve interfacial biological interactions. Consequently,
composite and multilayer systems provide the most balanced
performance by combining a rigid inorganic barrier with a
compliant organic sealing phase, which reduces porosity, limits
microcrack propagation, and improves structural stability and
bone integration under in vivo conditions; however, clinical
translation remains limited, as coating systems often lose
long-term adhesion and mechanical stability under physiologi-
cal conditions, leading to localized corrosion reactivation, dela-
mination, and crack formation, while many advanced deposition
techniques and hybrid architectures still face challenges in
scalability and reproducibility due to their complexity and
sensitivity to processing conditions.

Furthermore, the absence of standardized corrosion–biology
evaluation protocols limits cross-study comparison and pre-
vents the establishment of consistent performance bench-
marks. Future coating strategies should therefore focus on
developing defect-tolerant architectures with improved inter-
facial stability and intrinsic damage mitigation, including self-
healing and responsive functionalities, while multifunctional

systems are required to be designed to integrate corrosion
protection with biological regulation without increasing fabri-
cation complexity, and at the same time, it is required to
standardize evaluation frameworks that correlate degradation
kinetics with the clinically relevant 12–24 week bone healing
window and long-term in vivo testing under mechanical load-
ing, thereby enabling the development of reliable and clinically
translatable Mg-based implant coatings.
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