
Smart Materials in Manufacturing 1 (2023) 100022

2772-8102/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Smart self-healing coatings on biomedical magnesium alloys: A review 

Yanbin Zhao a,b, Jing Bai a,b, Feng Xue a,b, Rongchang Zeng c, Guomin Wang d, Paul K. Chu d, 
Chenglin Chu a,b,* 

a School of Materials Science and Engineering, Southeast University, Nanjing, 211189, China 
b Jiangsu Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing, 211189, China 
c College of Materials Science and Engineering, Shandong University of Science and Technology, Qingdao, 266590, China 
d Department of Physics, Department of Materials Science and Engineering, And Department of Biomedical Engineering, City University of Hong Kong, Tat Chee Avenue, 
Kowloon, Hong Kong, China   

A R T I C L E  I N F O   

Keywords: 
Magnesium alloy 
Smart coatings 
Self-healing 
Corrosion resistance 
Biomaterials 

A B S T R A C T   

With promising mechanical property and biodegradability, magnesium (Mg) alloys are considered as the po
tential candidates in biomedical application. Rapid degradation of Mg alloys compromises the mechanical 
performance and interfacial bioactivity, hindering clinical adoption. Deposition of a surface coating is an 
effective technique to improve the corrosion protection and bio-efficacy of Mg biomedical implants. Because of 
the natural degradability and corrosion, the surface is inevitably damaged in the complex physiological envi
ronment. Therefore, it is essential to form a self-healing coating that can repair damage to restore the stable 
mechanical structure and functions of biomedical Mg alloys. This paper reviews the recent advances in coating 
technology and the related properties including biodegradation behavior, self-repairing activity, biocompati
bility, and other biological effects, and the healing mechanism is discussed. Self-healing coatings suitable for Mg 
alloys include conversion coatings, encapsulation coatings, and multilayered coatings, and their properties in 
vitro and in vivo are reviewed by focusing on drug-controlled and prolonged release, sterilization, cytocompat
ibility, osteogenesis, hemocompatibility, and angiogenesis. This review aims at providing guidance for the future 
research and development of practical healing coatings for biomedical Mg implants.   

1. Introduction 

Magnesium (Mg) and its alloys are temporary implant materials with 
exceptional mechanical properties and biodegradability [1–3]. Owing to 
the superior biocompatibility, Mg alloys have been used in biomedical 
applications [4]. The release of Mg2+ ions is crucial to activating enzyme 
activity and sustaining cell growth and neuromuscular activity [5,6]. 
However, excessively rapid degradation of Mg compromises the me
chanical properties and even produces implant failure, consequently 
hampering wide clinical applications to orthopedic implants and car
diovascular stents [7–9]. In addition, the corrosion process causes 
hydrogen emission and local buildup besides local alkalinization from 
Mg release near the implant/tissue interface, possibly impacting the 
health of patients [10,11]. 

Since it is essential to improve the corrosion resistance of Mg alloys 
[12], microstructural treatment and surface modification have been 
proposed [13,14]. The general corrosion rate can be reduced by alloy
ing, but Mg alloys are susceptible to localized corrosion [15]. Compared 

to alloying, surface modification can restrain the degradation activity of 
Mg without altering the favorable bulk attributes [16]. Various coating 
techniques including micro-arc oxidation (MAO) [17], layered doubled 
hydroxide (LDH) formation [18,19], plasma electrolytic oxidation 
(PEO) [20,21], phosphate conversion [22,23], and polymer incorpora
tion [24] have been proposed and developed for Mg alloys to tailor the 
corrosion resistance and other properties. Although these coatings 
improve the anti-corrosion capability of Mg alloys, they are temporary 
and can be damaged mechanically leading to localized corrosion and 
even premature failure [25,26]. 

To address these issues, inspired by the healing process of natural 
living organisms, smart coatings with self-healing characteristics have 
been proposed and developed for Mg alloys [27–29]. Generally, most 
damaged coatings need cumbersome repair or substitution, otherwise 
premature failure can occur [30,31]. Therefore, self-healing coatings 
which can repair defects autonomously with or without external stimuli 
are desirable to retard degradation and prolong the service time of 
biomedical implants [32,33]. Introduction of the self-healing ability to 
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polymer-based materials for defect repair was first proposed by C. Dry 
[34] in 1996 and it has since spurred much research [35]. Although the 
concept of self-repairing coatings was originally applied to carbon steels, 
scientists have also studied their application to biomedical metals such 
as Mg, Zn, and Fe. 

The aim of this review is to summarize the latest developments in 
smart self-healing coatings on biomedical Mg alloys by focusing on the 
coating technology, mechanism, and properties. The different types of 
self-healing coatings are described in Fig. 1. 

2. Self-healing coatings on Mg alloys and clinical requirements 

Biomedical Mg alloys have bioactive surfaces which can promote 
osseointegration and reendothelialization and resist infections. In 
addition, the self-healing mechanisms supplementing the basic clinical 
features have been proposed [36,37]. Construction of surface coatings 
on Mg-based materials can enhance the corrosion protection and inter
facial biocompatibility in contact with body fluids and can also be used 
as delivery carriers for therapeutic agents [38,39]. Studies have focused 
on controlling corrosion, non-toxic byproducts, as well as bioactivity 
[40,41]. In short, self-repairing coatings must possess excellent 
biocompatibility, avoid immune reactions, and produce effective 
anti-inflammatory responses within 3–7 days after surgical implantation 
[42]. Self-recovering coatings must also possess sufficient adhesion 
strength to bear the dynamic stress in patients because the lack thereof 
can cause mechanical injury or implant failure [43,44]. Moreover, the 
bacteria resistance is important to biomedical coatings in order to 
mitigate post-surgical infections [45,46]. Hence, coatings with intelli
gent self-healing properties are desirable. 

3. Technology-driven self-healing coatings on biomedical Mg 
alloys 

In general, physical barrier coatings can satisfy the anticorrosion 
requirements for biodegradable Mg alloys but they must degrade 
together with the Mg alloy substrate after tissue recovery [47,48]. Until 
now, most coatings need to be manually repaired or replaced thus 
requiring high maintenance costs. Based on protective surfaces in na
ture, self-healing coatings with biomimetic self-curing functions have 
been developed [49,50]. When these coatings undergo degradation, the 
surface damage can be repaired with minimal or no external interven
tion [51–53]. The self-repairing activity can enhance the protection 
capacity and extend the service life of biomedical Mg-based implants [ 
[54]- [55,56]]. Conceptually, smart healable coatings can partially or 
completely repair damages and preserve the original functions auto
matically or independently [57,58]. Table 1 summarizes recent de
velopments in this area. 

3.1. Conversion coatings 

Conversion coatings consist of compounds produced in situ by 
chemical or electrochemical reactions on the metal surface and it is 
relatively simple to fabricate a surface with enhanced adhesion strength 
[82–84]. Generally, such a treatment produces oxide, hydroxide, and/or 
phosphate on the surface of Mg alloys [85–87]. Compared to a deposited 
coating, this in situ growth environment provides improved adhesion 
strength [88–90]. The common methods include the use of chemical 
bonds and intermetallic compounds [91,92]. According to the chemical 
species, a chemically bonded coating reacts with the Mg substrate 
chemically [93–95] to provide enhanced adhesion strength, albeit a 
certain selectivity in the coating materials and chemical reactants. 
Chemical conversion coatings are produced by chemical bonding. In 

Fig. 1. Schematic representation of smart self-healing coatings on biomedical Mg alloys.  
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comparison, intermetallic binding involves an intermetallic compound 
membrane at the coating-substrate interface with no additional mate
rials required [96]. Under the effects of force and heat, an intermetallic 
coating with the same composition and crystal structure as the substrate 
is produced and the coating is combined with the compound in the 
substrate to improve the adhesion strength. Previous research has 
emphasized the potential application of conversion coatings by utilizing 
a bonding membrane sandwiched between the coatings and Mg-based 
substrate [97,98]. M ultiple conversion coatings with self-healing ca
pabilities have been developed, for example, chemical conversion 
coatings, micro-arc oxidation (MAO) coatings, and layered double hy
droxide (LDH) coatings. 

3.1.1. Chemical conversion (CC) coatings 
A chemical conversion coating can be viewed as a membrane 

transforming the active surface into a passive state [99–101]. Briefly, a 
chemical conversion coating comprises a barrier layer with excellent 
bonding strength with the Mg substrate and is formed by the reaction 
between the metal atoms and anions in the medium. Chen et al. [102] 
have provided a general review of chemical conversion coatings in 
technical applications and shown that the coating performance relies on 
the proper pretreatment to functionalize the coatings. Chemical con
version coatings include chromate conversion coatings [103,104], 

vanadium conversion coatings [105–107], stannate conversion coatings 
[108–110], phosphate conversion coatings [111–113], phytic acid 
conversion coatings [114,115], and tannin conversion coatings [116, 
117]. Nevertheless, only chromate, phytic acid, and phosphate conver
sion coatings can be used as self-healing coatings on Mg alloys [118, 
119]. The self-healing activity of chemical conversion coatings mainly 
depends on the dissolution-reprecipitation effect at defective locations 
related to the nature of the cladding materials and degradation behavior 
[120–122]. Except for magnesium oxide/hydroxide, chemical conver
sion coatings include a mixture of other oxides and hydroxides formed in 
solutions. Self-healing chemical conversion coatings have attracted 
attention because they are cost-effective and suitable for a wide range of 
biomedical applications. Generally, self-healing chemical conversion 
coatings are divided into two categories, inorganic and organic con
version coatings. 

3.1.1.1. Inorganic conversion coatings. Early research on self-repairing 
coatings largely concentrated on chromate conversion coatings which 
are now used commercially [123]. Belin et al. [124] have reported that 
the self-repairing mechanism that involves hexavalent chromate react
ing with Mg to form Cr3+ and then reacting with hydroxide ion in the 
corrosive medium. After the chemical reaction, the original Cr6+ is 
converted into the Cr(OH)3 sediment which can be deposited onto 

Table 1 
Recent developments of smart self-healing coatings on biomedical Mg alloys.  

Coatings Substrate Methods Self-healing mechanism Application Refs 

HAp and OCP AZ31 Dip-coating Formation of magnesium and calcium phosphates Bone-fixation devices and 
stents 

[59] 

DCPD Pure Mg Dip-coating DCPD uses as inhibitor and Hanks provides foreign-aid 
film-forming ions 

Implants [60] 

Sr-HA AZ31 Electrodeposition Dissolution-precipitation mechanism Osteogenesis [61] 
HA + PEO Mg plate and 

screw 
PEO and hydrothermal treatment HA reacts with Ca Osteogenesis [62] 

PA/Ca2+ Mg–Sr LbL assembly Ca2+ can re-permeate and strengthen chelation between PA 
and Mg2+ ions 

Cytocompatibility [63] 

DCPD/PA Pure Mg Dip-coating Formation of apatite and Mg-PA chelating compounds Implants [64] 
AgAC Mg–3Zn- 

0.5Sr 
MAO The addition of CH3COOAg led to the formation of Ag2O 

and Ag2CO3 phases 
Bacteria killing and 
osteogenesis 

[65] 

MAO/CSCe Mg–1Ca MAO and spin-coating Formation of cerium oxide/hydroxide Cytocompatibility [66] 
LDH-SiO3 AZ31B Hydrothermal treatment and anion 

exchange 
Formation of Mg silicate precipitates Cytocompatibility [67] 

LDH/Bg AZ31 Hydrothermal growth and sol-gel 
spin-coating 

Formation of stable MgF2 and Ca10(PO4)6F2 products Bone-repairing 
biomaterials 

[68] 

MAO-LDH AZ31 Low-temperature in-situ grown Diffusion behavior of LDH coating Cytocompatibility [69] 
Sol-gel/PCTyr 

Schiff-base 
ZE21B Dip-coating Chelation and deposition of PCTyr Schiff base and Mg in 

defects 
Cardiovascular [70] 

Silk-KP Mg–1Ca Spin-coating Formation of Mg3(PO4)2 salt Osteogenesis [71] 
Poly (TA-Zn) ZE21B One-step dip-coating Existence of hydrogen bonds, Zn–COOH coordinative 

bonds, and dynamic covalent disulfide bonds 
Bacteria killing and 
reendothelialization 

[72] 

(CIP/PAH/SiO2/ 
PAH)20 

AZ31 SSLbL assembly SiO2 migration Bacteria killing [73] 

SiO2/CeO2 AZ31 SSLbL assembly Formation of Ce-rich passive coating Orthopedic implants [74] 
Silk-PA Mg–1Ca Spin-coating PA complexes with Mg2+ and Ca2+ ions Osteogenesis [75] 
DCPD/ 

cFMSNs@PLA/ 
MgO 

WE43 Combination of MAO, spin- and dip- 
coatings 

F− reacts with Mg2+ to form precipitation film Osseointegration [76] 

PDA/8- 
HQ@PEDOT/ 
PLA 

AZ31 Dip-coating Formation of Mg(HQ)2 passive layer Cytocompatibility [77] 

Silk-HNT/PA Mg–1Ca Spin-coating Deposition of corrosion inhibitors Osteogenesis [78] 
(AgNPs/PEI)5 AZ31 Dip-coating Diffusion-driven rebonding of the cross-linked polysiloxane 

structure 
Bacteria killing [79] 

Ce + HT Pure Mg Electrodeposition and hydrothermal 
treatment 

Formation of Ce(OH)4 and insoluble CeO2 Osteogenesis [80] 

Ta/TaN AZ91 Nitrogen plasma immersion ion 
implantation and high-vacuum 
magnetron 

Reactions between tantalum intermediate layer and 
electrolytes and penetrating ions through defects as well as 
formation of oxide compounds 

Bacteria killing and 
cytocompatibility 

[36] 

PEO/PDA AZ91 Combination of PEO and 
electrodeposition 

Zipper-like and pore block mechanism by binding between 
Mg(OH)2 and catechol groups 

Cytocompatibility [81] 

Gd2O3 AZ31 Electrophoretic deposition Formation of apatite formation Bacteria killing and 
cytocompatibility 

[37]  
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damaged sites to recover the original structure and functions. Recently, 
Zhang et al. [125] have proposed a Cr(III) conversion coating composed 
of amorphous/nanocrystalline Cr and Cr2O3 with the excellent 
self-repairing capability. However, CrO3 is formed during corrosion. 
Chromate conversion coatings possess advantages such as easy prepa
ration, low cost, and healing [126]. However, due to carcinogenicity and 
high toxicity, clinical application of self-healing chromate conversion 
coatings is limited [127] and it is thus important to develop non-toxic 
Cr-free conversion coatings on Mg alloys with self-healing characteris
tics for biomedical applications. 

Phosphate is used to prepare self-healing coatings on Mg alloys. 
Phosphate conversion coatings consist of trace metallic complexes that 
enhance the biocompatibility and cellular response [128]. The 
calcium-phosphorus conversion coating is especially meaningful as a 
result of the formation of hydroxyapatite (HAp). Among the various 
Ca–P phases, HAp is closest to the mineral phase of natural bone and is 
highly recognized as an osteoconductive mineral [129]. Besides, HAp 
provides corrosion protection in the physiological environment. The 
HAp coating can be fabricated on Mg-based alloys by the sol-gel method 
[130] or electrochemical deposition [131], but the adhesion strength is 
relatively low. The bonding strength of chemical conversion coatings 
can be improved by in situ coating preparation [132]. Osseointegration 
of the HAp membrane mainly relies on the coating surface and 
compared with the whisker and flake HAp, nanoplates and 
nanospheres-containing coatings exhibit improved cell adhesion [133]. 
HAp coatings possess a controllable morphology and uniform thickness, 
but fabricating such self-healing coatings without a fragile surface and 
spatial defects remains a challenge. 

Hiromoto et al. [59] have fabricated octacalcium phosphate (OCP) 
and HAp on AZ31 and pure Mg (Fig. 2). Release of Mg2+ (Fig. 2A) is 
inhibited on the scratched samples and as shown in Fig. 2B, no signifi
cant differences are observed among different samples on the 1st day, 
indicating that corrosion is not accelerated. Both the HAp and OCP 

coatings are self-repairing due to the formation of quasi-corrosion pro
tective layers containing magnesium phosphate and calcium phosphate 
in the scratches (Fig. 2C and Table 2). The self-healing mechanism is 
illustrated in Fig. 2D. When the phosphate membranes are scratched, an 
anodic reaction (Eq. (1)) occurs on the exposed Mg, but a cathodic re
action (Eq. (2)) occurs in the corrosive solution. Subsequently, Mg2+

ions react with the produced hydroxyl and dissolved phosphate to 
generate Mg(OH)2 and Mg3(PO4)2 sediments to seal the scratches. 
However, the self-healing property relies solely on the immersion ex
periments with pH variations, but they are not rigorous enough to fully 
validate the effectiveness of the phosphate coatings. Therefore, it is 
necessary to demonstrate the self-healing properties of phosphate 
coatings by other measurements.  

Mg → Mg2+ + 2e− (1)  

2H2O + 2e− → 2OH− + H2↑                                                            (2) 

Dong et al. [60] have fabricated a dicalcium phosphate dihydrate 
(DCPD) coating with the self-healing ability on the Mg alloy by a 
dip-coating method. The DCPD coating has excellent corrosion resis
tance and self-healing properties. The scratches are sealed by corrosion 
products containing Ca and P. The scratched DCPD coatings release 
more hydrogen than the unscratched sample, but there is no significant 
difference between the scratched and unscratched groups in the overall 
corrosion process, indicating that the DCPD coatings have excellent 
self-healing ability. DCPD provides layer-forming ions to suppress local 
corrosion, which is considered an autonomous self-repairing mecha
nism. The corrosion inhibitors and ions in Hank’s solutions can enhance 
healing and foreign corrosion inhibitors can improve self-curing. The 
discovery provides new opportunities for further research and applica
tion of efficient self-healing coatings on biodegradable Mg implants. 
Huang et al. [61] have prepared a strontium-doped hydroxyapatite 
(Sr-HA) coating with high solubility on the Mg substrate. The Sr-HA 

Fig. 2. (A) Mg2+ release plots; (B) Colors of phenol red in the cell culture of different samples; (C) Optical images and morphologies of the damages; (D) Schematic 
illustration of the self-healing mechanism [59]. Copyright 2015, Elsevier. 
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coating acts as a physical barrier to delay the formation of pits and 
provides ion replenishment to seal cracks (Fig. 3A). By regulating Mg 
degradation and Sr release, improved osteocompatibility is observed in 
vitro (Fig. 3B) and in vivo. The implant exhibits only 2.7–5.6% reduction 
in the Mg volume 12 weeks after implantation as observed from ovari
ectomized rats (Fig. 3C). Compared to the HA-coated sample, the Sr-HA 
coating promotes early osteogenesis and bone tissues with higher 
trabecular thickness and hardness are formed around the SR-HA coating. 

3.1.1.2. Organic conversion coatings. Compared with inorganic surfaces, 
organic conversion coatings have fewer spatial defects and cracks on the 
surface and organic conversion coatings offer superior corrosion pro
tection for biomedical Mg alloys [134] in addition to excellent 
self-repairing activity [135]. Conceicao et al. [136] have fabricated a 
polyvinylidene fluoride (PVDF) coating on the hydrofluoric 
acid-pretreated Mg substrate. The self-recovering ability stems from the 
transformation from corrosion-induced conversion of Mg(OH)2 to MgF2. 
Zong et al. [137] have constructed a flower-like bis (8-hydroxyquino
line) magnesium (Mg(HQ)2) coating on the Mg substrate. It shows the 
dissolution and recrystallization behavior during degradation and 
Fig. 4A reveals the self-repairing activity to suppress local corrosion. 
Kim et al. [62] have fabricated a dense hydrophilic coating by plasma 
electrolytic oxidation (PEO) using hyaluronic acid and carboxymethyl
cellulose to improve bonding. Hyaluronic acid bonds quickly to Ca2+

and apatite in body fluids resulting in healing of the outer layer in the 
damaged region, and magnesium oxide grows out of the inner cavity to 
seal the defects (Fig. 4B). After the screws are implanted for 1 month, 
both the heads and necks begin to degrade (Fig. 4C). The PEO + HA 
coating shows the smallest corrosion rate throughout, although the 
screw heads exposed to bones degrade. Fig. 4D shows the self-healing 
features of the coated groups and there is obvious new bone regenera
tion around the thread one month after implantation. In the PEO + HA 

group, although osteoblasts are formed uniformly and substantially 
around the threads 2 months after implantation, initial bone formation 
is irregular similar to the PEO group, and there is tight adhesion with the 
cartilaginous bone. Therefore, the polymer-ceramic composite layer is 
corrosion-resistant while offering the cellular activity and new bone 
formation capability for the absorbable magnesium screws. 

Phytic acid (PA) is an organic phosphate polymer which can form 
insoluble compounds with metal ions such as Mg2+, Ca2+, and Zn2+ due 
to the biocompatibility, negative charges, and high chelation ability 
[138–140]. It is a desirable candidate to construct self-healing coatings 
on Mg alloys. Zhang et al. [141] have designed a PA conversion coating 
by dipping the AZ31B Mg alloy in the PA solution. The cracks in the 
conversion film heal gradually and the corrosion resistance of Mg is 
improved by a heat treatment. The amorphous magnesium phytate 
coating is converted to crystalline Mg2P2O7. The transformation of this 
macromolecular complex into a small molecular organic architecture is 
accompanied by a volume increase, leading to self-repairing of surface 
cracks. Liu and co-authors [142] have prepared a PA/Ca2+ hybrid 
coating on Mg and the incorporation of Ca2+ re-permeates and 
strengthens the chelation between the PA molecules and Mg2+ to 
improve self-curing of damages. The in vitro tests illustrate that this 
conversion coating has good biocompatibility and bioactivity. Dong 
et al. [64] have constructed a hybrid DCPD/PA coating with 
anti-corrosion and self-healing properties. The pH increase stimulates 
release of Ca2+ and PO4

3− to promote the formation of apatite and also 
mitigates corrosion in body fluids. The PA-containing complexes are 
regulated by enrichment of Mg2+ and converted into Mg-PA chelating 
compounds with improved self-repairing capability. In summary, 
chemical conversion coatings have excellent mechanical stability but 
suffer from low efficiency. Therefore, better self-healing coatings are 
required. 

Table 2 
Compositions (at%) of the corrosion products at the scratches on the scratched HAp-AZ31 sample [59]. Copyright 2015, Elsevier.  

Specimen  Mg Al Zn Ca P O Na Cl Ca/P ratio 

Scrached-HAp-AZ31 Corrosion products in scratches Remaining coating 21.2 5.3 0.5 0.1 3.4 69.5 – 0.3 0.04 
0.7 0.4 0.9 10.5 11.9 75.6 – – 0.9  

Fig. 3. (A) Schematic presentation of the corrosion and self-healing mechanisms; (B) Fluorescent images of pre-osteoblasts cultured on the surfaces; (C) Micro-CT and 
histomorphometry analysis [61]. Copyright 2023, Elsevier. 
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3.1.2. Micro arc oxidation (MAO) coatings 
Micro arc oxidation (MAO) is developed based on anodic oxidation 

and the resulting coatings possess higher bonding strength and wear 
resistance compared to those produced by traditional anodic oxidation 
techniques such as electrochemical deposition or electrophoretic depo
sition [143]. The micro-arc oxidation process relies on the matching of 
the electrolyte with plasma parameters such as the electrolyte chemis
try, reaction time, applied voltage, and pulse frequency [144]. Under the 
action of instantaneous high temperature and pressure generated by the 
arc discharge, the modified ceramic coating is grown on the surface of 
the Mg alloy. Generally, the surface of the micro-arc oxidized Mg has 
micropores [145], but a porous coating is not recommended for 
long-term implantation because corrosive ions in the physiological 
environment can penetrate the pores to corrode the underlying Mg 
substrate. Therefore, a pure MAO coating is not sufficient to shield the 
Mg substrate. 

Researchers have attempted to reduce the risk of quick degradation 
by incorporating corrosion inhibitors [146–148]. Generally, corrosion 
inhibitors can be combined with ions such as Mg2+ and OH− around the 
fracture to form an internally soluble precipitate, which is then sedi
mented at the damaged site and can be adsorbed at the artificial defects 
to generate a protective thin film to realizing effective self-repairing. 
Chen et al. [65] have reported an Ag-containing self-healing antibacte
rial micro-arc oxidation coating on biodegradable Mg-based alloys. 
Addition of CH3COOAg leads to the formation of Ag2O and Ag2CO3 
phases which seal the micropores and improve the corrosion protection 
ability. As shown in Fig. 5A, the MC3T3-E1 osteoblasts seeded on the 
AgAC-2 and AgAC-3 samples exhibit low cytotoxicity and good binding 

strength due to the controlled release of Mg2+. The samples incorporated 
with 2 and 3 g L− 1 of CH3COOAg exhibit excellent bacteria-killing 
capability against E. Coli on account of Ag + release during corrosion 
as shown in Fig. 5B. 

Preparing an organic film on the inhibitors-incorporated MAO con
version coating can further enhance the corrosion protection for Mg- 
based materials. Liu et al. [149] have prepared a dual self-healing 
coating by embedding the corrosion inhibitor M − 16 into the micro
pores of the MAO layer on the α-Mg substrate followed by spraying of a 
disulfide-bonded modified polyurethane film. This coating delivers 
excellent performance in releasing inhibitors into the scratched area and 
closing the damaged area by thermally inducing the disulfide exchange 
reaction in the outer polymer coating. This approach provides insights 
into the design of self-healing coatings on Mg/Mg alloys. Jia et al. [66] 
have developed an inhibitor encapsulation, anticorrosion, self-healing, 
and cytocompatibility coating on the Mg–1Ca Mg substrate by 
combining MAO with spin-based assembly as shown in Fig. 5C. Trivalent 
cerium (CeIII) is the inhibitor and the polysaccharide chitosan is the 
carrier. The ceramic coating bonds well with the substrate and the pores 
act as “interlocking” sites for the polymer. The Ce–NH2 coordination 
between the inhibitor and chitosan is believed to be the cause of particle 
fixation and prolonged delivery. Compared to the bare Mg alloy, the 
coating has good self-healing properties and protects the substrate from 
biological corrosion (Fig. 5D). As shown in Fig. 5E, the self-repairing 
mechanism includes two steps: (i) The protonated coating is dis
integrated due to corrosion causing the local pH to increase; (ii) The 
chitosan chain expands to the active site and produces cerium oxide/
hydroxide to repair the damage. The coating is also biocompatible 

Fig. 4. (A) Schematic illustration of the self-healing mechanism [137]; (B) Schematic presentation of the healing progress; (C) Micro-CT images of the rat femur; (D) 
Histological images around the screw [62]. Copyright 2014, 2019, Elsevier. 
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showing good adhesion and growth of osteoblasts (Fig. 5F). The possible 
materials/cellular interface and cellular changes upon materials expo
sure are shown in Fig. 5G. Briefly, for the bare Mg, the high local pH can 
denature membrane proteins, thereby disrupting protein-based trans
port channels and disabling active ion transport. The high local con
centration of Mg2+ alters the osmotic pressure of the cell membrane. In 
addition, large amounts of corrosion products are produced, especially 
those with sharp morphologies providing mechanical/physical means to 
damage cells. Continuous H2 evolution together with denatured serum 
proteins mitigates cell anchoring contributing to the detachment of 

adherent cells and causing the motor of adhesion-actin fibers to break 
down and inactivate the adherent spots. At the same time, excessive 
endocytosis of the detached debris particles from the bulk metal and 
their lysis in lysosomes may dramatically alter the cellular microenvi
ronment giving rise to an inflammatory cascade response or even ne
crosis. To sum up, the size and distribution of micropores affect the 
corrosion resistance, adhesion, and biocompatibility of MAO coatings 
and therefore, additional chemical and mechanical pretreatment and 
post-treatment techniques must be considered for MAO coatings. 

Fig. 5. (A) Fluorescent images of MC3T3-E1 attached on the specimens; (B) Morphology of E. coli on the samples [65]; (C) Schematic presentation of the coating 
preparation; (D) Morphology and SKP maps of the samples after immersion; (E) Schematic of the mechanism of self-healing; (F) Staining and morphology of 
MC3T3-E1 cells on the samples; (G) Schematic displaying the possible factors affecting cell adhesion on the surfaces [66]. Copyright 2021, Taylor & Francis; 2016, 
Royal Society of Chemistry. 
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3.1.3. Layered double hydroxide (LDH) coatings 
Layered double hydroxide (LDH), a general term for hydrotalcite and 

hydrotalcite-like compounds, is an inorganic compound derived from a 
group of anionic clays with a ductile brucite arrangement. Its structure 
contains a positively charged layer of mixed metal hydroxide 
[150–152]. There are several in situ and ex situ deposition techniques to 
produce LDHs coatings, including urea hydrolysis, hydrothermal treat
ment, steam coating, co-precipitation, and spin-coating [153–155]. LDH 
has an interlayer layered nanostructure that gives them unique anion 
exchange properties to capture, store, and release anionic corrosion 
inhibitors in the interlayer architecture. Therefore, LDH can be used to 
prepare self-healing coatings on Mg-based substrates. Chen et al. [156] 
have constructed aspartic acid intercalated Mg–Al LDHs nanostructured 
coatings on the AZ31 Mg alloy by a hydrothermal treatment with 
self-healing and anticorrosion properties. When the scratched coating is 
immersed in the corrosive medium, corrosive chloride ions penetrate the 
LDHs interlayer and release intercalated aspartic ions, which chemically 
adsorb to the scratches to form protective films. After immersing for 20 
days, LDH dissolves and aspartic combines to form an insoluble pre
cipitate but the process is time-consuming. 

To shorten the self-healing time and provide better corrosion resis
tance, researchers have developed various schemes. Ding et al. [157] 
have developed tungstate-intercalated LDHs coatings with super
hydrophobic, self-healing anti-corrosion properties on the AZ31B Mg 
substrate. The composite coating has remarkable self-healing properties 
and the coating recovers from the peak current density to the noise level 
in only 8 h because the superhydrophobic coating prevents the inter
calation inhibitor (tungstate) from being wasted by ion exchange in the 
initial stage of immersion, thus improving the utilization of the inhibi
tor. Chen et al. [158] have loaded the corrosion inhibitor 8-hydroxyqui
noline (8-HQ) onto graphene oxide (GO) and then incorporated it into 
Mg–Al LDHs. The graphene oxide blocks the corrosive medium and 
changes the direction of the LDHs nanosheets to horizontal growth to 
avoid vertical growth of nanosheets for denser nanosheet films. Li et al. 
[159] have introduced a thiophene derivative corrosion inhibitor into 
the Mg–Al LDH self-healing coating using dip-coating (Fig. 6). With the 
highly positive shift in the corrosion potential, the stable physico
chemical adsorption of N-alkyl-N, N-dime-thyl-N-(3-thienylmethylene) 
ammonium bromide (NTA) provides the self-healing capacity at 
damaged Mg sites. 

The self-healing LDH-SiO3 coating is very promising in expanding 
the clinical use of magnesium-based implants by providing a viable way 
to control degradation and enhance cytocompatibility. Li et al. [67] 
have developed a silicate-loaded MgAl LDH self-healing coating on the 
biomedical AZ31B using a hydrothermal technique and anion exchange 
for improved corrosion protection and cytocompatibility. The 
self-healing mechanism is mainly due to the release of SiO2

3− from the 
LDH conversion coating and leaching of Mg2+ during natural degrada
tion leading to the formation of the Mg silicate precipitate that seals the 
corroded regions. The LDH-SiO3 coating improves the attachment and 
proliferation of MC3T3-E1 pre-osteoblasts due to inhibition of Mg2+

release and alkalization by the LDH-SiO3 coating. Ouyang et al. [68] 
have designed a hierarchical layered double hydroxide (LDH)/bioacti
ve-glass (Bg) coating on the AZ31 Mg substrate by the combination of 
the in situ hydrothermal growth and sol-gel spin-coating. The 
self-repairing effect and cooperative mineralization are produced when 
the LDH containers are pre-sealed with fluoride and paired with the 
bioactive glass (Bg). The self-healing behavior of the LDH/Bg hybrid 
coating is achieved by local redeposition of corrosion-produced Mg2+

and dissolved Ca2+ with the replaced F− ions generating stable MgF2 and 
Ca10(PO4)6F2 products in the pits. This smart coating takes advantage of 
the physical barrier and self-healing activity to suppress biodegradation 
and promote bio-remineralization on Mg. This study discloses a general 
approach to design smart anti-corrosion coatings and targeted drug 
delivery systems. Li et al. [69] have developed a self-healing Mg–Al LDH 
coating on the MAO-coated AZ31 Mg by a low-temperature in situ 
method. The MAO coating is completely covered by the 
nanosheet-modified LDH coating with a thickness of 3.8 μm. Compared 
to the bare Mg, the corrosion current density of the hybrid MAO-LDH 
coating decreases by 4 folds. The passivation zone in the anodic polar
ization branch indicates strong self-healing in addition to excellent 
corrosion resistance. The indirect extraction test of MC3T3-E1 pre-
osteoblasts suggests that the composite-coated osteoblasts have the 
acceptable cell compatibility. 

3.2. Encapsulation coatings 

Encapsulation coatings are embedded with functional repairing 
agents and external stimuli (such as light, microwave, sound wave, 
electric field, and magnetic field) or internal stimuli (e.g., pH, temper
ature, redox potential, and enzyme) can trigger the transition from a 
passive self-healing coating to an active one [160]. In contrast to 
chemical conversion coatings, the fabrication of encapsulation coatings 
is based on intelligent and rational designs [161]. To achieve this goal, 
advanced and complex processing is involved to produce excellent 
corrosion inhibition and controllability for biomedical materials. 

3.2.1. Ion- or inhibitor-releasing coatings 
For effective encapsulation, the ions or corrosion inhibitors are 

directly doped into the host coating and then deposited on the Mg 
substrate. When local degradation occurs, the ions or inhibitors interact 
with Mg2+ or OH− to produce insoluble precipitates to repair the 
physical damages. The key to smart coatings is the choice of the effective 
ions or corrosion inhibitors and optimization of the loading efficiency. 
Many ions or corrosion inhibitors have been proposed [162–164]. 
Polymers, LDHs, and plasma electrolytic oxidation (PEO) coatings are 
the effective carriers for ions or inhibitors. Song et al. [165] have pre
pared Ce3+/La3+ co-doped gelatin-chitosan hybrid coatings on AZ91D 
and Li et al. [166] have prepared PA-modified silane coatings on the Mg 
substrate. Qian and co-authors [167] have fabricated a super
hydrophobic self-healing coating with the dual actions using benzo
triazole (BTA) and shape memory polymer. As shown in Fig. 7A, the 

Fig. 6. Schematic presentation of self-healing mechanism by BTA adsorption on the damaged MA-Al LDH coating [159]. Copyright 2019, Elsevier.  
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healed surface exhibits complete recovery of the surface structure and 
roughness. As the BTA contents in the coatings increase from 0 to 5%, 
the physical scratches heal gradually in the corrosive medium as shown 
in Fig. 7B and C. Even during outdoor exposure, the coatings self-heal in 
sunlight without an external heating source (Fig. 7D). Li et al. [70] have 
produced a paeonol condensation tyrosine (PCTyr)-loaded sol-gel 
coating on the ZE21B Mg substrate by the dip-coating method and the 
good self-repair stems from chelation and deposition of the PCTyr Schiff 
base and Mg in the damaged area as shown in Fig. 7E. Besides, good 
biocompatibility and angiogenesis are observed in vitro (Fig. 7F). 

Compared with other inhibitor ions such as MnO4− , and VO3− , PO4
3−

ions can chelate with Ca2+ and Mg2+ from the corrosive medium and the 

magnesium and calcium phosphate precipitates heal defects. Xiong et al. 
[71] have constructed a self-repairing coating containing silk and K3PO4 
inhibitors on the Mg–1Ca substrate. The secondary structural changes of 
silk fibroin composited with K+ ions are illustrated in Fig. 7G. After 
immersion for 160 h, the cathodic and anodic current densities at the 
defect sites are close to the zero planes indicative of self-healing 
(Fig. 7H). Multiple cell responses in vitro observed from the MC3T3-E1 
cells such as spreading, adhesion, proliferation, and differentiation 
confirm the superior cytocompatibility and osteogenesis activities as 
shown in Fig. 7I. The self-healing mechanism of the silk-KP coating is 
illustrated in Fig. 7J. Zhang et al. [72] have developed a poly (thioctic 
acid) self-healing coating on the ZE21B Mg substrate with improved 

Fig. 7. (A) CLSM images of superhydrophobic coatings; (B) Morphology; C) SECM mappings of different coatings after immersion; (D) CLSM images of the scratched 
coatings [167]; (E) Schematic presentation of self-healing mechanism; (F) HUVECs migration assays [70]; (G) Schematic illustration of the secondary structural 
changes of silk fibroin composited with K+; (H) SVET 3D maps of the electric current densities; (I) Optical images of the ALP activity, collagen secretion, and calcium 
deposition; (J) Schematic presentation of self-healing mechanism [71]. Copyright 2017, Royal Society of Chemistry; 2021, 2019, Elsevier. 
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corrosion protection, bacteria killing, hemocompatibility, and reendo
thelialization. On the heels of these promising results, the cardiovascular 
stent with the poly (TA-Zn)-REDV hybrid coating ha large clinical po
tential in procedures related to arterial stenosis. 

3.2.2. Nanoparticles-embedded coatings 
Nanoparticles incorporated into coatings can enhance the mechani

cal and anticorrosion properties of Mg alloys. Coatings with nano
particles possess better fluidity than ions/inhibitors-incorporated 
surfaces leading to superior self-healing properties. Because the coating 
is mostly made of polymers, the nanoparticles-incorporated one is also 
known as the inorganic-organic hybrid coating. Calado et al. [168] have 
designed a CeO2 nanoparticles-incorporated siloxane hybrid coating on 
the AZ31 Mg substrate. Cerium improves and stabilizes the corrosion 
protection of Mg and the CeO2 nanoparticles show no harm in terms of 
adhesion and coating integrity, as no cracks or defects are detected from 
the modified coating. The improved corrosion protection of the cerium 

dioxide-modified coatings may be due to the stability of the magnesium 
corrosion products which prevent the electrolyte from entering the 
substrate and thus repair the corrosion defects. Yabuki et al. [169] have 
prepared a TiO2 particle-casein self-healing coating on the Mg substrate. 
In the coating, casein stabilizes TiO2, while TiO2 particles served as the 
enhancement phase to improve the self-healing properties and corrosion 
resistance. The self-recovering activity of the Ce-contained coatings is 
attributed to leaching of casein and TiO2 particles when the pH of the 
local corrosion sites increases as shown in Fig. 8A. Cerium can mitigate 
the attack by corrosive chloride by forming protective 
Ce-oxide/hydroxide. Ji et al. [73] have developed a multilayered film 
composed of ciprofloxacin (CIP) and SiO2 nanoparticles on the AZ31 Mg 
substrate by the spin-spray layer-by-layer (SSLbL) assembly method. 
The multilayers show excellent corrosion protection, self-repairing 
ability, bacteria-killing capacity, and prolonged drug release as shown 
in Fig. 8B. Zhao et al. [74] have fabricated a self-recovering coating with 
SiO2 and CeO2 nanoparticles by SSLbL assembly on the AZ31 Mg 

Fig. 8. (A) Schematic illustration of the self-healing mechanism of the TiO2 particle-casein coating [169]; (B) Schematic presentation of the corrosion behavior, 
antibacterial activity, and release characteristics [73]; (C) Schematic illustration of the preparation process of multilayers on Mg alloys; (D) Morphology, XPS data, 
and cross-sectional images of the samples; (E) Schematic of the corrosion mechanism and self-healing activity [74]. Copyright 2010, 2019, 2018, Elsevier. 
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substrate as shown in Fig. 8C. The nanoparticles improve the corrosion 
resistance of the Mg alloy. As shown in Fig. 8D, smoother and denser 
multilayered coatings with a thickness of 630 nm are produced. In 
addition, the nanoparticles-embedded coatings have excellent 
self-healing properties. In the multilayered sructure, SiO2 forms a 
physical barrier against the corrosive medium, while the CeO2 nano
particles are corrosion inhibitors to repair physical damages as shown in 
Fig. 8E. 

3.2.3. Stimuli-responsive nanocontainers-embedded coatings 
Nanocontainers are nanocarriers loaded with ions or inhibitors. 

Structurally, stimuli-responsive nanocontainers-incorporated coatings 
consist of four components: the guest coating (such as polymers), 
nanocontainer (such as mesoporous silica, zeolite, nanotubes, and 
metal-organic frameworks), repair agents (such as ions or corrosion 
inhibitors), and stimuli-responsive materials (such as polymers) [170, 
171]. Typically, smart nanocontainers encapsulated with healing agents 
are evenly embedded in the host coating [172,173]. When local cracks 
occur, the healing agents are leached under certain stimulation to form a 
protective layer around the scratches [174–176]. These coatings 
combine the benefits of functional agents and nanoparticle-incorporated 
coatings and can avoid the initial boosted leaching of the corrosion 
inhibitors. 

Xie et al. [177] have fabricated fluoride ion-loaded MCM-41 type 
mesoporous silica nanocontainers which are incorporated into a nickel 
coating on the AZ31 substrate. The released fluoride ions react with 
Mg2+ to produce MgF2 which precipitates at the defect sites when 
corrosion products are generated. Although it is of great significance to 
repair scratches, unfortunately the modified coatings do not have 
responsive drug-controlled release functions. Ding et al. [178] have 
studied the stimulus-responsive activity of smart nanocontainers and 
rapid self-repair of nanocontainers-embedded coatings on Mg alloys. 
Supramolecular assemblies are used to modify the outer layer of mag
netic nanocapsules (Fe3O4@mSiO2) linked with disulfide bonds with the 
inner hollow encapsulating the 8-HQ corrosion inhibitors. The smart 
nanocontainers are triggered by the dual OH− and Mg2+ stimuli and the 
nanocontainers-embedded coatings exhibit fast self-healing. 

Nanocontainers-embedded coatings have attracted attention in 
biomedical applications. Xiong et al. [75] have designed a pH 
stimuli-responsive self-healing coating on the Mg–1Ca alloy in the form 
of a sandwich with a fluoride precoating (bottom), silk-phytic acid (PA) 
coating (middle), and silk fibroin coating (top). In the coating, PA is 
loaded into the intermediate coating as an inhibitor by utilizing the 
strong chelating ability to dissolve Mg2+ and Ca2+. The silk-PA exhibits 
self-healing and pH responsiveness in conjunction with improved 
corrosion resistance. The coating also possesses biocompatibility and 

Fig. 9. (A) Schematic illustration of the coating preparation, osteo-immunomodulation, and osseoi-ntegration; (B) Live/dead staining fluorescent images and FE-SEM 
images of RAW264.7 cultured on the specimens; (C) Micro-CT images of the samples; (D) Histological stained images of the specimens [76]; (E) ALP staining of the 
specimens; (F) In vivo assays of Mg–1Ca and Silk-HNT/PA rods after implantation [78]. Copyright 2020, Elsevier; 2022, Wiley. 
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osteogenic activity with good cell characteristics such as adhesion, 
diffusion, proliferation and differentiation. These findings reveal new 
opportunities for self-healing coatings with corrosion protection. Li et al. 
[76] have constructed a self-repairing coating with bone immunomod
ulatory functions on Mg by encapsulating curcumin and 
sustained-release F− into mesoporous silica nanocapsules as shown in 
Fig. 9A. The hybrid coating has a three-layered structure consisting of an 
MgO inner layer, poly-L-lactide intercalated F-encapsulated mesoporous 
silica nanocontainer containing curcumin, and DCPD outer layer. Here, 
F− contributes to the self-healing functions and curcumin-controlled 
release produces the bone immunomodulatory effects as shown in 

Fig. 9B. Compared with the coatings with medium (10FMSN) and lowest 
(5FMSN) curcumin release, 20FMSN with the highest curcumin release 
modulate the surrounding immune microenvironment to promote bone 
differentiation and ECM mineralization of BMSCs achieving enhanced 
bone integration through contact osteogenesis (Fig. 9C and D). Zhang 
et al. [77] have prepared electrical-responsive biocompatible coatings 
based on electrically stimulated smart 8-HQ loaded poly (3,4-ethyl
enedioxythiophene) (8-HQ@PEDOT) nanocapsules by emulsion poly
merization. After applying a higher negative voltage, the concentration 
of the 8-HQ inhibitor increases reflecting the distinct electrical response. 
The hybrid coatings possess excellent corrosion resistance and rapid 

Fig. 10. (A) Layer-by-layer assembly of nanofilms for the preparation of functional materials [180]; (B) Cell adhesion on the scratched and healed films and 
schematic showing the damage and healing process of the films [184]; (C) Schematic presentation of the spin-assisted later-by-layer technique [185]; (D) Hybrid film 
developed on the Mg alloy with enhanced corrosion resistance and antibacterial properties in conjunction with self-healing and prolonged the release of Ag+ [79]; (E) 
Structure of the multi-layers and scratch tests; (F) Fluorescence microscopy images of the samples after implantation [80]. Copyright 2015, The American Association 
for the Advancement of Science; 2015, Wiley; 2017, 2018, 2020, Elsevier. 
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self-healing properties in corrosive media. Many MG-63 cells survive on 
the coatings, as manifested by a hemolysis rate of 2.68%. The 
PDAs/8-HQ@PEDOT/polylactic acid coating has remarkable 
anti-corrosion, self-healing and biocompatibility properties boding well 
for biological implants. Xia et al. [78] have fabricated a pH 
stimulus-responsive self-repairing coating on the Mg–1Ca osteo-implant 
using filamentous proteins. The PA is encapsulated into the halloysite 
nanotubes (HNT) which are then spin-coated on the Mg substrate along 
with pH-responsive filamentous proteins. Upon pH increase, the PA in
hibitors are released from HNT and cure the defects within 15 min on 
account of the random coil and alpha helix structure of filamentous 
protein stretches. In addition, the collagen-membrane fibrous structure 
of the silk protein has excellent osteogenic ability in vitro and in vivo as 
shown in Fig. 9E and F. 

3.3. Multilayered coatings 

Self-healing anticorrosion coatings can provide corrosion protection 
[179] and layer-by-layer (LbL) assembly of polyelectrolytes has been 
used to construct self-healing coatings on Mg. Multilayered thin films 
have garnered scientific interest due to their potential use in biomedi
cine [180]. The thickness and layer numbers can be tailored to cater to 
the corresponding functions and the performance of the films depend on 
the materials as well as assembly technology. Methods such as dipping, 
spinning, spraying, and multi-step synthesis have been proposed to 
fabricate multilayered coatings (Fig. 10A) [181–183]. 

Chen et al. [184] have prepared a healing multilayer film by LbL 
assembly of PEGylated branched-chain poly (ethyleneimine) (bPEI) and 
hyaluronic acid (HA). Under physiological conditions, the artificial 
scratches on the coating surface are repaired quickly and owing to the 
grafted PEG and low-energy storage modulus of the coating materials, 
the films resist protein adsorption and cell attachment as shown in 
Fig. 10B. Zhao et al. [185] have developed a polyvinylpyrrolidone 
(PVP)/polyacrylic acid (PAA) LbL assembled composite coating by the 
spin-casting method as shown in Fig. 10C. Potentiodynamic polarization 
reveals a breakdown potential at 1.16 ± 0.01 V/SCE and good 
self-healing properties and corrosion resistance [186]. Zhao et al. [79] 
have prepared silver nanoparticles (AgNPs) and poly
methyltrimethoxysilane (PMTMS) multilayered coatings on the AZ31 
Mg alloy by LbL assembly and siloxane self-condensation reaction as 
shown in Fig. 10D. The scratch tests confirm self-repair of the poly
siloxane films. EDS shows that the silicon concentration increases during 
self-healing reflecting diffusion-driven recombination of the crosslinked 
polysiloxane structure that has been damaged. Addition of AgNPs im
proves the bacteria-killing properties in vitro. Kim et al. [80] have 
fabricated hyaluronic acid and cerium multi-layer films on degradable 
Mg implants (Fig. 10E). Ce(OH)3/CeO2 penetrates the natural polymer 
HA to offer self-healing and resistance to initial corrosion. Ce shows no 
toxicity on osteoblasts and differentiation of osteoblasts is the high, 
especially the HA-HT group. As observed from the Ce + HT sample, 
implantation into the rat tibia results in stable bone marrow and oste
oblast growth (Fig. 10F). 

IN summary, multilayered coatings offer excellent flexibility and the 
layer number can be customized to address specific needs. However, 
owing to electrostatic interactions or connections (such as hydrogen 
bonding), the coatings can be damaged by corrosive ions leading to 
failure. In addition, the preparation of LBL coatings can be relatively 
complex and time-consuming. 

The surface protection effiaacy of coatings can be modified by 
different ways in order to cater to different applications. Future research 
of smart coatings is expected to focus on researching and preparing 
hybrid and multilayered coatings using environmentally friendly and 
cost-effective processes. Intelligent design, efficient corrosion inhibitors, 
and healing agents will determine the practicality of the coatings. The 
advantages and disadvantages of different coating techniques are sum
marized in Table 3. 

4. Conclusions and outlook 

Mg-based alloys are promising temporary candidates for biomedical 
applications due to the good mechanical properties, biodegradability, 
and biocompatibility. These materials are expected to corrode 
completely under physiological conditions eventually, and the byprod
ucts are benign to surrounding tissues [187]. However, excessively rapid 
degradation of Mg implants hampers wider clinical practice. Emission of 
hydrogen gas and local alkalization are the other significant drawbacks. 
Surface modification and coatings can improve the properties of Mg 
alloys while preserving the excellent bulk attributes. The degradation 
behavior and bioactivity of Mg implants can be controlled by fabricating 
suitable coatings. However, considerable challenges remain in the 
development of advanced functional coatings on biomedical Mg alloys. 
Bioabsorbable Mg-based implants should offer the proper corrosion 
protection, self-healing ability, antibacterial properties, biocompati
bility, biological effects, and controlled drug release. Until now, it is 
nearly impossible to design self-healing coatings with all of these func
tions. Conventional monolayered coatings may not meet the re
quirements for corrosion protection, self-healing, and multi-functions, 
but versatile composite coatings can further improve the corrosion 
resistance and bioactivity. The following aspects should be addressed in 
future research and development.  

1. The binding/fatigue strength, stability, and degradation reaction 
with surrounding environments are the major concerns for smart 
self-healing coatings on biomedical Mg alloys but there is insufficient 
information in the literature. Besides, there have been few studies on 
the changes of the mechanical strength during degradation in vivo. 
This area requires significant research.  

2. Self-healing coatings are generally divided into two categories 
depending on inhibitor release and external stimuli. Long-term 
released inhibitors pose a threat to the physiological environment 
and patients’ health, and stimulation does not always repair the 
defects in a timely and effective manner. Therefore, it is necessary to 
develop smart self-healing coatings that are eco-friendly and have 

Table 3 
Comparison of different coating techniques.  

Techniques Advantages Disadvantages 

Conversion 
coating 

The conversion coating has 
stronger surface adhesion; In- 
situ conversion coating; 
Harder surface and stronger 
wear resistance are achieved 

Poor toughness and density of 
conversion coating 

Encapsulation 
coating 

The encapsulation coating 
possesses stimuli-responsive 
activities; Sustained and 
controlled release of corrosion 
inhibitors can be provided; 
The self-healing behavior can 
be triggered and controlled 
precisely 

The preparation process is 
complicated; The aggregation 
of Nanoparticles is difficult to 
resolve; The toxicity and 
degradation of the vector need 
to be verified 

Multilayered 
coating 

The operation process is a 
bottom-up assembly, which 
can effectively control the 
surface structure of the 
material at the molecular level 
and nanoscale; The 
preparation process is simple 
and the preparation cost is 
low; Rich types of application 
components can meet the 
different functional needs of 
materials; Not limited by the 
size and shape of the 
substrates; The prepared 
coating is nanoscale ultra-thin 
and the self-healing behavior 
is fast. 

Material waste during the 
coating process; lower 
reliability and reproducibility 
of the coatings; Relatively 
long-time consumption  
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long-term durability with sustainable, controllable, and timely self- 
healing properties.  

3. With the expansion of the application of Mg alloys, the development 
of multilayered and multifunctional coatings is becoming a research 
hotspot. The preparation method mostly determines its practicality. 
More features require more complex preparation processes and 
therefore, it is necessary to identify simple preparation technology 
for multifunctional coatings. 

4. Handling of coated implants is tricky, especially magnesium im
plants, and coating defects can have serious impact. In this respect, 
self-reporting healable protective coatings that can automatically 
indicate coating damage and corrosion before implant fixation sur
gery are desirable. So far, the development of self-reporting coatings 
for magnesium alloys is insufficient. To make self-healing coatings 
more intelligent, self-reporting species should be added. As an ani
mal ethical obligation to reduce and replace animal tests, advanced 
three-dimensional (3D) in vitro models should be developed from 
data obtained in vivo and in vitro. Versatile coatings require more 
complex preparation processes, but they need to be simplified to 
reduce costs and expedite clinical acceptance.  

5. More biosafety assessment should be carried out. For example, 
chronic renal failure should be investigated using animal models to 
simulate patients with different levels of glomerular filtration rates 
(GFRs) and resolve contradictions. The long-term biosafety assess
ment of Mg implants in animals with renal failure is necessary to 
address the clinical questions. 
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