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Magnesium and its alloys are considered excellent materials for biodegradable implants because
of their good biocompatibility and biodegradability as well as their mechanical properties.
However, the rapid degradation rate severely limits their clinical applications. Plasma electrolytic
oxidation (PEO), also known as micro-arc oxidation (MAQ), is an effective surface modification
technique. However, there are many pores and cracks on the coating surface under conventional
PEO process. The corrosive products tend to penetrate deeply into the substrate, reducing its
corrosion resistance and the biocompatibility, which makes PEO-coated Mg difficult to meet the
long-term needs of in vivo implants. Hence, it is necessary to modify the PEO coating. This review
discusses the formation mechanism and the influential parameters of PEO coatings on Mg. This is
followed by a review of the latest research of the pretreatment and typical amelioration of PEO
coating on biodegradable Mg alloys in the past 5 years, including calcium phosphate (Ca-P)
coating, layered double hydroxide (LDH)-PEO coating, ZrO, incorporated-PEO coating, antibac-
terial ingredients-PEO coating, drug-PEO coating, polymer-PEO composite coating, Plasma
electrolytic fluorination (PEF) coating and self-healing coating. Meanwhile, the improvements of
morphology, corrosion resistance, wear resistance, biocompatibility, antibacterial abilities, and
drug loading abilities and the preparation methods of the modified PEO coatings are deeply
discussed as well. Finally, the challenges and prospects of PEO coatings are discussed in detail for
the purpose of promoting the clinical application of biodegradable Mg alloys.

1. Introduction

Currently, the incidence of fractures is mounting dramatically worldwide, with approximately 455 million fractures reported
worldwide in 2019 [1]. In the United States alone, over 3.1 million orthopedic procedures are performed each year [2]. Researchers
predict that, by 2050, the quantity of fracture events in China is going to reach 5.99 million per year at an estimated cost of $25.43

* Corresponding author.
** Corresponding author.

E-mail addresses: hengbojiang@foxmail.com (H.B. Jiang), liukaifancy@163.com (K. Liu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2024.e24348

Received 3 August 2023; Received in revised form 4 December 2023; Accepted 8 January 2024

Available online 11 January 2024

2405-8440/A© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hengbojiang@foxmail.com
mailto:liukaifancy@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e24348
https://doi.org/10.1016/j.heliyon.2024.e24348
https://doi.org/10.1016/j.heliyon.2024.e24348
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Shi et al.

Heliyon 10 (2024) e24348

200

150

100

Voltage (V)

50

II

III : IV

1.0

0.8

0.6

0.4

0.2

I | 0.0

I I
0 5 10 15 20 25 30 Normalized

Time (minutes)

Intensity

100 Hz 100 Hz 100Hz
200 200 200
180 180 180
160 160 160 m
140 140 140 1} ‘ l | r f | I ‘ﬁl
10 210 %m H‘ k‘ | il v
100 100 100 4
e me—— L e T |
60 60 60
40 a0 40 ( b
20 20 20
0 0 0
200 201 2 23 204 245 26 660 661 662 663 664 665 666 1500 1501 1502 1503 1508 1505 1506
Time (seconds) Time [seconds) Time (seconds)
10 kHz 10 kHz 10 kHz
200 200 200
180 180 180
160 160 160
_ o o 1w /\‘J\f\
=120 2120 I \ 2 120
3 5 1 AR AL .
2100 § 2100 \ N I\l’\l N \N\J F\J\ \ \J\J 210 / j
AMAARARAAA \ \ A \j\ I\
£ o JNAAANAARARARNARAOSSAAANNARARAARAANAA - 2 "o ! £ e Wy W \V |
60 &0 &0 \
40 a0 40
20 20 20
0~ ] 0 . . r— . 0 . .
2400 2401 2402 2403 2404 2405 2406 6600 6601 6602 6603 6604 6605 6606 15000 15001 15002 15003 15004 15005 15006
Time (seconds) Time (seconds) Time (seconds)
100 kHz 100 kHz 100 kHz
200 200 200
180 180 180
160 160 160
140 140 140 ‘/—/\
S0 S S0
% 100 d"‘mn-/—‘." N %100 .
g ® /\\N\\ f\“_f\ § w “\f § -
60 60 60
20 ) 40
20 20 20
0 0 - 0
24000 24001 24002 24003 24004 24005 24006 66000 G001 66002 66003 66004 66005  G60.06 150000 150001 150002 150003 150004 150005 150006
Time (seconds) Time (seconds) Time (seconds)

Fig. 1. (a) Normalized time-dependent histogram of voltage. Voltage transients measured at different sampling rates during (b) stage II, (c) stage III,

and (d) stage IV [50].
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billion [3]. However, non-biodegradable traditional metallic materials, such as titanium, are often used in bone repair surgery, which
require second surgeries to remove, adding extra pain and financial burden to patients. Hence, there is a growing demand for
biodegradable implants in surgical procedures. In contrast, Mg alloys have low density (1.35-1.85 g/cm®), elastic modulus comparable
to bone, high specific strength, biodegradability and good biocompatibility, which not only ensures that the implant can effectively
reduce the stress shielding but also increases the bone mass to a certain extent. Besides, the degradation products are mainly Mg2*,
which is biocompatible, i.e., exerting an irritating effect on the growth of certain cells and new tissues [4], especially for mesenchymal
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Fig. 2. Surface morphology of PEO coatings at different time periods [50].
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stem cells, and Mg2+ have a significant promotion effect on their proliferation, adhesion, and osteogenic differentiation. Mg bone
implants not only provide sufficient mechanical support in the early stages of implantation, but also degrade gradually as bone tissue
recovers. Therefore, Mg alloys are regarded to be the most promising biodegradable implants in the field of medical materials and have
received widespread attention as potential bone implant materials.

However, Mg alloys have poor corrosion resistance and tribological properties [5], while in clinical bone repair surgery, bone
implant grafts are often subject to unavoidable scraping and damage. As bone implants, the excessively fast degradation rate of Mg
alloys may lead to rapid degradation of the bone plate in the healing phase, which cannot provide sufficient stress to the fracture
location and most likely lead to the fracture of the bone plate in vivo, and the improper degradation rate of Mg alloys may also lead to
pitting and excessive Hy bubble generation to appear as Hy gas pockets, resulting in exacerbating inflammation and even necrosis in the
tissue, thereby delaying the healing process [6]. Also, the poor tribological properties may lead to wear of the bone plate during
grafting, which seriously limits the widespread use of Mg alloys as bone implants.

Usually, alloying [7] and surface modification can ameliorate the fast corrosion rate and poor wear resistance of Mg and its alloys.
The major approach to ameliorate the characteristics of Mg alloys is still the surface modification using various techniques, including
physical vapor deposition [8,9], electrochemical plating [10,11], conversion coating [12-14], anodic oxidation [15], plasma spray
[16,17], which are generally environmentally unfriendly and insufficient in corrosion resistance and adhesion strength, offering very
limited protection for Mg alloys [18]. Hence, these surface modification techniques are limited in the practical application of Mg
alloys. While plasma electrolytic oxidation (PEO), which is also referred to as microarc oxidation (MAO), is based on the metal
substrate as the anode and electrode as the cathode (usually graphite and stainless steel) under high voltage and forms oxides on the
external surface of the Mg substrate. PEO equipment is simple, and the porous PEO ceramic coating has high adhesion to the substrate
metal, which can effectively avoid scraping during implantation of Mg alloys; and the rough porous surface structure facilitates the
adhesion of cells [19]. Meanwhile, the PEO process has been a proven surface modification technology for Mg alloys [20]. Despite the
many compelling advantages of PEO, it still has some drawbacks. The conventional porous PEO-coated Mg alloys does not meet the
corrosion resistance requirements for long-term in vivo implants [21], due to the continuous, intense sparking and gas evolution on the
PEO-coated surface, which results in a large pore size and excessive microcracks on the surface, aggressive corrosive materials can
penetrate into these pores and cracks and severely damage the substrate, thus reducing the corrosion resistance [22-25], and too fast
corrosion rate may not only seriously affect the long-term cell adhesion, and will lead to early failure of Mg alloys, limiting its
application.

The ideal biodegradable Mg alloys coating needs to have good corrosion resistance, biocompatibility, high adhesion with strong
bonding to the substrate Mg alloys, and both biological functions: antibacterial and drug-carrying capacity [19]. In recent years, many
studies have been reported on the amelioration of PEO coatings on biodegradable Mg alloys, such as Ca-P-PEO coating [26-28],
LDH-PEO coating [29-31], ZrO; incorporated-PEO coating [32-35], antibacterial ingredients-PEO coating [36-39], drug-PEO coating
[40-43], polymer-PEO composite coating, PEF coating [44-48] and self-healing coating, as well as graphene-PEO coating [49]. This
paper will review the improved PEO coatings on biodegradable Mg alloys that have been studied in the last five years from the
perspective of preparation methods, coating structures and properties, for expounding the development and prospect of PEO coating in
biodegradable Mg and providing researchers with future research interests.

2. Formation mechanism

The PEO treatment process is a reaction in which Mg loses e™ as an anode, as shown in equation (1), and combines with anions in
the electrolyte to form compounds, as shown in equation (2) and (3).

Mg — MgZJr + 2¢ (€8}
2H,0 - O2 + 4H" + 4¢” (2)
Mgt + 0° - MgO 3)

Sobrinho et al. [50] recorded the instantaneous voltage-time curves of AZ31B treated with PEO under the fixed condition (as shown
in Fig. 1(a)) and the surface morphology of the PEO coatings generated in different periods (as shown in Fig. 2). In the first stage of
coating formation (Fig. 2(a)), anodic oxidation of the substrate occurs to form a dense oxide layer, which increases the resistance of Mg
alloys, therefore the voltage rises. When the voltage gradually rises beyond the breakdown, the plasma discharge occurs, this is the
second stage of the coating formation (Fig. 2 (b, c)), the breakdown-reformation cycle occurs, and the coating is regenerated after
being broken down with a generation rate greater than the coating dissolution rate. At this period, the outermost layer is porous. In the
third stage, as shown in Fig. 2(d and e), the voltage continues to rise and Sobrinho et al. found that there is no increase in coating
thickness in this stage, probably because the temperature of the electrolyte increases and leads to faster dissolution of the coating,
resulting in the same rate of generation and dissolution, but the porous coating expands and covers more area during this period.
Unlike stage II and stage III (Fig. 1(b and c)), In stage IV (Fig. 2(f)), two different discharge mechanisms can be inferred from the
voltage variation pattern in Fig. 1(d), one is the breakdown of the thinner layer separating the large pores from the substrate; the other
is the breakdown of the horizontal pores at the junction of the substrate and the coating that are connected to the electrolyte through
cracks. The surface of the coating at this stage has a typical PEO pancake structure.

The above four stages discuss the overall formation process of the coating, but for each point of constant breakdown, there may be a
cycle of stages II-IV. In addition, the PEO-coated AZ91 and AZ31 Mg alloys prepared by Rakoch et al. [51] can be divided into three
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layers according to the cross-sectional morphology (Fig. 3(a—f)), which are the porous outer layer, inner layer, as well as the dense
anodic layer. For phase IV of PEO, they observed two types of discharges and also concluded that two different discharge mechanisms
existed simultaneously, similar to the view of Sobrinho et al. Among them, the mechanism promoting the thickening of the inner layer
is mainly the breakdown of horizontal pores, the oxide is formed only in the inner layer due to the blockage of high-temperature
ionized gas [52], while the thickening of the outer layer mainly relies on the melt ejection brought by the breakdown of the verti-
cal large pore to contact with the cold electrolyte for condensation. However, these two discharge mechanisms seem to be considered
contradictory in previous studies [20].

3. Conventional effective parameters

The electrical parameters affect the coating formation. Lu et al. [53] applied PEO treatment on KBM10 Mg alloys at direct current
(DQ), respectively, and found that the coating surface was smoother at lower voltages. With the voltage increases, the size and quantity
of pores increase. The surface is rougher, which may be attributed to the growth in discharge size. Yuan et al. [54] investigated the
impact of current output pattern on coating formation as well as performance, the parameters are shown in Table 1. They found that at
a certain current density, the coatings treated under the current reduction mode (G852) with the lowest energy consumption show the
best corrosion resistance and have the thickest dense inner layer, while the outer layer of large pores is sealed, which may be attributed
to the fact that the current density was reduced twice resulting in sealing the large pores formed by the initial high current density. Lou
et al. [55] performed PEO treatment of AZ31 in bipolar current mode at 1000 Hz and found that the order of influence of various
factors to the corrosion resistance is anode on-time, cathode on-time, anode current setting, and cathode current setting (from large to
small). Furthermore, increasing the anode on-time and anode current can increase the thickness of PEO anodic layer.

The treatment time is also one of the parameters affecting the microstructure of PEO coatings. Yong et al. [56] found that the
surface roughness of PEO coatings increased when treatment time enhances, while the porosity decreased. Due to the coating being too
thick to penetrate, the number of sparks decreases as the size of spark discharges grows, which leads to larger pores. In most cases, the
increase in treatment time will increase the coating thickness, Mohedano et al. [57] found the coating thickness rises significantly with
increasing oxidation time and the addition of fluoride accelerates coating generation. However, a long treatment time will probably
lead to the breakage of the coating [58].

It is well known that the higher the conductivity of the electrolyte, the lower the breakdown voltage of the coating [20]. And the
breakdown voltage often determines the spark size during PEO discharge, affecting the porosity, the pore size and the surface
roughness of the coating [59]. The factors affecting electrolyte conductivity include electrolyte concentration. Ono et al. [60] found
that the thickness and corrosion resistance of PEO-AZ31 increase with decreasing electrolyte concentration under constant current
conditions. Also, surface roughness decreases with decreasing electrolyte concentration. However, A. Fattah-alhosseini et al. [59]
chose a KOH electrolyte to prepare PEO coatings with different concentrations (1-3 M) and found that the coating treated at a con-
centration of 2.5 M has the best corrosion resistance. At 1-2.5 M, the pore size and porosity reduce as electrolyte concentration is
raised, hence the corrosion resistance is positively correlated with the electrolyte concentration, while at 2.5-3 M, the pore size,
porosity, and roughness of coating surface increase as electrolyte concentration is raised, and the corrosion resistance decreased
significantly, which was consistent with the research of Ono and A. Keyvani [61]. The reason may be that low electrolyte concentration
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Fig. 3. Cross section morphology of PEO-coated AZ91 (a—c) AZ31, (d-f) [51].
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Table 1
Current output modes of three groups [54].

Current density (A dm™?)

Tep Time (min) C5 G258 G852
I 0-10 5 2 8
I 10-20 5 5 5
11 20-30 5 8 2

Fig. 4. Compositional analysis of the inner layer of typical coatings with « = 0.1, 10.7 and 1.3, respectively: (a-c) Cross-sectional morphology. (d, f,
h) F maps of (a—c), respectively. (e, g, i) O maps of (a—c), respectively [62].
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leads to low conductivity, which makes breakdown difficult, hence spark size becomes larger, and an appropriate increase in elec-
trolyte concentration can reduce spark concentration, whereas a high electrolyte concentration will lead to a significant increase in
solution conductivity, which makes the diffusion of spark discharge severe.

Apart from electrolyte concentration, the concentration ratio of electrolyte components can also affect the coating properties.
Zhang et al. [62] treated AZ61 with an electrolyte (KOH concentration of 5 g/L and KF-2H50 concentration of 140 g/L). They found the
inner layer of this coating composed mainly of MgO or MgF; (Fig. 4(a—g)) could not prevent the intense melt eruption occurring during
PEO treatment, i.e., traditional discharge (TD), which can lead to large aperture discharge channels on the surface, as shown in (Fig. 5
(b and c)). His improved method was to control a (the mass ratio of MgF, to MgO) by changing the concentration ratio of KOH to
KF-2H,0 in the electrolyte, resulting coatings with different porosity (Fig. 5(a)). They discovered that at a = 1.3, the coating surface
has small discharge pores, as shown in Fig. 5(d), showing the best corrosion resistance, which resulting from the sequential discharge
(OD) caused by the different dielectric constants (Ds) of MgO and MgF; (the distribution of MgO and MgF, is shown in Fig. 4(c-i)),
where MgF» with low Ds will undergo electric breakdown, but its surrounding MgO with higher Ds can inhibit the strong eruption of
MgFs instead of occurring violent breakdown itself. More melt will be retained in the discharge channel, making the inner dense layer
thicker, accompanied by a small aperture of the discharge channel during eruption. Thus, enhancing the corrosion resistance.
Moreover, the addition of some particles in the electrolyte can also affect the corrosion resistance by affecting the conductivity of
electrolyte, thus changing the morphology the coating [63], which is mostly shown in sealing pores. The interaction of particles with
the electrolyte anion will also be affected by different anion types [64].

In general, the parameters mentioned above tend to affect the surface micromorphology of the coating by regulating the thickness
and the size and distribution of the sparks in the process of discharging, thus influencing corrosion resistance as well as
biocompatibility.

The substrate also affects the morphology of PEO coatings. For example, AZXX, which is often used as a substrate for medical Mg,
Rakoch et al. [51] discovered that PEO coating on AZ91 was denser and its inner layer was thicker than that formed on AZ31. AZXX Mg
alloys are also multiphase Mg alloys, and the increase of its § phase (MgxAly) will lead to coating perforation at the boundary of o and
phase [65]. In the extreme case without p-phase, the coating is not homogeneous and has poor corrosion resistance because there is no
dense Al oxide in the coating and the severe local oxidation behavior around the AIMn precipitates [66]. In spite of the effect of p-phase
content mentioned above, Chen et al. [66] also found that for AZ31 after solid solution treatment, the B-phase is finer and more
uniformly distributed, and the coating morphology is more uniform with fewer defects after PEO treatment, thus the corrosion
resistance is improved.

And it is worth noting the Taguchi method has been used in most of the studies. And in multi-parameter experiments, the use of the
Taguchi method allows the use of the minimum possible combination matrix to determine the best PEO process conditions, avoiding
the control of a single variable resulting in more experimental times [67].

4. Amelioration of the pretreatment
Before PEO treatment of Mg alloys, pretreatment by laser [68-70], hydrofluoric acid (HF) [71], ultrasonic [72,73], and solid

solution treatment [74] can improve the Mg alloys matrix and form a denser PEO coating on its surface to ameliorate the mechanical
integrity and corrosion resistance of matrix.
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Fig. 5. (a) The variation curve of porosity with a at a voltage of 130 V. (b)-(d) Surface morphologies of typical coatings with a = 0.1, 10.7 and 1.3,
respectively [62].
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4.1. Laser shock peening

Laser shock peening (LSP), is a form of non-contact surface treatment that uses high power and short pulses of laser light to impact
the surface of the sample, which causes plastic deformation to occur on the Mg alloys, forming a nanoparticle layer and inducing
residual compressive stresses in the surface layer of the metal [68]. Pretreatment using LSP technique improves the mechanical
integrity and corrosion resistance of Mg-based implants in vivo [69,70].

Xiong et al. [75] formed a fine particle layer about 30 pm thick on the surface of AZ80 Mg plate by Nd: YAG laser. Different from the
single PEO coating shown in Fig. 6(c), the cross-section of LSP/PEO coating on Mg alloy is shown in Fig. 6(d), part of the fine particle
layer was oxidized to the outer layer of PEO, and the unoxidized particle layer was the inner layer. The LSP-nanocrystal layer has
self-healing properties, which can effectively reduce the adsorption of Cl™ and give the passivation film a high nucleation density. As
illustrated in Fig. 7, once the external PEO coating is subjected to external corrosion, the LSP layer can quickly form a dense passivation
film at the damage location to obstruct the corrosive medium’s penetration [70]. On the one hand, the passivation film enables a large
amount of corrosion products to accumulate in the corrosion channel, which ameliorates the corrosion resistance of the samples. On
the other hand, the LSP-treated refined grain surface can provide more discharge channels for the spark discharge during PEO, which
makes the formed PEO coating denser and enhances the corrosion resistance of PEO coating. As shown in Fig. 6 (a, b), compared with
the PEO coating alone, the surface of the LSP pretreated coating shows lower porosity, which is about 78 times higher than that of the
LSP/PEO coating. The electrochemical corrosion experiments manifested that the polarization resistance (Rp) of the LSP/PEO-treated
samples (1.19 x 10° Q cm?) was one order of magnitude greater than in of the PEO-treated samples (2.63x 10* Q cm?). In a long-term
immersion corrosion experiment conducted in simulated body fluid (SBF), Xiong et al. [70] found that the PEO coating was close to
peeling off at the final stage of immersion (1800 h), while the LSP/PEO coating remained well bonded to the substrate.

In vivo, Mg alloy implants are subjected to mechanical loads as well as corrosive environments, which can cause stress corrosion
cracking (SCC) and premature implant failure. While the corrosion resistance of Mg alloys is improving, its mechanical properties may
not be improved simultaneously. Therefore, in addition to corrosion resistance, the maintenance of mechanical integrity of biode-
gradable implants after implantation in humans is another crucial factor. For samples loaded under tension, the compressive residual
stresses on the surface of LSP-treated samples can retard the generation of cracks in corrosive environments, while the PEO-treated
samples still have tensile residual stresses on their surfaces, which are not conducive to stress corrosion resistance. The slow strain
rate tensile (SSRT) experiments by Xiong et al. [70] confirmed that although PEO coating can enhance the mechanical properties of the
material, it did not significantly improve its stress corrosion susceptibility in a corrosive environment. In contrast, the LSP/PEO treated
specimens showed significantly higher elongation (5.8 %) and ultimate tensile strength UTS (221 MPa), the longest SSRT test duration
(32 h), and better mechanical properties than the PEO coating.

4.2. Ultrasonic cold forging technology

The ultrasonic cold forging technology (UCFT) technique uses ultrasonic vibrations to produce plastic deformation on the metal
surface to form nanocrystalline structures, which can reduce the porosity of subsequent PEO coatings and significantly improve the

Substratg

Fig. 6. SEM morphologies of surface and cross-section of PEO Mg alloy (a, ¢) and LSP/PEO Mg alloy (b, d) [75].



B. Shi et al. Heliyon 10 (2024) e24348

@eg @ WG 09Q

0 MA@ ANta)l ¢ ¥ 0o~ W2

[] Mgsubstrate FEEEE LSPlayer | | porous layer
[ denselayer [ Mgon), B MgO
\

SBF / Micro cracks @) H,

Fig. 7. Schematic diagram of the SCC behavior of LSP/PEO samples in simulated body fluid. The LSP layer is able to form a passivation film rapidly
at the damage site, preventing further erosion of the substrate by corrosion ions [70].

metal surface hardness. UCFT is simple to operate, highly efficient to treat and environmentally friendly [72]. Yang et al. [73] used an
ultrasonic device equipped with tungsten carbide balls to treat AZ31B Mg alloys with ultrasonic cold forging technique. On the surface
of the Mg alloys, the finer grains provide more discharge channels for the PEO coating, so the PEO coating on the sample after UCFT
treatment is denser and more uniform than that formed directly on the substrate, which improves the corrosion resistance of Mg. The
corrosion current density of UCFT-treated PEO Mg alloy was proved to drop by one order of magnitude lower compared to the
non-UCFT-treated PEO Mg alloy in electrochemical studies. Mg as an implant material is subjected to relative motion in the human
body, which may lead to wear damage and accompany corrosive erosion of body fluids, and the effect of frictional corrosion generated
should not be neglected. The antifriction corrosion experiments confirmed that the UCFT-PEO samples have a flat and dense surface
with a friction coefficient of about 0.1, which is lower than that of PEO samples, indicating that they have better friction corrosion
performance than PEO samples. the same is true for electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
(PDP) measurements, where the lowest friction corrosion current density (2.4 x 10~* A/cm?) and maximum friction corrosion
impedance (23.38 kQ em?) were found in UCFT-PEO samples.

4.3. Ultrasonic fluorination treatment

The formation of a MgF, coating by hydrofluoric acid treatment tends to be integrated in the passive oxide coating, which can
induce surface arcing during PEO, thus making it easier to reach the breakdown voltage. The results showed that the HF-treated
samples were in the third stage of the PEO process for a longer time than the untreated samples, indicating that the PEO coatings
formed by the pretreatment were more uniform and denser. The application of ultrasound (US) in pretreatment resulted in denser
coatings and increased their fluorine content. Wei et al. [71] pretreated AZ91 Mg alloys by HF (9.8 wt%) at 40 kHz, 60 W ultrasound
for 30 s with ultrasonic fluorination. Observation using scanning electron microscopy (SEM) revealed that, PEO coating was deficient
in its inner layer on its own, while which treated by ultrasonic fluorination was intact and free of defects. According to the electro-
chemical test, the PEO coating deposited on the surface of AZ91 pretreated with HF and US had higher corrosion resistance than the
PEO coating formed directly on AZ91.

4.4. Solid solution processing

Yan et al. [74] subjected Mg-0.06Cu alloy ingots to solid solution treatment, i.e., heating at 510 °C for 10 h and quenching with
water. In antibacterial experiments with Staphylococcus aureus (S. aureus), the solid solution alloy exhibited similar antibacterial ef-
fects as the cast alloy. The corrosion rate of the Mg-Cu alloy was determined by micro-electro-couple corrosion, with a-Mg and MgsCu
second-phase particles acting as the cathode and anode, respectively. The majority of the second-phase particles were dissolved by heat
treatment, resulting in a reduction of the galvanic coupling corrosion. The solid solution alloy has a more uniform composition dis-
tribution than the as-cast (AC) alloy, resulting in a tighter layer of corrosion products. In electrochemical tests, both the surface layer
resistance (Rf) and polarization resistance (Rct) of AS-PEO were twice as large as those of AC-PEO. Immersion tests revealed that
PEO-coated solid-solution alloys corroded at a lower rate than cast alloys.
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5. Typical amelioration of PEO coating on Mg alloys

In order to meet the requirements for an ideal biodegradable Mg alloys implant coating, i.e., corrosion resistance, biocompatibility,
wear resistance to avoid large wear debris during implantation, tight bonding to the substrate Mg alloys, antibacterial properties and
drug loading ability as mentioned above, different PEO coating Amelioration methods have been proposed focusing on different
behavior enhancements. Their main coating techniques as well as characteristics are shown in Table 2.

5.1. Calcium phosphate-PEO coating

Calcium (Ca), and phosphorus (P) are important for human life activities. Biologically relevant calcium phosphate (Ca-P) is found
in human bones and is a major component of bones [76,77]. In addition, large amounts of Ca-P facilitate wound healing [78]. Ca-P
coating is a commonly used implant coating that can increase significantly the corrosion resistance, biocompatibility, and bioactivity
of the substrate [76,79,80]. Most remarkably, the bioactivity of Ca—P coating allows the adhesion, proliferation, and diffusion of
osteoblasts, which facilitates bone regeneration, while improving osseointegration by promoting the binding of the implant to the
surrounding bone tissue [81,82]. These make Ca-P-coated implants put to use in the field of bone repair, and bone replacement [83].
Ca-P exists in various forms, such as hydroxyapatite (HA), calcium deficient hydroxyapatite (CDHA), octacalcium phosphate (OCP),
dicalcium phosphate anhydrous (DCPA), biphasic calcium phosphates (BCP), p-tricalcium phosphate (TCP), etc. [78,84]. Among them,
the most commonly used Ca-P is HA (Ca;o(PO4)6(OH)2) [26], which is easy to manufacture and the main inorganic component of bone

Table 2

Coating techniques and characteristics of typical Amelioration methods.

Amelioration of PEO
coating

Coating techniques

Surface
morphology
Amelioration

Improved behaviors vs.
conventional PEO
coating

Disadvantages

Calcium phosphate
(Ca-P)-PEO
coating

Layered double
hydroxide
(LDH)-PEO
coating

ZrO, incorporated-
PEO coating

Antibacterial
ingredients-
PEO coating

Drug-PEO coating

Polymer-PEO
composite
coating

Plasma electrolytic
fluorination
(PEF) coating

Sol-gel method: prepare Ca-P sol-gel
and coat on PEO-coated samples;

- Hydrothermal method;

- Flame spraying;

- Electrochemical deposition (ECD);
- Electrophoretic deposition (EPD)
Hydro-thermal treatment; immersion
process;

two-step method (immersion and
hydrothermal treatment)

ZrO, nanoparticles are incorporated
into electrolytes or in electrolytes
containing Zr element during the PEO
process.

PEO: add antimicrobial agents directly
to the electrolyte.

Dip-coating: dip the PEO-coated
samples into drug solution.

Dip coating method; rotary coating
method;

electropolymerization method;
electrophoretic deposition method

PEF typically with highly saturated
hydrofluoric acid (HF) as the
electrolyte.

- Smaller pore
size
Shallow cracks

- Smaller pores
size
Fewer cracks

- Increased
compactness
- Smaller pore
size
Smoother

surface

- Smaller pore
size

- Shallow cracks

- Smaller pore
size
Shallow cracks

Smoother
surface

No obvious
pores and
cracks

- Smaller pore
size

- Smoother

surface

No cracks

— High corrosion
resistance

Good bioactivity and
biocompatibility
Suitable mechanical
property

High corrosion
resistance

Better
biocompatibilities

- Drug loading capacity
- Better wear resistance
Better corrosion
resistance

Better
biocompatibilities

High corrosion

resistance

- Outstanding
antibacterial property

- High corrosion

resistance

Superior drug release

capability

For treatment:

Excellent antibacterial

property

Inductive osteogenesis

potential

- Inhibiting

osteosarcoma (OS)

High corrosion

resistance

Better wear resistance

Some have better

biocompatibility

Some have good drug-

loading properties

- High corrosion
resistance

- Better

biocompatibilities

Porous structure still exists.

The coating formed in the electrolyte
containing Zr element has more defects
compared to the electrolyte containing
ZrO, nanoparticles.

Metallic inorganic antimicrobial agents
can be cytotoxic in excess.

- Some have low adhesive strength;

- Some have poor wettability
(depending on polymer selection),
resulting in poor biocompatibility.
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with excellent biocompatibility, bioactivity, and osteoconductivity [27,85,86]. HA is not toxic in the human body, easily binds to
surrounding bone tissue [28], forms chemical bonds at the implant-bone tissue interface, and releases Ca®" which is harmless to the
body and can induce and accelerate new bone growth [87].

PEO can be used directly to prepare Ca-P coating [26,73,77,80,82,88-93], which requires the addition of a salt solution containing
Ca, P to the electrolyte, and the final form of Ca—P produced depends on the Ca/P ratio [83,84]. It is worth mentioning that Tang et al.
[88] found that the control of the Ca/P ratio can be achieved by adjusting the applied voltage during PEO, where the Ca/P ratio of the
coating at 500 V ratio (1.68) is extremely close to the Ca/P ratio of HA (1.67), as shown in Fig. 8.

To date, diversified surface modification techniques have also arisen for the preparation of Ca-P coating on PEO coating surfaces to
obtain composite coating and further get superior coatings, such as hydrothermal method [94], Flame Spraying [95], electrochemical
deposition (ECD) [27,96], electrophoretic deposition (EPD) [87], sol-gel method [28,97,98] and so on. Among them, the sol-gel
method is the most popular. Hydrothermal treatment (HT) is simple and low cost [99], but the degradation of Mg alloys which
formed Mg?* will prevent the crystallization of HA, and it is difficult to form HA coating, some research shows that this problem can be
improved by adding a chelating agent or doping F~ in HA [100]. The advantages of thermal spraying include easy control of working
parameters and mass fabrication, but the thermal expansion coefficient difference between HA coating and metal substrate during the
cooling process is large, and residual stresses will be generated, which can be improved by adding a PEO interlayer [95]. Compared
with thermal spraying, ECD, and PEO such coating structure formed in the electrolyte is more similar to that of skeletal inorganic
materials [78]. EPD and ECD have many similarities, both have the advantages of short working time, low working temperature,
simple operation, green environment, and can form a uniform and stable coating on the porous or complex-shaped substrate, and the
coating thickness can be controlled [27,101-103]. The main difference between them is whether the redox reaction occurs during the
deposition process. However, the ECD and EPD-formed coatings have low bonding strength and are easy to peel off [78]. Many ad-
vantages like controllable structural composition, high adaptability to complex-shaped substrates, low cost, and environmental
cleanliness are inherent to sol-gel coatings [104]. Additionally, the PEO coating with porous structure is added to the interior of the
coating system, which can improve the disadvantage of low bonding strength of the sol-gel coatings [98]. However, it has been shown
that it is difficult for the sol-gel to fill the porous PEO coating by reason of the presence of microbubbles at atmospheric pressure, and
this problem can be solved by the method of excluding microbubbles at low pressure [28].

Ca-P coating can notably improve the ability of preventing the invasion of corrosive media of PEO-coated Mg alloys. When pre-
paring HA coating using PEO, the mixture of appropriate HA particles can fill the micropores formed by the PEO coating, reduce the
porosity and make it dense, which can enhance the barrier capacity against corrosive media. The variation of porosity and thickness of
coatings is related to the concentration of added HA particles. Zheng et al. [89] found that compared with PEO coating without HA, the
surface micropores of PEO coating prepared by electrolyte containing 1 g/L HA particles were filled with HA particles, the number of
micropores was significantly reduced, and the coating thickness was thinner, indicating a denser coating construction, and the highest
coating corrosion resistance at this time. However, when the concentration of HA additives arrived 2 g/L, micropores’ sealing effect
decreased and the coating was looser, and at 3 g/L clusters of particles appeared on the coating surface, with the increasing of mi-
cropores, and the barrier capacity of coatings decreased. It was also found that the opposite conclusion was obtained at high HA
concentrations. Yang et al. [90] demonstrated that the increase in HA concentration helped to make the coating surface dense while
filling the surface pores, thus enhancing the corrosion resistance of coating. The addition of 5 g/L HA particles resulted in a small
improvement for a porous surface in comparison to the PEO coating alone, and while the concentration was raised to 10 g/L, the
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Fig. 8. Adjust the applied voltage to control the Ca and P content and Ca/P ratio of PEO coating [88].
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porosity decreased sharply, and the number of micropores decreased further at 20 g/L, probably because the HA particles improved the
spark discharge behavior during PEO. What is noteworthy is that the number of micropores is inversely proportional to its size, with
smaller sizes having more pores. The effect of different concentrations (5, 10, and 15 g/L) of HA nanoparticles (HA NPs) on PEO
coating properties was investigated by Chaharmahali et al. [26]. It was also found that the porosity decreased with the increasing
concentration of HA NPs, while the thickness increased, as shown in Fig. 9(a—f). This may be since the capacitive voltage of the sample
was also higher at higher concentrations, and the discharge generated more energy, which facilitated the continuation of the reaction
and the formation of a thicker coating. Meanwhile, the electrochemical test results display the lowest corrosion current density and the
highest corrosion resistance with the concentration of HA NPs set to 15 g/L.

Wang et al. [87] developed a HA/PEO coating by depositing HA on PEO coating through EPD. The samples immersed in SBF for
different times were analyzed by EIS and their corrosion behavior was explained using a composite coating degradation model. As
shown in Fig. 10(a—c), with the immersion time increased (5, 15, 20 days), in the first stage, the HA coating was exposed to SBF and
decomposed, forming Ca—P compound deposits on the coating surface to prevent the invasion of corrosive media to Mg alloys. Then, as
the immersion time increased, SBF penetrated deeply into the HA layer through microcracks, and the rate of HA layer degradation
accelerated and microcracks expanded. In the third stage, the HA layer continuously degraded, the surface became too loose and
porous to block the SBF, and the corrosion solution further extended to the internal PEO layer and even reached the substrate.

Ca-P coating can notably improve the bioactivity and biocompatibility of Mg alloys with PEO coating, while there are fewer
relevant in vivo studies, so we mainly focus on what effects it can bring on osteogenic activity and cell behavior (cell adhesion,
spreading, proliferation, and differentiation behavior).

Dou et al. [77] found that after 21 days of SBF immersion experiments, micropores on the surface were observed to be filled with
spherical or striated apatite prepared through PEO, indicating that the Ca-P coating had excellent bioactivity. Attarzadeh et al. [93]
performed elemental analysis of TCP/PEO coating surface precipitation by EDS after 7 days of SBF immersion experiment and found
that higher concentrations detected higher Ca/P ratios on the exterior of the coating, implying that more apatite compounds formed,
representing a possible superior osseointegration ability. Tang et al. [28] combined the sol-gel method with PEO to prepare a HA/PEO
composite coating. 72 h SBF immersion experiments showed that more apatite precipitation could be observed on the outside of the
composite coating in comparison to PEO coating with bare Mg alloys.

Combining PEO with the sol-gel method, Liu et al. [98] prepared calcium metaphosphate (CMP)/PEO composite coating on AZ31B.
Through detecting the number of cells at different cell adhesion stages, it was found that the CMP/PEO composite coating accelerated
the cell adhesion rate of human bone marrow-derived mesenchymal stem cells (hBMSCs) compared to bare Magnesium alloys. As
shown in Fig. 11(a—d), analysis of the results of vinculin and F-actin staining revealed that more extensive stress fibers with a larger cell
spreading area were observed on the CMP/PEO composite coating. Ki-67 (cell proliferation-associated protein) analysis was consistent
with the results of the cell counting kit-8 assay, which revealed that the CMP/PEO composite coating effectively improved the cell
proliferation capacity of Mg alloys. In addition, the expression levels of osteogenesis-related genes (alkaline phosphatase (ALP), type I

Fig. 9. SEM images of the surface (a—c) and cross-section (d—f) of samples with different concentrations of HA added. (a, d) 5 g/L HA, (b, e) 10 g/L
HA, (c, f) 15 g/L HA [26].
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Fig. 10. Degradation model of PEO-EPD samples in SBF at various stages. (a) Ca—P compound deposition, (b) HA layer crack extension, (c) internal
PEO layer corrosion [87].

collagen (COL1), and runt-related transcription factor 2 (RUNX2)) were significantly increased in the CMP/PEO composite-coated
samples, demonstrating superior osteogenic ability. Yu et al. [94] developed fluoride-doped hydroxyapatite (FHAp)/PEO composite
coating on AZ31B Mg alloys by combining PEO with the hydrothermal method. As shown in Fig. 12(a-d), more mouse caldaria bone
cells (MC3T3-E1) pseudopod extensions could be observed on the FHAp/PEO coating compared with the undoped Ca-P/PEO coating
and the uncoated sample, indicating that the fluoride ions promoted the adhesion and diffusion of osteoblasts. Meanwhile, the results
of MTT experiments showed that the number of cells exposed to the FHAp/PEO coating was significantly higher than Ca—P/PEO
coating, showing a stronger proliferation ability. In addition, higher activity of ALP was detected in FHAp/PEO-coated samples,
suggesting that the coating also facilitates osteoblast differentiation. However, it has also been found that the morphology of Ca-P
particles affects cellular behavior [96]. When platelet-like Ca-P particles accumulate, forming ridges, the cells are hindered from
spreading on their surface. Therefore, more extensive cell adhesion was observed on the PEO-coated surface comparison to the
Ca-P/PEO coating.

By adding in the electrolyte Cag(PO4)2 and C19H16N20g (ethylenediaminetetraacetic, EDTA), Jian et al. [105] prepared the PEO
coatings containing Ca-P in the magnesium alloy surface, with no cytotoxicity in cytotoxicity test. 3 weeks after planting
Ca-P/PEO-coated magnesium alloy screws into the femur of rabbits, bone healing around the screws occurred, the screws were firmly
integrated with the bone, and no gas was observed, indicating that rapid degradation of the samples did not occur. 12 weeks after
surgery, different from the bare magnesium alloy screws and the PEO-coated screws without Ca—P, some new bone appeared around
Ca—P/PEO-coated screws, showing better bone tissue healing ability. Ca—P coating can also give suitable mechanical properties to
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Fig. 11. Qualitative analysis: (a) Fluorescence images of vinculin (purple), nucleus (blue) and F-actin (yellow) of hBMSCs on CMP/PEO-coated Mg
alloys and bare Mg alloy. Quantitative analysis: (b) focal adhesion (FA) number per cell, (c) FA area per cell, (d) cell area [98]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

PEO-coated Mg alloys, which has an expansive range of applications in the biomedical field. Jin et al. [27] prepared Ca-P/PEO
composite coating on AZ91D Mg alloys through ECD together with PEO. After soaked in SBF for 5 days and tested for mechanical
properties, it was found that the fatigue life of Ca—P/PEO composite coated samples after soaking was much higher than that of single
coating samples after soaking, and bare samples before soaking. Rta et al. [91] found that Ca-P-coated AZ31 porous Mg alloys samples
prepared by PEO, specimens before and after coating exhibited close compressive strength and Young’s modulus, so they can meet
bone tissue needs.

5.2. Layered double hydroxide-PEO coating

Layered double hydroxide (LDH) is a layered sandwich-like structural material, as shown in Fig. 13, consisting of positively charged
double metal hydroxide main laminate and interlayer of anions and water molecules overlapped, with the chemical formula
[M7,M3 " (OH)2]* T [AY"] y/y-nH0, where M2" represents divalent metal cation while M®* is the trivalent metal cation, and AY~
represents the anion [29].

As shown in Fig. 14(c and d), the small size of LDH can be uniformly formed on the PEO porous layer, which can effectively cover
the gaps and cracks of the original coating and increase its corrosion resistance compared to the single MAO coating as shown in Fig. 14
(a and b). At the same time, LDH has anion exchange property, and the loaded anions (mainly nitrate) can exchange with Cl™ in the
corrosive environment to reduce the concentration of Cl~ in the solution and prevent the Cl~ from entering the alloy substrate and
causing damage [30]. In addition, LDH as a nanostructured material allows cells to be immobilized on the LDH surface, significantly
improving osseointegration and osteoblast adhesion, making it suitable for implant applications. The preparation methods and
properties of commonly used LDH coatings are shown in Table 3.

Peng et al. [106] used HT to prepare Mg-Al-LDH coatings, i.e., a container containing 0.02 M aluminum nitrate for 12 h at 120 °C,
whose pH is adjusted by NaOH to 12.8. On PEO-coated surfaces, a uniform dense nanoflake-like structure was created (Fig. 15(b)),
which successfully closed the defects of the PEO coating (Fig. 15(a)). The coating is two-layered, with the outer layer being Mg-Al LDH
(~2 pm) and the inner layer being PEO coating (~5 pm). Electrochemical and hydrogen evolution tests manifested that the PEO/LDH
composite coating has better corrosion resistance than the PEO coating. The cell adhesion and cytotoxicity tests of rat bone marrow

14



B. Shi et al. Heliyon 10 (2024) e24348

1,000 108

OH" anion

. M" or M metal cation

H,0 5 e
e Interlaminar composition:

[(A™),,,, . mH,0]

H,0
e«
®

| —
o

Laminar composition:

(MM (OH), ., ]&

.

\

Fig. 13. Schematic diagram of LDH structure. The main hydroxide laminate consists of an oxygen octahedron composed of divalent and trivalent
metal ions and OH™, and between the laminates are anions and bound water [29].

stem cells (rBMSCs) showed that the PEO/LDH coating significantly improved the cytocompatibility of the substrate. When the in-
cubation time was increased to four days, the cell viability of PEO/LDH extract increased to more than 80 %, indicating mild cyto-
toxicity. In contrast, cells in PEO extracts were completely dead. In addition, the unique anion exchange ability of LDH conferred good
drug release from the PEO/LDH composite coating. The interlayer anions (mostly hydroxyl, nitrate, and carbonate) were replaced by
5-Fluorouracil (5-FU) via ion exchange when the Mg-Al-LDH coated samples were immersed in 5-F solution.
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Fig. 14. Schematic diagram of the corrosion process of different coatings. (a, b) MAO coating, (c, d) MAO/LDH composite coating [30].

However, for the preparation of Mg—Al-LDH coatings, too high temperatures can lead to an inability to balance between the rate of
dissolution of PEO coatings and the rate of growth of LDH coatings. Therefore, Li et al. [31] prepared coatings at low temperature
(60 °C) to retard the dissolution rate of PEO coatings. For the PEO-LDH coating, the corrosion current density was lowered by two
orders of magnitude when compared with the PEO coating alone, according to electrochemical studies. In addition, Wang et al. [107]
confirmed that the thickness of the LDH coating linked positively with time. The inner layer (PEO layer) and outer layer (LDH layer)
thicknesses of the coating treated with 2 h LDH were 4.45 £ 0.55 pm and 2.32 £ 0.08 pm, respectively, while the thicknesses of the
outer and inner layers of the coating treated with 12 h LDH were 2.93 =+ 0.13 pm and 3.47 + 0.07 pm, respectively. Therefore, with the
increase of HT time, the PEO layer was dissolved and gradually became thinner, while the LDH layer grew on the PEO layer and
gradually became thicker. The PEO-coated Mg alloys after 12h HT demonstrated a milder inflammatory response and an increase in
bone mineral density (BMD), trabecular thickness (Tb.Th) in the rat femur implantation experiment.

Peng et al. [108] prepared PEO/Mg-Al-Zn-LDH coatings by HT. Electrochemical and hydrogen evolution experiments confirmed
that the inclusion of Zn?* improved the corrosion resistance compared to the PEO/Mg-Al-LDH composite coating. Furthermore, due to
the release of Zn?", the composite coating displays a powerful antibacterial capability against Gram-positive S. aureus. With the
synergistic effect of Zn?>* and Mg?", cells displayed higher ALP activity and osteopenia (OPN) expression on the composite coating, and
the coating had osteogenic differentiation ability, which facilitated its application in implants.

Al has been associated with neurotoxicity and Alzheimer’s disease, so its use in biomedical applications may not be safe [109].
While Fe, as one of the essential trace elements, plays an important biological function in vivo, Zhang et al. [110] successfully prepared
PEO/Mg-Fe-LDH coatings on Mg alloys using a two-step method of immersion and HT. In addition, the prepared coatings showed a
significant reduction in the number of colonies after near-infrared light (NIR) (808 nm) irradiation, demonstrating the good photo-
thermal antibacterial activity of the PEO/Mg-Fe-LDH coatings. Another study by Zhang et al. [111] similarly confirmed that
PEO/Mg-Fe-LDH coatings are highly corrosion resistant and biocompatible. In addition, LDH coatings include PEO/Mg-Ni-LDH
coatings, and Chen et al. [112] compared PEO/Mg-Zn-LDH, PEO/Mg-Al-LDH, and PEO/Mg-Ni-LDH coatings in their experiments.
Since AI** are acidic under experimental conditions, they will react with MgO to destroy the original PEO coating. It is difficult for Zn
and Mg to form trivalent cations, so only a small amount of Al elements contained in Mg alloys can form LDH with Zn through the
discharge channel, resulting in Zn®" can only locally produce LDH coating. Electrochemistry confirmed that, compared to
PEO/Mg-Zn-LDH and PEO/Mg-Al-LDH coating, the corrosion current density of PEO/Mg-Ni-LDH coating was markedly decreased.
Wang et al. [113] prepared PEO/Mg-Al-Co-LDH coating by in situ growth method. The electrochemical and immersion experimental
results indicated that the coating outperforms pure PEO coating and untreated Mg alloys in corrosion resistance. Although excessive

16



LT

Table 3

Preparation methods and performance of PEO-LDH coatings on Mg alloys substrates.

Mg substrate Solution Condition Synthesis LDH Thickness (pm) Electrochemical corrosion test Cytocompatibility and Osteogenic activity Ref
approach Ecorr (V) Leorr (A/cm-2) Celltypes  Cell Viability Relative
PEO PEO/ substrate PEO PEO/ substrate PEO  PEO/ PEO PEO/ l:i‘tlzviw
LDH LDH LDH LDH
(PEO
layer,
LDH
layer)
AZ31 0.02 M aluminum 120 °C,  hydro-thermal Mg-Al 65 75,2 -1.45 -1.22 -1.2 1.66 x 0.945 3.92 rat bone PEO/LDH > PEO / [106]
nitrate (pH = 12.8) 12h treatment 107° x 107 x marrow stem
10° cells (rBMSCs)
AZ31 Zn-1:0.02 M AI(NO3)3, 120 °C,  hydro-thermal Mg-Zn-Al / / -1.61 / -06 276 x / 1.56 rBMSCs Zn-2>7Zn-1, Mg-Al  Zn-1> [108]
Zn(NO3), (10 pM 12h treatment 107° X LDH > Zn-3 (3 days); Mg-AlLDH
Znh) (pH = 12.8) 10~° Zn-2 showed a poor >Zn-2 (14
Zn-2: 0.02 M AI(NO3)3, -0.7 1.28 long-term days)
Zn(NO3), (100 pM X cytocompatibility
Zn>%) 107° while Mg-Al LDH
(pH = 12.8) and Zn-1 showed
Zn-3: 0.02 M AI(NO3)3, —0.68 8.59 high cell viability (14
Zn(NO3), (1000 pM X days)
Zn*") 10°°
(pH =12.8)
0.02 M Al(NO3)3 Mg-Al -1.33 2.37
(pH = 12.8) X
10°°
Pure Mg (>99.95 wt%) 0.02 mol/L 120 °C,  hydro-thermal Mg-Al 512 445+ / rBMSCs completely >60 PEO/LDH- [107]
AI(NO3)3 (pH = 12.8) 2h treatment + 0.55, died (<15 %) % 12h >
0.37 232+ at all periods PEO/LDH-
0.08 2h>PEO
120 °C, 2.93 + >90
12h 0.13, %
3.47 +
0.07
AZ31 0.05 mol/L Al 125°C, hydro-thermal Mg-Al 8.62 —1.58 —-1.47 -1.34 1.20 x 4.31 1.78 / [116]
(NO3)3-9H,0 24h treatment 1075 x 1079 x
(pH = 10.5) 10710
AZ31 40 g/L NaOH, 50 g/L 60 °C, 48 hydro-thermal Mg-Al 560 7.83+ -1.43 —-1.47 -1.49 128 x 394 6.81 Mouse PEO-LDH (>90 %) / [31]
EDTA-2Naand5g/L h treatment + 0.47 10°° x 1077 x caldaria bone >PEO
pure Al wire (PH = 0.43 (4.00 = 10°°  cells (MC3T3-
13.76) 1.08, E1) pre-
3.83 + osteoblasts
0.62)
AZ31 AI(NO3)3-9H,0 (0.01 95 °C, 1h hydro-thermal Mg-Al 16.7 Zn-LDH coating > Ni- Al-LDH coating > Ni- / [112]
mol), NH4NO3 (0.06 treatment LDH coating > AI-LDH  LDH coating > Zn-LDH
mol) coating coating
Ni(NO3),-H20 (0.001 Ni-LDH 16.8

mol), NH,NO; (0.006
mol)

(continued on next page)
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Table 3 (continued)

Mg substrate Solution Condition Synthesis LDH Thickness (pm) Electrochemical corrosion test Cytocompatibility and Osteogenic activity Ref
approach Ecorr (V) Teorr (A/cm-2) Cell types Cell Viability Relative
PEO PEO/ substrate PEO PEO/ substrate PEO PEO/ PEO PEO/ :ftl:vity
LDH LDH LDH LDH
(PEO
layer,
LDH
layer)
Zn(NO3)2-H,0 (0.01 Zn-LDH 17.5
mol), NH4NO;3 (0.06
mol)
AZ31 12 g/L of MnCl,-4H30 for 9 h and immersion process Mn-Fe / / / —1.57 ~-1.4 PEO>PEO/Mn-Fe-LDH C3H10T1/2 PEO/Mn-Fe-LDH> PEO/ [235]
then in 2 g/L of FeCl,-4H,0 for 4 h PEO Mn-Fe-
LDH >PEO
AZ31 4 g/L FeCly-4H,0 solution for 1.5 two-step method Mg-Fe 38 58+02/ PEO > PEO/MgFe-LDH MC3T3-E1 PEO > PEO/MgFe- / [111]
h at room temperature, then in  (immersion and +0.1 LDH (4 days,7 days)
pure water at 120 °C for 10 h hydrothermal
treatment)
AZ31 2 g/L FeCly-4H0 Fe-1 two-step method Mg-Fe 4 / / ~-15 ~1.7 / 8.63 213 MC3T3-El Fe-2>Fe-1>PEO (7, Fe-2>Fe-1 [110]
solution for 0.5 h (Fe- (immersion and x 1077 x 14 days) >PEO (7
1)/1h (Fe-2) at room hydrothermal 1078 days)
temperature, then in  Fe-2 treatment) ~-1.79 2.17
pure water at 120 °C X
for 6h 108
AZ31 0.05 mol/L Al(NO3)3, 398 K, 24 hydro-thermal Mg-Al-Co ~8 10 -1.58 -1.47 -1.39 1.2 x 432 423 / [113]
0.02 mol/L Co(NO3), h treatment 107° x 1078 x
(PH = 10.5) 1071

™I WS g

8vEHT (+20Z) 0T UoAoH



B. Shi et al. Heliyon 10 (2024) e24348

amounts of Ni and Co can be harmful to the human body, they can still be applied to the human body by controlling them to trace
concentrations [114,115].

Although the PEO/LDH system shows excellent performance, it still has a porous structure and there is still a possibility of corrosion
media penetrating between the substrate and the coating. Therefore, Wang et al. [116] successfully constructed a superhydrophobic
surface with good sealing effect by surface modification of Mg-Al-LDH/PEO coatings with stearic acid (SA). Electrochemical and
immersion experiments showed that corrosion resistance of different coatings was in the following order: SA-PEO/LDH-24h >
PEO/LDH-24h/PEO > PEO coating.

5.3. ZrOgy incorporated-PEO coating

ZrO, itself is chemically stable and has a high melting and boiling point. In addition, the excellent properties of ZrO, include good
corrosion resistance, mechanical properties, (e.g., high resistance to cracking, high hardness), and biocompatibility, which are the
main reasons for its widespread use in medical applications. The good biocompatibility of ZrOs is reflected in its antibacterial and
antioxidant properties. Moreover, ZrO, is not carcinogenic in vitro and does not cause chromosomal aberrations in cells [117,118]. In
the choice of medical ceramic materials, ZrO; is also considered to be a suitable biomaterial for bone tissue regeneration due to its
inherently stable chemical properties and better biocompatibility. This has led to ZrO, being used in many medical applications, such
as bone implants [119,120], dentistry [121,122], and others.

ZrO, incorporated-PEO coating can be obtained by PEO treatment in electrolytes containing ZrO, nanoparticles or in electrolytes
containing zirconium elements (e.g. , KaZrFe, Zr(NO3)4, ZrOCly ete. [32,123-127], of which KyZrFe is more commonly used).

Electrolytes containing Zr element are involved in the electrochemical reaction during PEO treatment and then ZrO, is incorpo-
rated into the coating mainly in the form of tetragonal (t-ZrO) structure. Liu et al. [125] found that the sparking phenomenon
promoted the deposition of ZrO, on the surface and then ZrO, starts to deposit on the substrate when voltage potential exceeded
sparking voltage. Finally, the distribution of Zr elements in PEO coatings formed in the electrolyte containing fluoro zirconates was
inhomogeneous [124].

ZrO» nanoparticles cannot be dissolved in the electrolyte and thus the incorporation of them into the coating does not relate to the

Fig. 15. Surface morphology of (a) PEO, (b) PEO/LDH [106].
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Fig. 16. The potential change of ZrO, nanoparticles at different pH (trace measurements during the PEO process) [133].

19



B. Shi et al. Heliyon 10 (2024) e24348

electrochemical reaction. However, the electrophoretic effect may be the reason for allowing ZrO nanoparticles to move close to the
substrate. Fig. 16 shows the variation of the zeta potential of ZrO, nanoparticles as pH rises. As the pH gradually increased with the
PEO process, the zeta potential of ZrO, nanoparticles decreased sharply, and this kind of high negative potential promotes ZrO,
nanoparticles to be adsorped by the substrate which served as anode. The mechanism of substrate adsorption of ZrO, nanoparticles is
shown in Fig. 17. R. Arrabal et al. [128] used a tracer method in his study to explain that ZrO5 nanoparticles were preferentially bound
on the outside of the coating. Then they were subsequently delivered to the inner coating region through cracks and pores. Razieh et al.
[33] proposed that after the oxidation process started, firstly, some ZrO, nanoparticles would be trapped in a protective film that
rapidly formed on the substrate in an alkaline solution environment.
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Fig. 17. ZrO, nanoparticles are continuously adsorbed during PEO [33].
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Fig. 18. Scanning electron micrographs of the surface and cross-section of the coating. (a, b) Treatment in a ZrOa-free electrolyte. (c, d) Treatment
in an electrolyte with 9 g/L ZrO, nanoparticles [130].
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After breakdown occurs, because of contacting with the solution, the molten oxide solidifies rapidly, ZrO, NPs incorporating into
the oxide film [129]. Subsequently, fluctuations in the molten oxide may also lead to admixture of nanoparticles in small quantity in
the solution near the discharge site. ZrO, transport paths may be the defects inherent to the coating. Nasrollah et al. [130] and D.V.
et al. found that [131] nanoparticles were in the outer layer instead of the inner layer, which was different from the presence of ZrO,
nanoparticles in both the whole layers as stated in the above mechanism. This probably due to the different parameters when per-
forming PEO, such as current density, etc. Song et al. [132] found that for PEO coatings containing ZrO; on AZ31, as the current density
increased, the size of pores and coating thickness of the surface increased, while the number of pores decreased. There is uncertainty as
to diffusion of coating composition, migration of coating composition along cracks and pores, and formation of new phases occurring
at locally high temperatures.

ZrO, has three different crystalline forms. The stable low-temperature phase is monoclinic. The tetragonal phase gradually forms
above 1000°. Above 2370°, it transforms into the cubic crystalline phase. Before and after the incorporation of ZrO, nanoparticles into
the coating, sufficient heating at high local current density transforms the monoclinic ZrO; into tetragonal structure [133], which may
serve as a marker of temperature change during PEO. However, ZrO does not decompose or melt during PEO and undergoes only

L
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Zone diameter/mm

Uncoated ZrO, PEO/ZrO, Control
Mg alloy  coated coated
sample  sample

Fig. 20. Inhibition zones of (a) Mg alloy substrate, (b) ZrO, nanos free-PEO coating, (¢) ZrO, nanos incorporated-PEO coating. (d) The diameter of
growth inhibition zones against E. coli bacteria after 24 h of the three samples [35].
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Fig. 21. Colony and antimicrobial rates of (a) control group, E. coli on (b) PEO-coated and (c) PEO-Ag-coated samples [158].

phase changes during PEO. Its chemical and physical properties are mostly unchanged, but the local high temperatures that result from
different working parameters may cause some of the ZrO, nanoparticles to generate the MgsZrs012 phase, which may have an effect on
the thermomechanical properties of the coating [134].

PEO coatings containing ZrO2 nanoparticles improves the original morphological characteristics. Typically, the surface is more
uniformly dense and the thickness of the inner layer increases evidently. Meanwhile, the coating compactness is improved compared to
the PEO coating alone [34,124,135]. According to SEM of the surfaces of PEO coatings without ZrO, nanoparticles (Fig. 18(a and b))
and coatings with ZrO, nanoparticles (Fig. 18(c and d)), the size of the surface pores decreased. The reduction of cracks on the surface

E.coli

S.aureus

UMAO Cu-0 Cu-1 Cu-3 Cu-5

Fig. 22. Colony growth of (a) E. coli and (b) S. aureus in each group of media. (UMAO, Cu-0, Cu-1, Cu-3, and Cu-5, where 0, 1, 3, and 5 are Cu
loading times (min)) [37].
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was attributed to the great thermal stability of ZrOs itself, thus reducing the effect of thermal stress [136].

Compared to the method of incorporating ZrO, nanoparticles into the electrolyte, the surface of the coating forming in an elec-
trolyte containing Zr element is not dense and present more defects, such as micropores and cracks. Zhuang et al. [123] treated AZ31
with PEO by adding K2ZrFg to a phosphate-based electrolyte. Fig. 19 shows the surface morphology of the PEO coating formed without
the addition of KyZrFg and formed under the addition of 2.5 g/L of KyZrFe. It is clear that, in Fig. 19(a), the PEO coating is rough and
has some cavities. After the addition of KoZrFg, the roughness of the coating (Fig. 19(b)) is reduced and the coating is more compact.

However, as the concentration of KyZrFg increases, the thickness of the coating firstly increases and then decreases.

Table 4
The antibacterial test and cytotoxicity assay of samples.
Coating Technology Antibacterial agent Antibacterial test Cytotoxicity assay Ref.
Type  Concentration Species Antibacterial Cell type 72h relative cell toxicity
rate growth rate grade
(RGR) (CTG)
PEO, self-assembly Ag 0g/L Staphylococcus aureus ~ 67.24 % (24h)  / [46]
technique / (S. aureus) 98.72 %
PEO 0 % (Wt.%) / / [160]
0.41 % (1 g/L, 74.13 % (24h)
400V)
1.07 % (1 g/L, ~99.00 %
425V)
2.11 % (1 g/L, ~99.00 %
450V)
0g/L Escherichia coli (E. 3.52 % (6h) Mouse caldaria 106.12 % 0 (no [158]
coli) bone cells (MC3T3- toxicity)
1g/L 94.90 % El) 90.04 % 1 (no
toxicity)
0g/L 11.74 % (24h) 30.80 % 3 (mild [159]
toxicity)
1g/L 3.98 % 95.50 % 1
2¢g/L 90.89 % 98.20 % 1
3g/L 91.11 % 93.80 % 1
PEO Cu 0.00 % Porphyromonas —52.00 % 85.61 % 1 [38]
gingivalis (P. (72h)
2.90 % gingivalis) 82.70 % 83.78 % 1
4.90 % 100.00 % 80.99 % 1
UMAO, phytic acid 0.00 % E. coli 28.2 % (24h) 65.29 % / [371
conversion 0.18 % (1 min) 44.30 % /
coating, 0.24 % (3 min) 94.60 % 44.96 %
electroless copper 0.69 % (5 min) 97.50 % 34.88 %
plating 0.00 % S. aureus 11.6 % (24h) /
0.18 % (1 min) 56.00 %
0.24 % (3 min) 81.30 %
0.69 % (5 min) 97.50 %
PEO 0.00 % 0.60 % (24h) 38.96 % / [36]
0.15% (0.1 g/ 11.40 % /
L)
0.42 % (0.5 g/ 48.50 % 61.99 %
L)
0.58 % (1 g/L) 52.40 % 30.33 %
0.00 % >99.00 % Human 92.50 % 1 [39]
(24h) osteosarcoma cells
0.44 % (1 g/L) >99.00 % (MG63) 98.75 % 1
PEO Zn 0.30 % (1 g/L) S. aureus 28.5 % (6h) / [163]
0.40 % (2 g/L) 29.30 %
0.70 % (3 g/L) 41.30 %
1.13 % (4 g/L) 45.50 %
0.30 % (1 g/L) E. coli 21.10 %
0.40 % (2 g/L) 21.50 %
0.70 % (3 g/L) 22.40 %
1.13 % (4 g/L) 23.50 %
PEO TiO, 0g/L S. aureus 61.48 % / [164]
1g/L 89.93 %
2¢g/L 93.19 %
3g/L 94.52 %
4g/L 97.65 %
PEO TA 0g/L S. aureus 47.80 % / [165]
2¢g/L 92.29 %
0g/L E. coli 57.34 %
2 g/L 97.23 %
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Better wear resistance allows implants to produce less wear debris during and after implantation in the body, allowing them to last
longer and reducing healthcare costs. Researchers’ investigations into the wear behavior of coatings showed that coating’s coefficient
of friction could be reduced by adding nanoparticles [137]. S.V et al. [135] and DV et al. [131] studied the influence of ZrO5 nano-
particles on the properties of coatings. The mechanical properties of the coatings were evaluated through microhardness measurement
techniques. They found that coatings with nanoparticles were harder than those produced in the base solution and had a significantly
higher increase in wear resistance by a factor of almost two. This was attributed to PEO coating adsorbing and trapping ZrO; nano-
particles in the pores, thus closing the exit of the pores and resulting in a lower porosity of the surface. The low porosity, high density,
high surface hardness, high bond strength, low surface roughness, and lubricating effect of the nanoparticles resulted in a lower wear
rate for this coating in comparison to the single PEO coating alone [138]. However, compared to the Nano-ZrO, incorporated-PEO
coating, the PEO coating generated in the electrolyte containing Zr element has more surface defects and inconspicuous change in
wear resistance.

For the corrosion resistance of ZrO,/PEO-coated Mg alloys, PEO coatings with and without ZrO, NPs were developed and their
corrosion resistance was evaluated. According to a study [130], the coatings containing ZrO, nanoparticles showed a greater reduction
in corrosion current density and a greater polarization resistance of the coatings in comparison to the single PEO coating alone. J. Liang
[126] et al. compared PEO coatings containing ZrO5 nanoparticles with the single PEO coating and found that PEO coatings containing
ZrO, nanoparticles provided effective corrosion protection. This is also consistent with the results of K.M. Lee’s study [133]. The
corrosion resistance of ZrO,/PEO-coated Mg alloys formed in an electrolyte containing Zr element was similarly improved over the
single PEO coating [123,127]. Zhuang et al. [123] showed that all coatings exhibit higher E.,r and lower I o, than the AZ31 Mg alloys
substrate. The PEO coatings formed in 2.5 g/L KyZrF¢-containing electrolyte show better resistance of corrosive media than the single
PEO coatings and those generated in electrolytes with 5, 10 g/1 KoZrFg added. ZrO4 incorporated-PEO coatings show superior resis-
tance of corrosion.

The coatings’ improved resistance of corrosion jointly attribute to phase composition stability and microstructural integrity. This is
because the presence of ZrO5 on the coating results in a denser PEO layer and a series of enhanced surface characteristics: a reduction in
the diameter of surface defects on the outer of the coating. In particular, the placement of nanoparticles within the pores of the coating
forms a barrier against the passage of corrosion ions. This leads to a reduced distribution of corrosion ions into the substrate in the
coating and this may explain for the enhanced barrier capacity against corrosive media of ZrO, incorporated-PEO coating compared to
simple oxide coatings [130]. Therefore, the incorporation of ZrO, into PEO coatings is a suitable option to effectively prevent the
invasion of corrosive media into the magnesium substrate in highly corrosive environments [127,133,139,140].

In terms of biocompatibility and bioactivity, ZrO, has comparable biocompatibility to titanium [141] and excellent osteogenic
capacity. According to in vivo and in vitro experiments, the researchers found that ZrO, materials do not have cytotoxic effects on some
cells, such as gingival fibroblasts [142], so ZrOs-based materials can be used in dental implants [143]. In addition, using the disc
diffusion technique, the researchers measured and compared the antibacterial properties of PEO-coated Mg alloys (with (Fig. 20(c))
and without (Fig. 20(b)) ZrO2 nanoparticles) and bare Mg alloys against Gram-negative bacteria Escherichia coli (E. coli) (Fig. 20(a)).
They found that ZrO, incorporated-PEO coating had a high antibacterial capacity against E. coli with an inhibition zone size of 2.5 mm.
While the single PEO-coated Mg alloys and bare Mg alloys samples had inhibition zone sizes in the range of 1.6-1.2 mm, respectively
(Fig. 20(d)). What’s more, ZrO; is often used as a biomaterial that promotes bone tissue regeneration as a bioceramic material. Chen
et al. [144] showed that ZrO, incorporated-PEO coating treated in electrolytes containing Zr element could induce the formation of
hydroxyapatite after immersion in SBF, which further enhanced the osteogenic ability of the coatings. Besides, the mechanical
properties of ZrO, may also be relevant for bone healing [145]. By culturing osteoblasts on ZrOs substrate, it was found that the newly
formed osteoblasts had good adhesion and proliferation ability, and the cells also maintained the ability to differentiate into osteo-
blasts [146]. Scarano et al. [147] examined the bonding response of ZrO, implants implanted in rabbit tibiae after 1 month and the
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Fig. 23. The drug release rate of PEO/BSP composite coated samples for 24 days [42].
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newly formed osteoblasts showed good activity. In addition to this, many other researchers have shown that ZrO coatings, particularly
monoclinic ZrOy coatings, support cell surface attachment and adhesion, thereby promoting cell proliferation enhancing the
osseointegration of implants [141,148].

It is worth mentioning that the ZrO, nanoparticles that are used are not sintered. This is because during the sintering process, ZrO,
nanoparticles undergo grain coarsening, and the enlarged grain size leads to a reduced driving force for the densification process and
usually results in poor mechanical properties of the nanoparticles [149]. In addition to the enlarged grain size, the agglomeration of
nanoparticles without the sintering process is reduced, which may affect the efficiency of nanoparticles in filling various defects in PEO
coatings [150]. Also, ZrO, nanoparticles are inherently physicochemically stable and have lower radioactivity than human bone tissue,
which leads to the fact that although ZrO, nanoparticles are not degradable in vivo, the un-sintered trace ZrO, nanoparticles of tiny size
in ZrO4 incorporated-PEO coating are non-toxic, non-hazardous and useable in vivo.

Although ZrO; alone shows excellent antimicrobial and osteogenic properties, there is a paucity of research specifically on the
antimicrobial properties and osteogenic ability of ZrO5 incorporated-PEO coated Mg alloys. Most studies focused on the formation
mechanism, surface morphology and corrosion resistance. More studies on the antimicrobial properties and osteogenic ability of ZrO,
incorporated-PEO coated Mg alloys should be carried out on specific bacteria that are commonly exposed. Meanwhile, more animal
studies should be carried out to investigate the osteogenic ability to increase the potential of ZrO5 incorporated-PEO coated Mg alloys
for applications.

5.4. Antibacterial ingredients-PEO coating

Infection at the surgical site of magnesium implants is a common cause of treatment failure, often leading to tissue damage and
stimulating the body to mount a defense response that triggers infectious inflammation [151]. Bacteria adhere to and accumulate on
the implant surface, secreting extracellular polymeric substance (EPS) (mainly polysaccharide matrix and other macromolecular
polymers) to surround themselves and form biofilms [152]. Biofilm formation can be divided into four stages: bacterial reversible
adhesion, bacterial irreversible adhesion, biofilm maturation, and bacterial shedding and recolonization [153]. Biofilms are highly
resistant to the external environment, protect bacteria and also store nutrients required for bacterial growth [152]. The biofilm acts as
a barrier to antibiotics and host immune response, increasing the difficulty of treating the associated infection [154]. PEO coating
alone is difficult to meet antibacterial standards, therefore, the development of new antibacterial coating is important for the pre-
vention of postoperative infections in implants.

The preparation of antimicrobial coating based on PEO technology can be divided into two methods, one is to add antimicrobial
agents directly to the electrolyte, and the second is to prepare a composite coating by introducing antimicrobial agents through other
surface modification techniques. Inorganic antimicrobial agents, which can fight bacterial infections while avoiding the application of
antibiotics and are non-cytotoxic within a certain concentration, have a broad market prospect in the field of antimicrobial materials
[153]. The following mainly introduced Ag*, Cu®*, and Zn* all belong to inorganic antimicrobial agents.

Ag particles are oxidized and dissolved, and the released Ag™ is adsorbed on the bacterial cell membrane, which affects the
membrane permeability of bacteria [155]. After Ag" enters the cell, on the one hand, it affects DNA and RNA and their transcription
reactions [156], interfering with cell replication and division activities [153], and on the other hand, it combines with the negatively
charged thiol group of proteases to form covalent bonds, leading to inactivation of bacterial proteases and disruption of normal cellular
respiration and metabolic functions [157]. In addition, Ag" can induce excessive production of reactive oxygen species (ROS) in
bacteria, triggering oxidative stress reactions and damaging proteins, DNA, and other biological macromolecules [156]. Yu et al. [158]
researched the influence of the addition of Ag particles (1 g/L) on the antibacterial ability of the coating. 6 h antibacterial tests showed
that the antibacterial rate of E. coli of PEO-coated samples containing Ag* was higher than that of samples with PEO coating, up to
94.9 % (Fig. 21). Chen et al. [159] studied the influence of adding different concentrations of Ag™ (0, 1, 2, and 3 g/L) to the electrolyte
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Fig. 24. The antibacterial rates of each group of samples against S. aureus and E. coli in the dark and after 30 min treatment with 808 nm NIR
light [40].
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Fig. 25. Schematic diagram of the protection mechanism of PEO/polymer composite coating [176].

on the antibacterial ability of PEO coating. 24-h antibacterial test results revealed that the bactericidal rate of E. coli was higher when
Ag™ concentration added is 2 g/L and 3 g/L, and the highest rate was 90.89 % when 2 g/L Ag" was added, which proved that adding
appropriate Ag" could improve the antibacterial ability of the coating. Han et al. [160] studied the effect of different voltages (400 V,
425V, 450 V) on the antibacterial ability of silver-containing PEO coating against S. aureus. 24 h antibacterial test results showed that
the higher voltage groups (425 V, 450 V) could maintain a consistently high antibacterial rate (~99 %) when sufficient Ag particles
(>1 wt%) were added to the coatings. Wang et al. [46] combined PEO with a self-assembly technique to prepare silver nanoparticles
(Ag NPs)/Polyethyleneimine (PEI)/PEO (APP) composite coating on AZ31 Mg alloys. The antibacterial test results revealed that the
survival rate of S. aureus of APP-coated Mg alloys was much lower than that of PEO-coated Mg alloys and bare Mg alloys, which was
only 1.28 %, indicating that APP coating has a good antibacterial property.

Cu-containing coating exerts its antibacterial functions by releasing Cu?" and undergoing the following four toxic reactions [38,
161,1621. (1) Cu®* adsorbs onto bacterial cell membranes using electrostatic forces, disrupting the normal metabolic activities of
bacteria. (2) Cu?>* damages the integrity of bacterial cell membranes, leading to cytoplasmic efflux. (3) Cu?* induces excessive ROS
production in bacteria, which affects the activity of respiratory enzymes and interferes with the gene replication process. (4) Cu®*
displaces iron atoms from the iron-sulfur atom cluster, causing damage to catabolic and biosynthetic pathways. Liang et al. [36]
studied the influence of adding different concentrations of Ccu®t (0.1, 0.5,1 g/L) to the electrolyte on the antibacterial ability of PEO
coating. 24 h antibacterial test results showed that the antibacterial ability was close at Cu>* concentrations of 0.5 g/L and 1 g/L, and
the inhibition rate of S. aureus was as high as 50 %. It is worth mentioning that excess Ag* and Cu** may be toxic to cells. The highest
antibacterial rate of S. aureus was observed at a Cu>* concentration of 1 g/L, but the cellular activity of MG3T3-E1 was low, indicating
some cytotoxicity. Song et al. [37] combined UMAO, phytic acid (PA) conversion coating, and electroless copper plating on a pure
magnesium substrate to prepare UMAO-PA-Cu composite coating, while Cu loading time (1, 3, and 5 min) was varied to regulate the
Cu content in the coating. The most common pathogenic bacteria in bone implant surgery are E. coli and S. aureus, so these two
bacteria were selected for antimicrobial test to evaluate the material’s promise in the field of bone repair. The results of the anti-
bacterial tests are shown in Fig. 22. The antibacterial effect increased significantly with increasing Cu content, where the coating
reached the antibacterial criteria (antibacterial rate >90 %) when the Cu loading time was 3 and 5 min. Although the highest anti-
microbial rate emerged when the Cu loading time was 5 min, subsequent cellular activity assays showed that the excess Cu was
cytotoxic and affected the adhesion, proliferation, and differentiation of MC3T3-E1. Zhang et al. [38] prepared Cu-containing coatings
with different mass fractions (0 %, 3 %, 5 %, and 7 %) by varying the treatment time of PEO. Pseudomonas gingivalis (one of the main
causative agents of periodontitis) was selected for antibacterial tests to evaluate the potential of the samples in the field of jaw
restoration. The antimicrobial tests explained that the antibacterial rate of the PEO coating group containing Cu was significantly

Table 5
Common types of polymer coatings and their coating methods and functions.
Substrate Polymer layer Coating method Polymer coating function References
AZ31B Chitosan (CS) Dip Coating Reduce corrosion, improve biocompatibility, antimicrobial, poor [189]
adhesion strength
AZ31 Polylactic acid (PLA) Spin Coating High corrosion resistant, good biocompatibility, high adhesion [192]
strength
AZ31 Poly-r-lactic acid (PLLA) Spin Coating Corrosion resistance, good biocompatibility [195]
Mg-4Zn-0.6Zr- Polylactic acid-ethanolic acid Dip Coating Pores sealing, corrosion resistance [191]
0.4Sr (PLGA)
AZ31 Polyethyleneimine (PEI) Dip Coating High corrosion resistance, high adhesion strength to substrate [46]
Mg-Zn-Ca Polydopamine (PDA/PDAM) Dip Coating Corrosion resistance, hydrophilicity, high adhesion strength and [187]
AZ91 Electropolymerization  good biocompability [180]
AZ31 Polycaprolactone (PCL) Dip Coating Good biocompatibility and corrosion resistance [190]
WE42 Gelatin Dip Coating Good drug release and corrosion resistance [177]
AZ31B poly trimethylene Dip Coating Good biocompatibility, corrosion resistance, high mechanical [45]

carbonate (PTMC)

strength and poor adhesion strength
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Fig. 26. Surface morphology of (a) AZ31 alloy, (b) PEO, (c) PEO/PCL and (d) PEO/PCL/PDAM under SEM [190].

higher than that of the PEO group and improved with increasing copper content. After 72 h, the antibacterial rate of the coatings
containing 5 % and 7 % Cu?" could even approach 100 %.

There are two main views on the antibacterial mechanism of Zn, one contacts bactericidal and the other is ROS bactericidal.
Contact bactericidal means that the released Zn?" binds to the bacterial cell membrane, which increases the membrane permeability
and eventually leads to cell death [151]. ROS bactericidal means that the released Zn?" induces bacteria to produce excess ROS, which
destroys coenzyme A on the cell membrane, impairs cellular respiration and inhibits bacterial growth [163]. Seyfi et al. [163] studied
the effect of different concentrations (1, 2, 3, and 4 g/L) of ZnO nanoparticles on the antibacterial ability of PEO coating. After 6 h, the
colonies were counted and it was found that the antibacterial effect of the coating improved with the concentration of ZnO nano-
particles increasing, and the best antibacterial performance was achieved at a concentration of 4 g/L with 23.5 % inhibition of E. coli
and 45.5 % inhibition of S. aureus.

The addition of TiO, nanoparticles (NPs) improves the antibacterial properties of PEO coatings. Its antimicrobial effect, on the one
hand, reduces bacterial adhesion through forming reactive oxygen OH™ on the surface (most bacteria have a negatively charged
surface). Meanwhile, the PEO coating increases the surface roughness and porosity, which allows bacteria to diffuse and makes the
reaction between OH™ and bacteria more adequate [164]. Mozafarnia et al. [164] prepared an electrolyte by TiO,-PEO coating was
prepared by adding TiO, NPs to the electrolyte. After 6 h incubation (for S. aureus), the results of colony counting showed that the
highest antibacterial rate of 97.65 % was achieved in the TiO2-PEO coated sample group with high TiO5 NPs concentration (4 g/L).

Tannic acid (TA) is used as an additive in antimicrobial applications because the phenolic hydroxyl group of TA damages bacterial

50
I——PLA-AZ31

40 1
35
30
25 1
20
15 1
101
5

0 T T T T T T T
00 01 02 03 04 05 06 07 08

Extension (mm)

Epoxy resin

]

Films

Bonding strength (MPa)

<
™~ az31

Fig. 27. Tensile tests on PLA-AZ31 samples and PLA-MAO-AZ31 samples [192].
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cell walls and cell membranes, in addition, TA can chelate metal ions and decrease the activity of metalloenzymes [151]. Cui et al.
[165] developed TA-PEO coating on AZ31 Mg alloys by adding PA and TA to the electrolyte. After incubation for 16 h (for S. aureus) or
12 h (for E. coli), the number of colonies was counted and the experimental results indicated that the antimicrobial ability of coating
enhanced significantly because of TA.

In addition, chitosan (CS), a natural polymer, can act as an antimicrobial agent by contact killing, while facilitating cell growth
[166].

As shown in Table 4, most of the above antibacterial experiments examined the antibacterial ability of the samples against E. coli
and/or S. aureus, while some studies also selected Pseudomonas gingivalis for their experiments. However, many studies only per-
formed antimicrobial experiments and lacked cellular activity experiments. Most of the antimicrobial agents currently introduced in
PEO coating are metallic inorganic antimicrobial agents, which can be cytotoxic in excess. Therefore, it is crucial to conduct both
antimicrobial experiments and cellular activity experiments to control the concentration of antimicrobial agents and finally screen out
new antimicrobial coating with good antimicrobial properties and no cytotoxicity.

5.5. Drug-PEO coating

The exterior of the PEO coating is filled with pores, and the micro-pores facilitate drug adhesion to the coating surface either
directly or after binding to the polymer to achieve storage of the drug. The drug release rate is related to the hydrophilicity, roughness,
thickness, and pore size of the coating [43]. A variety of therapeutic drugs are covered in the included literature, including beta-
methasone sodium phosphate (BSP), berberine (BR), curcumin (Cur), geranium, and bisphosphonates (BP).

BSP (Cy2H28FNay0gP) blocks the signaling pathways of transcription factors associated with inflammation, inhibits the production
of pro-inflammatory mediators and cytokines [167], and has good anti-inflammatory effects [43]. Bordbar-Khiabani et al. [42] studied
the drug release ability of PEO/BSP composite coating, and the experimental results demonstrated that PEO/BSP composite coating
has good drug release ability. As shown in Fig. 23, the coating showed a burst release for the first 2 days and then could maintain a
sustained drug release for about 24 days, probably because the hydrostatic force between BSP and PEO coating reduced the drug
release rate. Berberine (BR) is the main component of the drug xanthan, which has anti-inflammatory, antibacterial, and anticancer
pharmacological effects [168]. To control the appropriate drug release rate, Mu et al. [169] utilized degradable poly (lactic
acid)-glycolic acid copolymer (PLGA) to carry drug. The researchers combined UMAO and self-assembly techniques to prepare
UMAO/PLGA/BR composite coating on pure Mg alloys and demonstrated the good in vitro bioactivity and drug release capability of the

Fig. 28. Images of (a) PEO, (b) PEO/HT, (c) PEO/CS, and (d) PEO/HT/CS samples after adhesion tests according to ASTM D3359-09 [189].
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composite coating.

Cur (C21H00¢) is a highly lipophilic molecule that can freely pass through cell membranes, showing antibacterial, anti-
inflammatory, anti-cancer, and antioxidant pharmacological effects [170]. Xue et al. [40] developed a composite coating of PEO
containing Cur, having multiple antibacterial capabilities, and the antibacterial mechanism is divided into contact sterilization and

Fig. 29. Fluorescence microscopy images of MC3T3-E1 cells on different samples of (a) AZ31, (b) PEO, (c) PEO/PCL and (d) PEO/PCL/PDAM at 1 h
(i-1), 4 h (i-4) and 24 h (i-24), respectively, with actin stained with fluorescein isothiocyanate (FITC) in the green part and the nucleus stained with
PDAI in the blue part. PDAI-stained nuclei (blue) [190]. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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photothermal antibacterial. Among them, photothermal antimicrobial belongs to physical sterilization, in which the photothermal
agent converts light energy into heat energy under near-infrared light, and the generated local high temperature eventually leads to
bacterial death by destroying cell membranes, protein denaturation, etc. [171]. The results of the photothermal antibacterial test are
shown in Fig. 24. After near-infrared light treatment, the antibacterial rate of the composite coating is up to 99.95 % for S. aureus and
98.82 % for E. coli, showing excellent antibacterial performance.

Puerarin can promote bone regeneration by promoting the proliferation and differentiation of osteoblasts and inhibiting bone
resorption by osteoclasts [172]. Peng et al. [173] investigated the bioactivity of puerarin-loaded (PL) PEO coating. SBF immersion
experiments clarified that the PL PEO coating showed better apatite formation and good osteogenic activity compared to the PEO
coating. Some of the drug-loaded coatings related to osteogenesis have progressed to the in vivo phase. Osteosarcoma (OS) is the most
common primary skeletal malignancy [174], and similar to geranium, BP can also induce osteoclast apoptosis, which in turn inhibits
the activation of osteoclast-mediated osteolysis by OS cells, acting as an anti-OS agent [174]. Li et al. [41] developed a BP-loaded PEO
composite coating and investigated the effect of the coating on OS inhibition at three levels: molecular, cellular, and in vivo. The results
elucidated that the coating had the ability to inhibit the mevalonate pathway in OS cells, induce apoptosis and necrosis in OS cells, and
then destroy tumor tissues and inhibit tumor regeneration, which has promising applications in the field of postoperative OS repair.

5.6. Polymer-PEO composite coating

Many researchers have thought of the possibility of forming a thin polymer layer on the PEO coating, and in this way, they expect
the polymer-PEO composite coating to be effective in improving the drawbacks of PEO coating such as excessive micropores, insuf-
ficient hardness, limited corrosion resistance, and poor biocompatibility [175].

A range of corrosive media such as Cl™ can diffuse between the substrate and the PEO coating through pores and microcracks in the
coating surface. However, the thin polymer layer can effectively refrain the corrosion rate and improve the tribological properties of
the PEO coating by sealing these cracks or reducing the porosity (Fig. 25) [176]. After PEO treatment, the polymeric agent can
penetrate through PEO layer and into these pores, and seal the inherent defects like cracks and pores on PEO surface, thus effectively
preventing C1~ from reaching Mg substrate, increasing the hydrophobicity and the corrosion resistance of the single PEO coating, and
offering effective protection for Mg alloys. Polymer coatings have been used in medical applications such as wound dressings [177,
178], stents [44,179], implants [180-182] and dentistry [183,184] due to their superior properties. Nevertheless, some polymer
coatings may also suffer from defects such as poor adhesion strength and weak cytocompatibility, which can be addressed using HT or
functionalized modifications etc.

Among the various polymer-PEO composite coatings of Mg alloys, the one that is currently more applied is the polydopamine (PDA)
coating. PDA has good wettability, biocompatibility. In terms of adhesion, PDA improves the adhesion of improves mesenchymal stem
cells, thus accelerating osteogenic differentiation. Moreover, PDA can spur the formation of bone-like apatite [185,186], and is widely
used in antimicrobial coatings, and as a functional component in substrates for surface modification. Chitosan (CS), which is non-toxic
and easily accessible has excellent biodegradability, biocompatibility, antimicrobial properties, and promotes wound healing. It has
been widely used in antimicrobial materials, wound dressings, and can be embedded in dental adhesives. Gelatin coating, which is
biocompatible, biodegradable, and has excellent drug-carrying properties, making it widely used in drug delivery systems. In addition,
there are polylactic acid (PLA), poly (levulinic acid) (PLLA), poly (lactic acid-glycolic acid) (PLGA), PEI and poly trimethylene car-
bonate (PTMC) etc. These polymers can not only effectively seal pores, but also have good biocompatibility.

The preparation methods of these polymer-PEO composite coatings are also varied, and the effect of using different preparation
methods for the same polymer varies greatly, among which the coating method is mostly by dip coating, i.e., the PEO- coated sample is
directly immersed in polymer solution or dichloromethane solution of polymer. Feng et al. [187] prepared PDA/PEO-HA coatings by
immersing Mg-Zn-Ca alloy samples containing HA in dopamine (DA) solution for 8 h. The more special one is the spin coating, which
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Fig. 30. In vitro release mode of paclitaxel in the cross-linked gelatin/PLGA nanoparticle composite coating at different levels [236].
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can produce thinner and less microporous coatings compared to the dip coating [188]. For instance, Alabbasi et al. [188] dissolved
PLLA and ester-terminated resin in 60 % dichloromethane and applied it to PEO coatings using a rotary coater. There are also a small
amount of electropolymerization and electrophoretic deposition techniques have been used to prepare polymer-PEO composite
coatings. Farshid et al. [180] added DA to two concentrations of 1 mg/mL and 1.5 mg/mL of sodium deoxysilicate solution for
electropolymerization on AZ91 to prepare a PEO/PDA composite coating. The coating methods of common polymer coatings and their
functions are shown in Table 5.

In order to prevent defects in the surface of the PEO coating from allowing corrosive substances to diffuse between the substrate and
the PEO coating, researchers generally use polymer coatings to fill these defects. Xu et al. [189] prepared PEO/CS coating on AZ31.
Randomly distributed volcano-like micropores of random size and microcracks penetrating the coating existed on the PEO-treated
samples’ surfaces, while the CS layer could completely seal the pores and microcracks of the PEO-treated sample. Meanwhile, the
researchers found that the polymer coating not only can effectively seal the pores, but also its surface structure does not change
significantly after other functionalization treatments. Tian et al. [190] prepared a PEO/polycaprolactone (PCL)/Polydopamine
(PDAM) composite coating on AZ31 alloy using PCL and functionalized with PDA. The PEO coating demonstrates a porous surface
character (Fig. 26(b)), compared to AZ31 alloy (Fig. 26(a)). After sealing by PCL layer, the PEO/PCL composite coating had a flatter
surface morphology (Fig. 26(c)). And after further functionalization by PDA, the morphology of the PEO/PCL composite coating varied
insignificantly, and merely few PDA particles appeared (Fig. 26(d)).

By applying the polymer layer on the PEO coating, the surface of the coating is smoother, where the effective sealing of inherent
defects e.g., pores and cracks can further reinforce the corrosion resistance of the single PEO coating. Tian et al. [190] conducted a
series of experiments such as electrochemical tests to verify the corrosion resistance of PCL/PEO polymer composite coatings. In the
electrochemical test in SBF, compared to the corrosion current (Icory = 1.402 x 10~°A/cm?) and corrosion potential (E¢orr = —1.508V)
of AZ31 alloy, PEO has a slight decrease in E, value (—1.640 V) due to its porous structure. Nevertheless, the corrosion potential of
the PEO/PCL samples was significantly higher (—1.342 V), and the corrosion current density was 5 orders of magnitude or so lower
(3.260 x 10719 A/em?) compared to AZ31 alloy. In subsequent local alkalinization experiments, hydrogen evolution experiments and
immersion experiments, PCL/PEO polymer coatings showed superior corrosion resistance as well. Similarly, Chen et al. [191] per-
formed immersion tests on PEO/PLGA composite coating samples to study hydrogen evolution and electrochemical behavior, and then
obtained similar results. Within the first 30 h of the immersion experiment, the volume of hydrogen released from PEO/PLGA samples
was much lower than the other two groups. And after 22 d, the hydrogen volume of PEO-coated samples increased rapidly, indicating
that delamination of the coating occurred, while the PEO/PLGA group still maintained a lower hydrogen release volume. Compared
with the other two groups, the corrosion potential of PEO/PLGA coating (Eco;) increased significantly, while the value of I.o
decreased significantly, demonstrating that the PEO/PLGA coating effectively ameliorated the corrosion resistance of the samples. The
polymer can enormously reinforce the corrosion resistance of the implants and avoid premature degradation of the implants that can
affect the function.

The polymer-PEO composite coating with smooth surface has better tribological properties than AZ31 alloy or PEO coating, which
can effectively improve the wear rate and friction rate. Xu et al. [189] conducted tribocorrosion experiments on PEO/CS coating, PEO
coating and untreated samples. The results demonstrated that the friction and wear rates of the CS layer samples were significantly
lower than those of PEO and PEO/HT, and their average coefficients of friction (COFs) were also lower and more stable than those of
the PEO coating. It indicates that by CS layer treatment, the samples are more wear-resisting and the possibility of coating peeling due
to wear in vivo is reduced, thus ensuring the mechanical integrity of the magnesium substrate and avoiding the potential harm to the
human body due to coating peeling. However, for the adhesion strength, only a few polymers such as PDA and PLA have high adhesion
strength to the substrate since their functional groups enable to interact covalently and non-covalently with PEO coatings. Shi et al.
[192] investigated the formation of PLA-AZ31 directly on AZ31 substrate. As Fig. 27 shown that, the adhesion strength of
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Fig. 31. Schematic of PEF treatment [198].
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Fig. 32. (a) Surface and (b) cross-sectional morphology of PEF coating on AZ31 [6,198].

PLA-PEO-AZ31 was 45 MPa, and basing on ASTM F1147 [192]. The minimum adhesion strength required for medical implant coatings
is currently 22 MPa, indicating that the PLA-PEO-AZ31 composite coating has a high adhesion strength, which can meet the re-
quirements of medical implants. However, most polymer coatings have poor adhesion strength and require other surface treatment
techniques such as HT or functionalized modifications to obtain greater adhesion strength. Xu et al. [189] found that there was no
significant peeling of the PEO coating after the adhesion test under ASTM D3359-09 standard. In contrast, the peeling rate of the
PEO/CS composite coating was approximately 41 % (Class 1B). The results indicated that the CS layer was prone to peeling, which
affected the coating function. Addressing this problem, Xu et al. used HT to modified PEO/HT/CS coatings. As shown in Fig. 28(c) and
(d), the peeling rate of PEO/HT/CS coating is lower compared to PEO/CS coating, which is only 12 % (Class 3B). After subsequent
tribo-corrosion experiments, compared to the PEO sample (Fig. 28(a)), the HT-treated composite coatings (Fig. 28(b-d)) also had
better corrosion resistance as well as wear resistance and abrasion rate, especially the PEO/HT/CS specimens had the lowest average
covalent organic framework value (~0.11) and the lowest abrasion rate (~1.83 x 10 mm* N 1m™ 1) compared to the untreated
substrate (~1.13 x 10~* mm® N~! m™?1), indicating that HT can effectively ameliorate the adhesion strength and wear resistance of
polymer coatings. Besides, Ghanbari et al. [45] attempts to ameliorate the adhesion strength of PTMC/PEO coatings by functionalizing
them with DA. The results show that compared with the class 1B of AZ31 and the class 2B of AZ/PEO/PTMC, the peel rate of
AZ/PEO/DFP (the acronym for DA functionalized PTMC polymer) composite coating is less than 5 %, that is, class 4B, showing better
adhesion strength improvement.

Wettability as a key surface property of the implant, affects the conformation of proteins [193], and has a significant effect on cell
adhesion during the adhesion of various types of cells. The wettability of polymer-PEO composite coatings varies depending on the
polymer type. Interestingly, most of them showed significant hydrophilicity, which is related the hydrophilicity of the polymer itself
and the valid sealing of pores and cracks caused by PEO technology. Hydrophilic surfaces are more likely to bind water and proteins
than hydrophobic surfaces and make a greater difference to the corrosion resistance and biocompatibility of the coating. Xu et al. [46]
found by contact angle experiments that the contact angle (CA) of uncoated AZ31 was 32.85°, a hydrophilic surface, while the CA of
the Ag NPs/PEI/PEO (APM) composite coating was 24.6°, showing that APM-AZ31 composite coating is more hydrophilic, which may
be because of the sealing of defects by PEI that facilitates the hydrophilicity of the coating surface. PDA has better hydrophilicity, Feng
et al. [187] conducted contact angle measurement experiments using static water and found that the CA of the PEO-HA coating was
100.5°, while the PDA/PEO-HA coating was 80.1°, indicating that the addition of the PDA coating made the PEO coating surface more
hydrophilic. At the same time, researchers also found that a small amount of polymer coatings exhibited hydrophobicity. Lee et al.
[194] measured the contact angles of AZ31 Mg alloys, PEO layer, and polymer layer with deionized water, and the contact angles were
63.7°,60.7°, and 92.4°, respectively. The results showed that the coating changed from hydrophilic to hydrophobic after being coated
by the polymer layer, and the polymer layer could effectively prevent the penetration of corrosive substances and improve the
corrosion resistance. Therefore, it is reasonable to speculate that the fundamental reason for whether the polymer-PEO composite
coating is hydrophobic may lie in the hydrophilicity of the polymer itself.

Polymer-PEO composite coatings are non-toxic and can effectively ameliorate the biocompatibility and bioactivity of PEO-coated
Mg alloys, especially for osteoblasts. This review focuses on the effects of polymer coatings on cell activity, cell behavior, and cyto-
toxicity. Researchers found that some of the polymer-PEO composite coatings enables to effectively ameliorate osteoblasts in terms of
the adhesion and proliferation. Feng et al. [189] observed the morphology of MC3T3-E1 cells on PDA/PEO-hydroxyapatite (PDA/-
PEO-HA) and PEO-HA coatings. The cells developed well on the PDA/PEO-HA coating and adhered better to the coating surface,
probably because the biomolecules, e.g., amino or hydroxyl groups contained in the polymer coating took a positive part in the
adhesion and growth of the cells. In contrast, the cells did not grow well on the PEO-HA coating, which is perhaps because of the
relatively inferior corrosion resistance, leading to a faster loss of a suitable living environment for the cells or the pore size of the
PEO-HA coating and is not conducive to cell adhesion and proliferation [187]. Researchers have also identified some of the
polymer-PEO composite coatings with poor adhesion at the initial stage of cell adhesion. While the biocompatibility of these
polymers-PEO composite coatings can be effectively improved by functionalized modification. Tian et al. [190] improved the PEO/PCL
coating by functionalizing PDA and use fluorescence microscopy to observe MC3T3-E1 cells in terms of the adhesion and proliferation.
As shown in Fig. 5, at the 1st hour, cells adhered more poorly to PEO/PCL than other kinds of samples due to the hydrophobic nature of
PCL (Fig. 29(a-1, b-1, c-1, d-1)). While the biocompatibility of these polymers-PEO composite coatings can be effectively improved by
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Fig. 33. Cell morphology of MC3T3-E1 cells after 3 days on (a) pure Mg, and (b) MAF-coated pure Mg; high magnification (a-1) pure Mg and (b-1)
MAF-coated pure Mg, (c) Cell proliferation of MC3T3-E1 cells cultured for 1 day on pure Mg, MAF-coated pure Mg, and the control group. *p <
0.05 [199].

functionalized modification. After 4 h of incubation, cells on both PEO/PCL (Figs. 29(c-4)) and PEO/PCL/PDAM (Figs. 29(d-4)) spread
excel at those on AZ31 alloy and PEO (Figs. 29(a-4, b-4). After 24h of incubation, cells on PEO/PCL (Figs. 29(c-24)) and
PEO/PCL/PDAM (Figs. 29(d-24)) covered almost the entire surface of the samples compared to the bare and the PEO sample (Figs. 29
(a-24, b-24)), while the PDAM-modified coated samples had a larger cell spreading area, indicating that the functionalized modifi-
cation of PDAM can effectively promote cell adhesion growth. In addition, researchers did not find significant cytotoxicity of the
polymer coatings. Wei et al. [195] conducted cytotoxicity evaluation experiments on PEO/PLLA/PDA composite coating and
PEO/PLLA coating samples with different concentrations of extracts. The results showed that all samples did not show significant
cytotoxicity after 1 day of incubation. After 3 days of incubation, too high concentration of the extract slightly inhibited the
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Fig. 34. Micro-CT scans of Bare and MAF-coated AZ31 from in vivo tests at three time points (0-week, 4-week, 16-week) [6].

multiplication of Human umbilical vein endothelial cells (HUVECs), while with dilution, the suppression of cell proliferation of
HUVECs was gradually reduced in all samples until the restraint of cell proliferation by the samples completely disappeared at 40 %
dilution, showing that the cytotoxicity was related to the concentration of corrosion products. Therefore, for medical implants,
polymer-PEO coatings with better biocompatibility must be selected to obtain better osteogenic activity.

In addition, certain specific polymeric composite coatings have excellent drug-loading capacity, and the PEO coating has excellent
slow-release capability. Xu et al. [177] cross-linked gelatin/PLGA nanoparticles/PEO coatings were prepared on WE42 by mixing
equal volumes of glutaraldehyde solution (1 %, 2 %, 3 %) with gelatin solution (6 %). Fig. 30 shows the in vitro release mode of
paclitaxel in the cross-linked gelatin/PLGA nanoparticle composite coating at different levels. The PLGA nanoparticles released rapidly
in the first 5 days, and the release rate slowed down after 5 days. However, there was no significant burst release from the cross-linked
gelatin/nanoparticle coating. Meanwhile, the release rate of paclitaxel in the early stage decreased when the glutaraldehyde con-
centration increased, indicating that the higher cross-linked gelatin could retard the release of paclitaxel.

In addition to the in vitro experiments mentioned above, the polymer-PEO composite coating also demonstrated an exceptional
amelioration in the initial corrosion resistance of the magnesium implants in the in vivo experiments and an outstanding osteogenic
ability. Kim et al. [196] coated pure Mg screws with the PCL 6 wt% + 4 cycles (i.e., PCL concentration of 6 wt%, dip coating cycles 4
times, abbreviated as PCL6/4) method that performed best in the previous in vitro experiments, and implanted them into rat tibiae.
After 1 month, the PCL6/4-PEO composite coated Mg screws were largely intact, with only a small amount of wear on the threads.
Meanwhile, osteocytes were formed on the surface of the screws, as well. The bone volume around the composite coated screw was
larger compared to the single PEO coating. And after 2 months, compared to the faster corrosion of PEO-coated screws, the
PCL6/4-PEO composite coated screws did not show significant air cavities and had significantly higher corrosion resistance. Further,
many osteoblasts and new osteocytes were found on the screw surface, and many bone particles from the surrounding bone tissue
appeared. Compared with PEO coating, the amount of bone tissue of PCL6/4-PEO composite coating was significantly increased,
showing better osteogenic ability.

Although organic polymer coatings exhibit a better ability to seal the pore, some articles [197] also indicate that low thickness of
the polymer layer will lead to coating detachment or cohesive failure, which provide insufficient protection for PEO coatings. In
addition, the molecular weight of the polymer will affect the coating’s hydrolysis rate, and the number of layers of the composite
coating is going to impact on the thickness and density of the coating [166]. In summary, when developing polymer coatings, extra
attention should be paid by researchers to the above parameters and appropriate surface modification techniques or functionalization
modifications should be taken to address them.

5.7. Plasma electrolytic fluorination coating

Fluoride coatings are mainly prepared by plasma electrolytic fluorination (PEF), also known as micro-arc fluorination (MAF),
which is similar to conventional PEO, utilizing electrochemical deposition techniques. Typically, as shown in Fig. 31 [198], under
constant DC voltage, Mg is the anode, carbon is the cathode, and the electrolyte is acidic electrolyte such as high saturated HF acid or
saturated fluoride salt solution or molten fluoride salt [6,198-200].

Gao et al. [6] prepared a fluoride coating of AZ31 with saturated NH4HF; solution. The reactions are as followed:

Mg — Mg2+ + 2e7, @

Mg*" + 2F — MgF, )
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Mg loses e~ and combines with F~ in the electrolyte to generate insoluble MgF, deposited on the Mg substrate, as shown in
equations (4) and (5). Compared with the conventional PEO coating, the coating generated is without oxides, regardless of the use of
high-concentration HF acid or saturated fluoride salt solution, or molten fluoride salt [198-200]. However, researchers discovered that
the thickness of the coating varies by applying different electrolytes and substrates under the condition of similar voltage. And it is well
known that the Pilling and Bedworth ratio (P-B ratio) of MgO is less than 1, which easily causes it to break. On the contrary, the P-B
ratio of MgF, formed by the reaction of Mg and HF acid is between 1 and 2, the coating is passivating [199]. The fluoride coating
prepared by MAF is uniform, compact without cracks, porous coral-like, and tightly bonded to the substrate, as shown in Fig. 32 (a, b)
[6,198].

Similar to traditional PEO coating, the properties of PEF coating depend on electrical parameters, Jiang et al. [199] and Sun et al.
[198] prepared fluoride coatings on pure Mg and AZ31 by PEF treatment with different voltages, respectively. PEF-treated pure Mg at
200 V has the best corrosion resistance when immersed in the SBF for 8 weeks, compared with those treated at 120 V and 160 V.
Likewise, PEF-treated AZ31 at 200 V also has the lowest corrosion rate with higher surface roughness and smaller contact angle, which
facilitated cell adhesion and proliferation, compared to 100 V, 150 V, 200 V, 250 V, and 300 V treatments. In another study by Jiang
et al. [200], with the rise of applied voltage, the thickness of the coating increases, and the size of the micropores also increases
simultaneously. And both the pore size and thickness are important factors affecting the corrosion resistance. Nevertheless, the effect is
opposite, i.e., the larger the pore size, the lower the corrosion resistance; the thicker the coating, the higher the corrosion resistance.
The coating with the best corrosion resistance is prepared under 130 V PEF treatment.

The rapid degradation rate is the primary reason for low biocompatibility, as it leads to rapid hydrogen release, elevated local pH
and high local Mg?*concentration [99]. Jiang et al. [199] evaluated the proliferation of MC3T3-E1 cells on MAF-coated pure Mg. As
shown in Fig. 33(a—c), the cells of MAF-coated pure Mg extend multiple pseudopods to contact the coating surface and show the best
adhesion and proliferation. The cell viability is also greater than that of the control and pure Mg groups, attributing to the high
corrosion resistance and coral-like porous surface structure. Gao et al. [6] demonstrated the biocompatibility and corrosion resistance
of MAF-coated pure Mg in rats, as shown in Fig. 34(a-f), the corrosion was uniform within 16 weeks, the volume loss was about 3.2 %,
and the small amount of hydrogen gas released during the slow degradation of Mg was proved to be harmless. In contrast, the uncoated
pure Mg showed severe pitting corrosion, the volume loss was about 14.9 %, and obvious large gas cavities can be found around the
sample by Micro-CT scanning. In addition, numerous in vivo experiments have demonstrated the non-cytotoxicity of MgF; coating [47,
2011, which slowly degrades and releases Mg?" and F~ to the surrounding tissues. Mg2*, as the main metal ions involved in bone
formation and remodeling, have been widely demonstrated for their osteogenic effects [48], and low concentrations of F~ have also
been shown to have antibacterial, tooth growth-promoting and osteogenic effects [47].

5.8. Self-healing coating

Self-healing materials enables to fix physical damage and autonomously restore their own function [202-205]. In the last five
years, self-healing coatings have also been widely used in industrial, aerospace, and biomaterials applications. Currently, in terms of
self-healing coatings applied on medical magnesium alloys loading PEO coating, the commonly used are the Ca-P-PEO coating and
LDH-PEO coating mentioned above, which act as corrosion inhibitors or are loaded into the multilayer coatings [206-209] by
incorporating corrosion inhibitors (e.g., 8-Hydroxyquinoline (8-HQ) [210,211], carboxylated carbon nanotube (CCNT-IL) [212], Ce
ions [213]. The micropores in the PEO coatings or part of the combined coating strategy provide a "temporary storage compartment"
for the corrosion inhibitors. When corrosive media such as C1~ diffuse deeper, the release of these corrosion inhibitors will be triggered,
and the majority of these corrosion inhibitors will react with OH™ or Mg?" in the corrosion environment of magnesium or magnesium
alloys to form a protective film to cover the damaged area, thus realizing self-healing [210,213]. Besides, using the synergistic healing
effect between the corrosion inhibitors is a wise choice [214,215]. Some of them utilize their own physical properties, such as
imidazolium-based ionic liquid (IN) [216] has hydrophobicity, which helps to repel corrosive substances. In addition, in industry, IN
can also be adsorbed on the surface of PEO, filling the micropores on the outer surface of PEO, and the corrosion inhibitor (some
possessing a hydrophobic structure) itself forms a protective film. Although this coating is a superhydrophobic coating that has been
applied industrially, it can also provide inspiration to researchers in terms of innovations in bio-coatings for magnesium alloys. In
addition, it is worth mentioning that the ultimate goal of preparing these self-healing coatings is to prevent the corrosive environment
from continuing to invade the magnesium substrate. As mentioned above, the additional coating in the PEO self-healing multilayer
coatings can provide sufficient space for the corrosion inhibitors, and also act as a barrier film to prevent corrosive substances from
invading to a certain extent [210,214]. In addition, researchers have also directly utilized the self-healing ability of certain polymers to
prepare a composite coating with both corrosion resistance and biological properties on the PEO coating. The specific mechanism has
also been widely reported [217,218]. To summarize, polymers usually have elasticity and plasticity, and when the coating is broken,
the polymer molecules can remove, arrange, and combine to fill the cracks and defects, thus restoring the integrity of the coating. S.
Farshid et al. [180] used an electro-polymerization technique to deposit PDA on a PEO-coated magnesium alloy. The healing function
of PDA can be explained by the pore-block mechanism and zipper-like mechanism [219].

Currently, the types of self-repairing coatings that can be applied on PEO-coated magnesium alloy biomaterials include primarily
conversion coatings [31,180,213-215,220] and encapsulation coatings [210,221,222]. Conversion coatings include chemical con-
version coatings, PEO-based coatings, and LDH-based coatings. Among chemical conversion coatings, only phytate conversion coat-
ings (PACC) [213], chromate conversion coatings (CCC) [223], and phosphate conversion coatings (PCC) [224,225] can be applied on
magnesium substrates. While CCC is strictly limited in clinical use due to the high toxicity and carcinogenicity of the hexavalent
chromium in it. PA, an organophosphate compound extracted from the seeds of leguminous plants, germ of cereals, and bran, possesses
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a strong chelating ability to produce insoluble compounds with metal ions, such as Mg2+, which makes it an ideal choice for
self-repairing coatings [226]. However, in practical applications, PA is more often combined with corrosion inhibitors (e.g., cerium),
and this will be elaborated in the subsequent section of PEO-based coatings. By contrast, PEO-based coatings take into account the
defects of PEO coatings. By adding corrosion inhibitors (e.g., cerium (Ce), CeO, Ce3+,8—HQ [227,228]), which combine with Mg2+ or
OH™ around the defects to form a precipitate that settles in the damaged area. Alternatively, the inhibitor can be adsorbed to the
damaged region to form a protective film, leading to self-healing. Among them, Yang et al. [223] found that cerium salt transformed
film has similar self-healing properties with CCC, with much lower toxicity than CCC, and can effectively inhibit substrate corrosion.
However, the Ce salt transformed film has low adhesion strength and can’t be tightly bonded with the substrate so the effect is
significantly reduced. While PA has a robust chelating ability, it can be used as a chelating agent to make Ce and PEO coating closely
linked. Yang et al. took this opportunity to use hydrothermal treatment in the PEO-coated magnesium alloy and prepared about 5 pm
thick phytate/cerium composite self-healing coating (PA/Ce). The composite coatings’ adhesion strength and self-healing behavior
can allow the substrate to provide long-term corrosion protection. In addition, biomaterial polyacrylamide (PAM) hydrogels can
stimulate the release of triggered inhibitors when sensing elevated pH due to pH-responsive function [229,230]. Guo et al. [220]
prepared PAM gels encapsulating the Ce*" inhibitor on the surface of PEO-treated AZ31 Mg alloy. With the localized pH elevation
caused by magnesium corrosion, the PAM releases Ce**, which is the most effective way to protect the substrate against the corrosion
of magnesium. By growing in combination with other corrosion products to form a dense protective film, the corrosion resistance of the
coating was improved greatly.

Exceptionally, PDA, mentioned in section 5.6. Polymer-PEO composite coating, is a catecholamine-based polymer, which also has
some self-healing properties. Distinguishing from other inhibitors, PDA is non-toxic and PDA promotes bone-like hydroxyapatite
production with some osteogenic activity. Farshid et al. [180] used electrodeposition to construct a PEO/PDA biphasic coating.
Electrochemical experiments surface that Mg?* are bond with the catechol groups of PDA when released from the breakage, thereby
filling the defects (pore-block mechanism). At the same time, PDA can react with water ions to form new cross-links and thus achieve
self-healing properties (zipper-like mechanism) [219]. In addition, the excellent biocompatibility of this coating is also mentioned in
section 5.6. Polymer-PEO composite coating, which is an ideal material for orthopedic implants.

Encapsulation coatings have self-healing effects by encapsulating particles or containers with inhibitors in PEO coatings. LDH
mentioned in section 5.2 can be used as layered ionic micro-nano containers to close the pores of PEO to achieve self-healing, in
addition to properties such as ion exchange capacity. The self-healing mechanism of LDHs coatings is mainly divided into two aspects.
On the one hand, when the LDHs coating is damaged, rare-earth elements are released and a new protective film is formed at the
defects to enhance the protection of the magnesium substrate. In addition, LDHs coating relies on the ion exchange capacity, which can
release interlayer inhibitors while trapping aggressive anions [231]. Xu et al. [215] prepared novel MgAlY-LDHs coatings loaded with
salicylic acid on flash-PEO-coated AZ31 alloy using an intercalation method and a one-step hydrothermal method. The Y-salicylic acid
complexes showed good corrosion protection against magnesium substrates by grafting onto LDHs and defects to realize dual
self-healing of both sites. Some researchers have also found that graphene oxide (GO) accelerates the in-situ nucleation of LDHs [232].
It makes the LDHs appear as curled edges and corrugated sheets, which improves the tortuosity of the diffusion path of LDHs to
corrosive media. In addition, GO also acts as a carrier so that the corrosion inhibitor can be stabilized and immobilized in the coating.
Chen et al. [210] in this way reacted 8-HQ@GO composites by ring-opening reaction, doped the composites into LDHs flakes, and
loaded them onto PEO coatings by hydrothermal reaction. This work is a new idea to introduce corrosion inhibitors and prevent
corrosion inhibitor leakage to improve the corrosion resistance of LDHs coatings. In addition to micro-nano containers, particles such
as zeolites and CS are also an option for loading Ce-based inhibitors. Zeolite is a compound composed of three kinds of silicon,
aluminum, and oxygen, in which the silica-oxygen tetrahedra and aluminum-oxygen tetrahedra form an infinitely expandable
three-dimensional space shelf structure between them, which is resistant to acid, alkali, and high temperature, and has strong
adsorption capacity and ion exchange capacity. It is often used as catalysts and molecular sieves because its interior is full of fine pores
as dense as a beehive. Zadeh et al. [233] have also found that the inhibitors in zeolites can be selectively released to damaged sites,
which provides direction for zeolites as carriers of inhibitors. Chen et al. [222] therefore placed zeolite particles containing ce®**into
the PEO coating. Ce®* ions were released from the coating through ion exchange along with the dissolution of zeolite during the
degradation of the coating, and the cerium hydroxide/oxide formed at the defects could form a passivation film to improve the barrier
ability of the coating, which improved the corrosion resistance of the coating.

In addition, some researchers combine micro-nano containers with other coatings for the realization of multifunctional coatings.
Layer-by-layer assembly (LBL) coatings typically use polymeric materials (e.g., polymers) that are adsorbed onto a substrate by
electrostatic action. External stimulus-responsive coatings, on the other hand, induce the release of inhibitors from the coating by
applying external stimuli (humidity, sunlight, pH), etc. Jia [221] utilized the "proton sponge" property of Ce that is sensitive to pH, and
(Ce(NO)3)3-6H,0 was doped into the CS. The pH was adjusted to 5.5, CS particles were used as micro-nano particle containers. They
were deposited on the PEO coating by the LBL technique to form a robust composite coating structure. It was demonstrated that with
the increase of pH during corrosion, ce®* dissociates, diffuses to the corrosion site and combines with the substrate surface to produce
Cey03, depositing in the corrosion region. Meanwhile, Ce-NH; chelates formed by Ce and CS will also help in the immobilization and
delivery of inhibitors to improve corrosion resistance. Meanwhile, cytocompatibility evaluation experiments also showed that the
composite coating exhibited higher cell viability and low toxicity to MC3T3-E1 cells.

Self-repairing coatings, significantly extend the service life of coatings and prevent them from physical damage. Its sufficient
potential and unique mechanism may lead to a significant step forward in the protection of magnesium alloys. However, there is a lack
of research concerning self-healing coatings on whether the corrosion inhibitor affects the coating function and the synergistic effect
between the substances, as well as a lack of research on the coating’s biological properties, tensile strength, adhesion strength, and
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other important mechanical properties, which is not conducive to its real application in medicine. Moreover, the current research on
self-repairing coatings is still in the growth period, and the types and functions of coatings are too singular, which restricts the
application of self-repairing coatings. In addition, although the use of inhibitors has been successful in achieving the function of self-
repair coating, Feyerabend et al. [234] have experimentally shown that rare earth elements (REEs) such as Ce and La contained in the
diluent show moderate toxicity to vascular and bone-related cells, and hinder their use in bone implant materials. Although the
external stimulus-response coating is low in toxicity, the choice of coating materials and requirements for usage conditions is strict.
More work should still be done to expand its application.

6. Summary, challenges and perspectives

For the major problem of traditional PEO coating: premature failure of biodegradable Mg alloys due to high corrosion rate, different
amelioration methods can be categorized as generation of PEO composite coating to seal the pores of traditional PEO coating or
alteration of electrolyte composition (without changing the main components: the addition of nanoparticles, soluble salts, antibacterial
components; changing the main components to HF solution) so as to change the PEO coating composition and characterization.
Especially the changes in pore size, porosity and thickness, improve the different behaviors of conventional PEO coatings. The focus is
on the amelioration of corrosion resistance and biocompatibility, and the endowment of antibacterial properties, osteogenesis and
drug-loading abilities of PEO coatings.

Currently, however, the following challenges remain for PEO coatings suitable for biomedical Mg alloys.

(1) Most researchers have focused on improving various properties of PEO coatings and endowing them with more biological
functions, while the widely accepted formation mechanism of PEO coatings has still not been proposed. In addition, the study of
the interaction between different treatment parameters is blank.

(2) Many of the current methods for improving the corrosion resistance of PEO coatings are aimed at magnesium alloys for in-
dustrial use. Some of the corrosion inhibitors and polymer-PEO coatings are toxic to the human body, therefore, conventional
PEO coating of industrial magnesium alloy cannot meet the needs of biomedical magnesium alloys implanted in the human
body.

(3) Among the PEO coatings generated by different amelioration methods, except for the biofunction-oriented Antibacterial
ingredients-PEO coating and drug-PEO coating, there are still few studies on the biocompatibility of the other coatings,
especially in vivo tests, and only some researchers have investigated the biocompatibility of new improved PEO coatings using in
vitro tests. Among them, the good biocompatibility of ZrO; has been confirmed in other medical fields (e.g., bone tissue repair
field, oral prosthesis field), but there are very few studies on the biocompatibility of ZrO, incorporated-PEO coating. In the case
of biofunction-oriented coatings, most researchers focus on testing the achievement of bio-functionality and often ignore the
cytotoxicity, especially for antibacterial ingredients-PEO coatings, i.e., the addition of excessive antibacterial ingredients may
be harmful to human cells while efficiently inhibiting bacteria. Hence, it is necessary to determine the appropriate concen-
tration of these antibacterial ingredients to achieve the best antibacterial effect while avoiding cytotoxicity.

(4) Although different amelioration methods have improved some of the behaviors of conventional PEO coatings, none of them
have been able to develop a novel PEO coating that would meet the criteria for ideal biomedical magnesium implants.

Therefore, in future research, on the premise of investigating the formation mechanism of PEO and the influence mechanism of
each parameter, as it is the basis for the development of other amelioration methods, it is required to take more attempts for the
combination of different amelioration methods to develop novel PEO coatings that can satisfy the criteria and to conduct in vitro and in
vivo experiments to examine its corrosion resistance, wear resistance, mechanical properties, biocompatibility, and antibacterial
properties for the long-term implantation of biomedical Mg in vivo.
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