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Abstract

Magnesium (Mg) alloys as a bioabsorbable light metal have shown great clinical potential as bone replacement implants.
In this review, the categories, progress in cutting-edge preparation technologies and antibacterial mechanisms of Mg alloys
and considerable numbers of corrosion-resistant and functional coatings are summarized. The relationship among the micro-
structure (grain size, intermetallic compounds), biocorrosion resistance and biocompatibility for antibacterial Mg alloys is
discussed. The challenge and outlooks of biomedical Mg alloys and coatings are proposed from an antibacterial perspective.
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1 Introduction

The history of metallic materials as medical implants dates
back to the nineteenth century [1]. The industrial revolution
during this period has greatly promoted the development of
metal industry. At the same time, it was also a time of raging
war, and a large number of wounded soldiers needed surgery
or treatment. The development of metal implants was mainly
driven by people’s attempts to repair bones. Until the suc-
cessful implementation of Lister’s aseptic surgery in 1860s
[2], metallic materials began to play a predominant role in
plastic surgery. The early implanted metals were mostly iron,
copper and silver, which have a long usage history. However,
such metal implants are non-biodegradable, which means
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that they will remain in the human body after completing
clinical needs or be removed through subsequent processes.
Permanent implants can cause a series of problems, such as
long-term endothelial dysfunction, permanent physical irri-
tation, and chronic inflammatory local reactions [3]. Degra-
dable implants have attracted increasing interest in the past
few years. Such materials can replace the clinical function
of permanent implants and, once completed, they disappear
completely through degradation when the device is no longer
used [4]. When selecting implant materials, the following
conditions should also be met. Firstly, the implants must
have good adaptability to human tissues and fluids, which
means that the implants are non-toxic and non-irritating to
the tissue and do not affect the normal metabolic activity
[5]. Secondly, they must have a certain chemical stability,
which will not change in the biological environment, and not
affected by biological enzymes [6]. In addition, they must
withstand various mechanical actions of human body, which
requires them to have appropriate strength, toughness, wear
resistance, etc. in mechanics [7].

Mg is an extremely light metal. The density of Mg is
1.74 g/cm?®, which is 1.6 and 4.5 times lower than that of
aluminum and steel, respectively. Mg alloys are promising
material in medical implants due to their low density, natural
biodegradability [4], similar elastic modulus to bone and
good biocompatibility [8].

Microbial infections have been observed on implants
because of bacterial adhesion to implant surfaces. Bio-
films produced by bacterial metabolism are resistant to
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the immune system and antibiotics, which brings lots of
clinical challenges [9]. Infection may lead to inflammation
around the tissue, requiring additional surgery and repair
of the implant, causing secondary damage to the patient
and increasing the patient’s medical burden [10]. Studies
have shown that bone implant materials will form biofilms
on the surface of the fixed devices after implanting in the
human body. Bacterial biofilm is a microbial cell colony
that is irreversibly adhered to a biological or abiotic surface
in a matrix of primarily polysaccharide material [11]. Bac-
terial adhesion and subsequent biofilm formation (Fig. 1)
are the first steps in bacterial colonization leading to bone
infection. In addition, after forming biofilms on the implant
surface, attached bacteria become difficult to resist immune
surveillance [12]. Once bacterial infection occurs, bacteria
will hardly be attacked by the immune system due to the
presence of biofilm [13]. Moreover, antibiotics will also be
difficult to remove these bacteria [14]. It is estimated that
about two-thirds of human bacterial infections are caused
by bacterial biofilms [15]. Regardless of the complexity of
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Fig. 1 Biofilm causes infection: planktonic bacteria can be eliminated
by antibodies and phagocytes, while bacterial cells that adhere to the
surface of the implant form a biofilm. The biofilm protects bacteria
inside the membrane and attracts phagocytes to it. Phagocytosis is
frustrated, but phagocytose are released, which can damage the tis-
sues surrounding the biofilm and cause infection [13]
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Fig.2 Classification of antibacterial Mg alloys and coatings
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implant, all medical devices are susceptible to microbial
colonization and infection [16].

Research on antibacterial properties of biomedical
materials is of great significance. It can not only improve
the overall performance of such materials, and expand its
clinical application range, but also greatly help improve the
health and medical volume of the whole society in the long
run. Research efforts are currently contributed to eliminat-
ing or reducing infection of biomedical materials. Although
some effective methods related to both areas have been
studied in recent years, deep and systematic research is still
needed, mainly due to the differences in implant environ-
ment and bacterial attachment [17]. The focus of this review
is concentrated on the state-of-the-art advance and develop-
ment in science and engineering of antibacterial Mg alloys
and coatings on biodegradable Mg alloys, with the intent
to reducing and controlling the risk of bacterial infections
while taking into account other properties.

2 Antibacterial Mg Alloys and Coatings

Basically, antibacterial Mg alloys are classified into Mg-Ag,
Mg—Cu, Mg—Zn and Mg-Ga, etc.[18]; and antibacterial
coatings include inorganic coatings [19, 20] (oxide/nitride
coating, diamond-like carbon (DLC)), organic coatings (chi-
tosan (CS), tannic acid (TA), antibiotic and peptides as well
as polyurethane (PU)) and their composites, as shown in
Fig. 2.

2.1 Antibacterial Mg Alloys

Several reports claimed that the good antibacterial activity
of pure Mg due to degradation in vivo and in vivo is mainly
associated with increased pH value [21, 22]. Robinson et al.
[23] studied the antibacterial properties of Mg against three
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different bacteria (Escherichia coli (E. coli), Pseudomonas
aeruginosa and Staphylococcus aureus (S. aureus)). It was
found that the pH value and Mg ion concentration did not
change with the mass of the added Mg, and the survival
colony-forming units (CFU) of all three bacteria decreased.
Simultaneously, the degradation of Mg increases the concen-
tration of Mg ions. And Jesu et al. [24] found that Mg ions
showed a significant antibacterial effect on Staphylococcus
epidermidis and E. coli. The antibacterial effect is mainly
due to the increase in osmotic pressure around bacterial cells
by Mg ions. However, due to the presence of biofilms, bac-
terial cells can withstand external pH changes and cause
tissue infection. Therefore, according to the complex physi-
ological environment of the implant, only the change in pH
values cannot achieve excellent antibacterial performance.
Moreover, the degradation behavior of pure Mg in body flu-
ids must be taken into consideration. Adults’ daily intake
of Mg is between 300 and 400 mg [25]. Once the corrosion
rate of Mg is too fast, it will not only produce high concen-
trations of Mg?* ions and cause hypermagnesemia [26], but
also produce enormous amount of hydrogen gases. So far,
scientists have developed a variety of novel Mg alloys with
antibacterial properties through elemental alloying.

Mg alloys, alloying with antibacterial metallic elements
such as Ag, Zn and Cu, are promising biomaterials candi-
dates for implantable devices [27]. Ag [28, 29], Zn [30] and
Cu [31] have certified ability to suppress bacterial activities.
Table 1 lists the effects of the addition of different alloying
elements on the antibacterial properties of Mg alloys. Anti-
bacterial metallic elements are shown in Fig. 3. Although
there are many metallic elements that can kill bacteria, due
to the toxicity of Hg, Cd, Pb and Cr, the metals used as
metal fungicides are mainly Ag, Cu and Zn. The presence
of antibacterial metal ions makes bacterial cells in a high ion
concentration environment, which can change the bacterial
membrane potential and disrupt their molecular or electron
transport [32]. In addition, although some are very toxic, the
elements with antibacterial properties are relatively concen-
trated in the groups of IB, IIB and the third horizontal row
or long period in the periodic table (Fig. 3). It is noted that
most of them are the transition metals, which have unfilled
d electron shell and one or two valence electrons in the next
higher energy shell (i.e., s state), except for Mg, Ga and Pb.
Adjacent elements in the same group may have similar struc-
ture and properties, so it is speculated that indium may also
have antibacterial ability. However, no research has shown
that indium or its compounds can kill bacteria, but some
studies have shown that doping indium ions in nano-sized
ZnO can reduce the average grain size of ZnO and exert its
maximum antibacterial activity [33]. Perhaps in the future,
scientists can seek regularity from the periodic table of ele-
ments to find more elements with antibacterial properties or
enhance the antibacterial ability of other elements.

Table 1 Comparison of antibacterial effects of inorganic antibacterial agents on Mg alloys

Refs.

Effect

Assessment method

Antibacterial ingredients

Organism

[44]

Killing rate to tested bacteria

CLSM micrographs and

Ag*

S. aureus/S. epidermidis

was beyond 90%

statistical analysis

(48]

Diameters of inhibition zone

Inhibition zone

AgNPs

E. coli

was 22.10 mm
After 72 h the CFU/mL was

[58]

Plate counting the bacteria

Cu2+

S. aureus

almost zero
After 3 h ABE

colonies

[61]

95%, after

Plate counting the bacteria

Cu2+

S. aureus

6 h ABE=100%
After 72 h the CFU/mL was

colonies

[62]

Plate counting the bacteria

Cu2+

S. aureus

almost zero

colonies

[73]

Inhibition zone were 32 mm

Inhibition zone

Zn2+

S. aureus/E. coli

and 22 mm

[71]

Colony numbers were signifi-

Counting of the flat colonies

Zn2+

S. aureus/E. coli

(78]

cantly reduced
Sterilization rate up to 90%

Spread plate method

Ga3+

coli

S. aureus/S. epidermidis/E.
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Fig.3 Metal ions (in red color) can kill and inhibit pathogen activity

2.1.1 Mg-Ag

Silver (Ag) metal has a long history as precious metal, and
been used for about 7000 years [34]. Its use in coins and cut-
lery may be related to its corrosion resistance and antibacte-
rial properties [35]. Herodot [36] has mentioned therefore
the introduction of antibiotics. Not only can Ag* ions kill
bacteria, but their salts and nanoparticles also have antibac-
terial properties [37, 38]. The antibacterial mechanism of
Ag* ions is shown in Fig. 4. Ag* ions strongly attract the
thiol groups (SH™) of enzyme proteins in the bacteria and
bind them together quickly, as shown in Eq. (1). Hence, the
enzyme that has this essential SH™ group loses its activity
and the bacteria have to die [39].

Enzyme

+ 2H (1

Once bacteria are killed, Ag* ions will free from the dead
bacteria and contact with other colonies. Therefore, Ag*

Silver ion
Pili
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(d) Xz /‘

Cell death
Fig.4 Schematic illustration of antibacterial mechanism of Ag ions
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ions can trigger a new round of antibacterial process, which
is why they have long-lasting antibacterial properties [40,
41]. There are two main mechanisms (Fig. 5) responsible
for the antibacterial activity of Ag. One is the combination
of Ag" ions and bacterial RNA, DNA, which inhibit their
reproduction [42]. Another mechanism may be that Ag*
ions bind to the proteins on the bacterial walls and enter
the cytoplasm, causing changes in bacterial structure toward
apoptosis [43].

Di et al. [44] proposed that solid solution (T4) and aging
treatment (T6) have an impact on the antibacterial activ-
ity of the castMg2Ag, Mg4Ag and Mg6Agalloys that con-
tain 1.87, 3.82 and 6.00 wt% Ag. The Mg2Ag, Mg4Ag and
Mg6Ag alloys have average grain size of 600 pm, 480 pm
and 350 pm, respectively. Namely, the grain size of Mg-(2,
4, 6)Ag alloys decreases with Ag concentration. The second
phases or intermetallic compounds of the cast Mg—Ag alloys
are Mg,Ag (or § phase) and Mgs,Ag,,. Silver-enriched den-
drites and f phase are distributed along the grain bounda-
ries with a size of from hundreds of nanometer to several
micrometers. In particular, Mgs,Ag,; were observed in

Cell wall damage



Advance in Antibacterial Magnesium Alloys and Surface Coatings on Magnesium Alloys: A Review

Cell membrane
C .
(a) Cell wall X opper 1on

o
/‘\/ Q Uifii
9 (i) (o)
| —

Active oxygen

(c)
/\/ 0O ( (]

(¢} Q <
[_4éo__o_.o;‘]

Fig.5 Schematic illustration of antibacterial mechanism of copper ions

Mg6Ag alloy. Therefore, the mechanical properties of the
Mg-Ag alloys are improved with addition of Ag. Most of the
Mg,Ag phase can be solid-soluted or dissolved into a-Mg
matrix by T4 treatment. After T6 treatment, theMg,Ag can
be re-precipitated. The corrosion rate of the Mg—Ag alloys
is in the decreasing order: the cast>T6>T4. The lowest
biodegradation rate was found for T4-treated Mg2Ag alloy
with a corrosion rate of 0.343 mm/year that is inferior to
pure cast Mg (0.534 mm/year). These Mg—Ag alloys demon-
strate good antibacterial performance with markedly reduced
viable bacterial counts (by 50-75%) and bacterial activity
(by 74-79%) with regard to titanium and glass. The anti-
bacterial assays result showed that in Mg4Ag alloy the kill-
ing rate exceeds 90% against S. aureus and Staphylococcus
epidermidis. These findings suggest that T4-treated Mg2Ag
and Mg4Ag alloys show the most promising potentials as
antibacterial bioabsorbable materials based on the excellent
balance achieved in manipulating mechanical, degradable
and cytocompatible and antibacterial properties.

Similar results also have been conducted by Peng et al.
[45], who manufactured Mg-1Zn alloys with a trace of Ag:
Mg-17Zn-0.21Ag, Mg—17Zn-0.47Ag and Mg-17Zn-0.79Ag.
The concomitant extrusions predominantly consist of refined
grain boundaries and a-Mg matrix. The grain size is reduced
with an augment in Ag content due to recrystallization. This
result is in good accordance with the finding conducted by
Di et al. [44]. The addition of Ag element improves the
mechanical properties significantly. It is noteworthy that
the width of grain boundary is increased with the increment
of Ag content, which is mostly related to reduced corro-
sion resistance. The convex-shaped corrosion morphology
in localized sites designates the occurrence of galvanic cor-
rosion during the immersion. But the state of Ag, in solid
solution or intermetallic compounds, is not mentioned in
the context.

Genetic material
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(4} Q
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In addition, Ag nanoparticles have proven to be effec-
tive antibacterial agents [46, 47]. Zeng et al. [48] employed
self-assembly technology to prepare an antibacterial com-
posite coating by fixing Ag nanoparticles (AgNPs) on the
surface of 3-aminopropyltrimethoxysilane (APTMS)-
modified AZ31 Mg alloy (APTMS/Mg). Antibacterial
experiment results showed that the diameter of inhibition
zones of AgNPs/APTMS/Mg substrates against E. coli was
22.10 mm, which implies good antibacterial activity. Nota-
bly, besides the bactericidal properties of AgNPs, the amino
groups of APTMS could also act as bactericides by inducing
phase separation of charged and uncharged lipids inside the
cytoplasm membrane of bacteria [49].

2.1.2 Mg-Cu alloy

Cu is an essential element and promoting metabolism of
human body, and one of the elements used in biomedical
applications. Also, Cu-bearing compounds have a variety
of biological effects, including anti-inflammatory and anti-
proliferative [50].

Antibacterial use of copper (Cu) experiences a long his-
tory. In the nineteenth century, Milharde [51] used Bordeaux
mixture to fight the mildew disease of vines. Subsequently,
Swedish scientists [52] discovered that water solution with a
trace of Cu** ions possesses an antibacterial function. Then
the increasing number of literature suggests the antibacterial
function of Cu®" ions and antibacterial mechanism [53, 54].
Recently, Burghardt et al. [55] revealed the dual function of
Cu?" ions, which can inhibit bacterial infections at higher
concentrations and promote bone regeneration at lower
concentrations. The antibacterial mechanism of Cu>* ions
(Fig. 5) consists of two steps: Cu>* ions that eluted from the
material’s surface are absorbed onto the surface of bacteria
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cells; then Cu** ions damage the cell membrane and solidify
the structure of proteins [56, 57].

Liu et al. [58] designed three biodegradable Mg—(0.03,
0.19, 0.57wt%)Cu alloys as bone repair materials. The
microstructure of Mg—Cu alloys is characterized by a-Mg
matrix and a trace of Mg,Cu. The intermetallic compound
results in severe galvanic corrosion between the a-Mg
matrix/Mg,Cu. As a result, Mg—0.57Cu alloy has the high-
est corrosion rate. In addition, antibacterial experiments
showed that all of Mg—Cu alloys exhibit good antibacte-
rial properties. The main antibacterial mechanism is the
high pH environment produced by the degradation of Mg
alloy and the release of Cu?* ions. In addition, it also cal-
culated the amount of Cu®* ions released from Mg—0.57Cu
to confirm its cytotoxicity. The results showed that the Cu
released amount was about 0.67 mg/day, if the Mg—0.57Cu
implant with a size of ®10x 3 mm? was implanted into the
body. This value is lower than the recommended daily intake
(0.9 mg) and the tolerable upper limit (10 mg) [59], indicat-
ing that the Mg—0.57Cu alloy exhibits great antibacterial
performance and acceptable biocompatibility. In addition, Li
et al. [60] investigated the antibacterial activity of Mg—(0.05,
0.1 and 0.25wt%)Cu alloys, aiming to cure chronic osteomy-
elitis (bone inflammation) induced by methicillin-resistant
Staphylococcus aureus. As expected, the Mg—0.25Cu alloy
showed the best antibacterial activity among the alloys,
with tolerant biocompatibility. These results disclosed that
the antibacterial capability of Mg—Cu alloys relates to the
released content of copper ions. That is, the higher the con-
tent of Cu in Mg—Cu alloy, the better the antibacterial per-
formance. However, the high concentration of Cu in Mg
alloys inevitably results in rapid biodegradation rate of the
alloys due to the great difference in potential of Mg and Cu,
which is an intrinsic impurity element of Mg. The degrada-
tion rate of Mg—Cu alloys can be decreased via the following
strategies [61]: (1) micro-alloying of Cu, (2) grain-refining
and heat treatment, (3) coating preparation. For instance, Xu
et al. [62] prepared ZK30-(0.1, 0.2, 0.3 wt%)Cu alloys using
selective laser cladding. It is found that the obtained alloy
has good antibacterial properties. And the refined grains
give rise to an improved biodegradation resistance.

2.1.3 Mg-Zn

Zinc (Zn) is an essential trace element required for bone
formation and plays a vital role in osteoblast activity and
collagen synthesis [63, 64]. In addition, Zn possesses excel-
lent antibacterial ability [65]. Related studies have found
that Zn** ions could react with sulfhydryl groups to inhibit
bacterial activities such as transmembrane proton transfer,
glycolysis and acid resistance [66]. Due to these excel-
lent properties, the addition of Zn to implant materials has
attracted scientists’ attention [67].

@ Springer

A considerable amount of literature has been concerned
with the corrosion and biocompatibility of Mg—Zn alloys,
i.e., Mg—6wt% Zn [68] and Mg—2Zn—0.2Mn-xNd [69]. Nev-
ertheless, sparse literature involves the antibacterial activ-
ity and inflammatory response of Mg—Zn alloys. Cipriano
et al. [70] firstly reported the in vitro transient inflammatory
response of endothelial cells to the degradation products of
Mg—4Zn—xSr alloys (x=0.15, 0.5, 1.0, 1.5 wt%).

In addition to Mg—Zn alloys, combining Zn ions as a
coating on the surface of Mg alloy can also exert its anti-
bacterial effect. Yang et al. [71] added both Zn** and Sr**
ions into the solution of hydrothermally modifying Mg alloy
ZK60 surface to improve the antibacterial performance and
osteocyte differentiation. The results showed that the num-
ber of bacteria colonies on the surface of Zn-containing Mg
alloys significantly declines, suggesting that Zn>* ions play
a crucial role in inhibiting both E. coli and S. aureus. It is
also worth noting that the addition of Sr’* ions promotes
osteogenic differentiation [72], which greatly shortens the
recovery time of fracture patients.

Zou et al. [73] prepared a Zn-loaded montmorillon-
ite (Zn-MMT) coating on the surface of Mg alloy AZ31
by hydrothermal method. Antibacterial ability test results
showed the diameters of the inhibition zone of Zn-MMT
coating against both E. coli and S. aureus were, respectively,
22 mm and 32 mm, which was equivalent to the expected
results. They also plotted the cumulative release curves of
Zn*" ions. The release curves can be divided into two stages:
In the first 96 h (the first stage), Zn** ions were released at
a constant rate. After 96 h (the second stage), the amount
of Zn** ion released was significantly reduced. It is worth
noting that although the release of Zn>* is significantly
reduced, the antibacterial effect of Zn-MMT coatings still
exists. This long-lasting antibacterial property is attributed
to the advantages of high cation exchange and adsorption of
MMT structures [74].

2.1.4 Mg-Ga

Gallium (Ga) is a trivalent transition metal, whose ionic
radius is close to the radius of iron atoms. To date, some
studies suggested that Ga>* ions have antibacterial proper-
ties [75, 76]. The reason for bacterial death is mainly related
to the close atomic radius of Ga and Fe. Trivalent iron (Fe**)
ions are extremely important for the reproduction and colo-
nization of the most of bacteria; and they play a vital role
in DNA synthesis, while Ga can bind to the transferrin in
cells, which affects Fe metabolism of cells and thus inhibits
cell growth [77].

Gao et al. [78] proposed a new strategy for addressing the
bone-implant-related infection through micro-alloying of Ga
and/or Srin 0.1 wt% that is far below their solid solubility in
Mg. Because of the extremely low concentration of Ga and
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Sr, there are no intermetallic phases formed in the Mg alloy,
which keeps the degradation rate of the Mg alloy at a low
level. Experimental results of cytotoxicity and antibacterial
ability of Ga** and Sr?* ions in vitro and in vivo showed
that Mg alloys containing Ga and Sr exhibit great antibacte-
rial ability. The results of the spread plate method indicated
that the Ga—Mg alloy can kill 90% of the bacteria whether
it is for planktonic bacteria or adherent bacteria. The use of
micro-alloying elements to solve clinical bone graft infection
is a new strategy, but the respective roles of Ga** and Sr**
in both qualitative and quantitative aspects require further
work to clarify.

The above-mentioned Mg alloys have antibacterial activ-
ity to some degree, and even some of them have been suc-
cessfully used [79]. But a significant issue has to be consid-
ered. Silver is not necessary for the host, and may be toxic
dependent on its content [80]. Also, Zn and Cu have good
antibacterial activity. However, both of them have poten-
tial toxic sequelae, regardless of their necessity for normal
homeostasis.

2.2 Antibacterial Coatings
2.2.1 Inorganic Antibacterial Coatings

2.2.1.1 Metallic Oxides Coatings In addition to traditional
antibacterial Mg alloys, some studies have shown that many
metallic oxides also have antibacterial capabilities. For
example, ZnO nanoparticles have been proved to produce
reactive oxygen species under light and thus exhibit good
antibacterial abilities [81]. CuO nanoparticles also have
antibacterial capabilities, but their antibacterial mechanisms
differ depending on the oxidation state. CuO can damage
the bacterial cell walls and generate reactive oxygen, while
Cu,0 combines with enzymes in the bacteria to make them
die [82]. TiO, is a photocatalytic antibacterial agent. When
TiO, is irradiated with ultraviolet light, the electrons in the
valence band will be excited to the conduction band and
form highly active electrons. O,, which is adsorbed or dis-
solved on the surface of TiO,, easily captures electrons to
form O [83, 84]. These free radicals with strong chemical
activity can react with organic matter in various microorgan-
isms and kill them in a short time. Ubale et al. [85] depos-
ited nano-a-Fe,05 films with different thicknesses on glass
substrates. Thanks to the porous nature of a-Fe,O;, as the
thickness of the film increases, more iron ions are released
from the film, thereby improving the antibacterial efficiency
of the film. Antibacterial experiments showed that the film
thickness increased from 156 to 251 nm, and the antibacte-
rial efficiency of the sample increased from 37.5 to 87.5%.
In our work, Cui et al. [86] prepared a SnO,—doped Ca—P
coating on the surface of Mg—1Li—1Ca alloy by hydrother-
mal technique. The antibacterial properties of the coatings

were evaluated by the plate counting method. The colony-
forming units (CFU) of E. coli decreased from 647 CFU
in the control group to 78 CFU in the Mg—1Li-1Ca alloy
to 38 CFU in SnO,, and finally decreased to 9 CFU in the
Ca—P-Sn coated alloys.

Peng et al. [87] attached hydroxyapatite nanorods
(HANRs) and ZnO nanorods (ZnONRs) to the surface of Mg
alloys (MgA) by micro-arc oxidation and hydrothermal treat-
ments. The surface of the MgA-MgO-HANRSs-ZnONRs
has a double-layer nano-scale structure and exhibits good
hydrophilicity. In addition, the corrosion current density of
MgA-MgO-HANRs-ZnONRs was reduced by two orders
of magnitude compared with the original Mg alloy, show-
ing good corrosion resistance. The results of antibacterial
experiments proved that the surface has excellent antibacte-
rial properties; and the sterilization rates of E. coli and S.
aureus reached 94.3% and 96.5%, respectively.

2.2.1.2 Diamond-Like Carbon (DLC) Diamond-like car-
bon (DLC) is a metastable amorphous carbon with a large
amount of sp3 bonds. Its films combine several excellent
properties like high hardness, low friction coefficients and
chemical inertness [88]. DLC coating could enhance the
antibacterial effect of Mg-based alloys, while conventional
DLC coatings do not adhere well to Mg-based materials
because of the large internal stress from sp3 bonds. Plasma
immersion ion implantation and deposition (PIII&D) has
been proved to increase the bonding strength. Therefore,
many studies have utilized PIII&D to prepare DLC coatings
to enhance substrate corrosion resistance [89, 90].

In recent years, studies have shown that DLC coatings
also have antibacterial capabilities. Jin et al. [91] produced a
DLC coating on Mg alloy AZ31 through PIII&D and evalu-
ated its antibacterial properties. The results showed that the
number of bacteria on AZ31 was reduced to 5 x 10* CFU
after 6 h, while there were no live bacteria on AZ31 coated
with DLC. Feng et al. [92] also used PIII&D to deposit DLC
coating on AZ31 Mg alloy. The antibacterial experiment
showed that the starting bacteria number of the samples
AZ31 and AZ31-DLC were about 3 x 10* CFU.

After 3 h, the number of bacteria on AZ31-DLC was
reduced to 2.3 x 10? CFU, while the number of bacteria on
sample AZ31 hardly changed. There were no viable bacteria
on AZ31-DLC after 6 h, while the number of bacteria on
AZ31 was reduced to 5x 10* CFU. The antibacterial mecha-
nism of the DLC coating may be the ability of the DLC film
to adsorb bacteria, resulting in bacteria being threatened by
higher concentrations of Mg** and OH™.

2.2.1.3 Graphene Graphene, a sp®> hybrid two-dimen-
sional single-layer carbon atom sheet, has attracted exten-
sive research interest in recent years [93]. Graphene and
its derivatives not only have excellent physical and chemi-
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cal properties, such as large specific surface area [94],
excellent thermal conductivity [95], high Young’s modu-
lus [96], etc., but also have good antibacterial capabilities.

Qiu et al. [97] investigated the changes in the antibacte-
rial activity of graphene and its derivatives with various
factors, such as size, number of layers, oxygen-containing
groups, and experimental environment. The final results
showed that graphene oxide deposited by electrophoresis
showed the best antibacterial activity against S. aureus.
Hamzah et al. [98] deposited a new type of nano-silica
(Si10,)/graphene oxide (GO) coating on Mg alloy by
a combination of physical vapor deposition (PVD) and
immersion coating. The bottom layer of nano-SiO, has a
dense columnar structure, while the GO layer has a lamel-
lar shape. Antibacterial experiments showed that the SiO,/
GO coating exhibits strong antibacterial activity against
streptococcus, and the coating’s corrosion resistance is
also significantly improved. El-Kamel et al. [99] prepared
GO nanoparticles/polythreonine polymer nano-coatings
on AZ91E Mg alloy. This novel coating is degradable and
has good biological activity. The antibacterial properties
of the coating were evaluated by the size of the bacterio-
static area. The results showed that the antibacterial circle
radius (18 mm) of the coated Mg alloy is larger than that
(12 mm) of the uncoated, indicating that the coating has
certain antibacterial properties. This GO nanoparticles
coating is also expected to be a new temporary implant
for gastrectomy.

Although there are many antibacterial applications of
graphene, the specific antibacterial mechanism is still con-
troversial. The currently proposed mechanisms are as fol-
lows: nanoknife, oxidative stress, encapsulation or capture
[100]. At the same time, the physical and chemical prop-
erties of graphene will also affect its antibacterial activity.
Its size [101], number of sheets, and surface functions will
affect bacterial interactions [102]. In short, the antibacterial
mechanism of graphene needs further research, but with the
advancement of technology, humans will eventually solve it
and apply it to the biological or medical field.

2.2.2 Organic Antibacterial Coating

The use of organic polymer to modify the surface of Mg
alloys has the advantages of simple process and good cor-
rosion resistance, and can control polymer groups to achieve
better biocompatibility. Polymer materials such as polylac-
tic acid [103], polyglycolide [104], chitosan (CS) [105]
that have good biocompatibility and degradability are ideal
organic coating materials. Implantable organic polymer
coatings are widely recognized as a viable method for con-
trolling and directing cellular responses such as adhesion,
proliferation and differentiation [106].
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2.2.2.1 Chitosan Chitosan is a linear macromolecular poly-
saccharide obtained by deacetylation of chitin, and the sec-
ond most abundant biopolymer after cellulose [107]. Early
research has shown that CS and its derivatives exhibit anti-
bacterial activity against fungi [108], bacteria [109], and
viruses [110]. The antibacterial mechanism of CS involves
electrostatic interactions, plasma membrane damage, inter-
actions with DNA/RNA, metal chelation on chitosan and
deposition of microbial surfaces [111].

Wang et al. [112] carried out a mussel-inspired nano-
multilayered coating through PDA and CS assisted layer-
by-layer (LbL) assembly of biomimetic carbonated apatite
(CAp) and sliver nanoparticles on AZ31 alloy. Due to the
excellent antibacterial properties of Ag nanoparticles, good
osteoinduction of CAp [113] and biodegradability of CS, the
coating not only acts as a protective layer for the substrate,
but also shows good biological performance. It is reported
that the bacteria can complete the initial adhesion within
4 h and then form a biofilm to cause infection [114, 115].
Therefore, the initial antibacterial performance of the Mg
alloy surface coating is of great importance. The bacteria
used in antibacterial experiments are S. aureus and E. coli,
which are typical Gram-positive and Gram-negative bacte-
ria, respectively. The results showed that the antibacterial
rate of the outermost coatings with Ag@PDA against E. coli
and S. aureus was 94% and 83.3% after 4 h. After 4 h, the
antibacterial rates of AZ31 coated with CAp@PDA as the
outermost layer against E. coli and S. aureus reached 83.3%
and 91%, both exhibited good antibacterial properties. And
such coating overcomes the conflicts between antibacterial
property and biocompatibility, and provides deep insights
into surface versatile functionalization.

Cui et al. [116] produced a coating on AZ31 Mg alloy
by LbL assembly of CS and poly-L-glutamic acid (PGA).
The antibacterial properties of the samples against S. aureus
were evaluated by the zone of plate-counting method, whose
result shows that the obtained coating reduced the num-
ber of bacteria from 411+ 17 CFU on bare AZ31 alloy to
11+2 CFU. The main reason may be ascribed to the contact
of the coating surface with bacteria, which directly leads to
the death of bacteria [117].

2.2.2.2 Polyurethane Polyurethane (PU) has controllable
molecular structure and properties and is widely used in
various industries. In the field of biomedicine, PU is con-
sidered as a promising surface coating material because of
its good biocompatibility and biodegradability [118]. Wang
et al. [119] first synthesized polyethylene glycol (PEG)
chains and zwitterions (ZPU)-functionalized PU and then
applied them to the coating of Mg-based rods. The anti-
bacterial properties of PU come from the hydration barrier
formed by these PEG chains or ZPU groups. Therefore, they
used E. coli and P. aeruginosa to evaluate the antibacterial
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adhesion properties of PU samples. The results showed that
the number of bacterial cells absorbed on the GPU and ZPU
surfaces is much lower than that absorbed on the PU sur-
face, which indicates that functionalized PU exhibits good
anti-adhesive effects on bacteria.

2.2.2.3 Antibiotics Antibiotics are also used in the prepa-
ration of antibacterial coatings due to their excellent anti-
bacterial properties. The antibacterial coatings prepared by
typical antibiotics on the surface of Mg alloys are summa-
rized in Table 2. Common antibiotics are levofloxacin [120],
tetracycline [121, 122], penicillin, etc. Gentamicin sulfate
(GS) is an antibiotic widely used to prevent implant-related
infections [123]. Ji et al. [124] prepared a novel GS-induced
HAp coating on the surface of AZ31 Mg alloy by LbL
assembly method. The antibacterial property of the pattern
was evaluated by counting the number of colonies on the
sample. The sample containing gentamicin sulfate had a
surface bacteria number of 1+ 1 CFU, which was less than
538+ 16 CFU of AZ31 and 1659 +24 CFU of pure HAp.

A study by Ji et al. [125] successfully prepared a cipro-
floxacin (CIP)-loaded polymer multilayer film-induced HAp
coating on the surface of AZ31 Mg alloy by dip-LbL tech-
nique and hydrothermal treatment. The coating’s dense sheet
morphology and high crystalline apatite structure exhibit
great corrosion resistance. Furthermore, the CIP-loaded
coating has antibacterial properties against E. coli and S.
aureus [126], probably because the dense coating extends
the path of antibiotic release, and the CIP-coated coating
exhibits longer-lasting drug release characteristics, which
helps to enhance the long-term antimicrobial behavior of
Mg alloys.

2.2.2.4 Peptides Antimicrobial peptides (AMPs) are an
important part of the natural defense of most organisms
[127]. These peptides are broad-spectrum resistant to both
Gram-positive and Gram-negative bacteria [128]. In addi-
tion, a variety of human proteins and peptides also have

antibacterial activity and play an important role in the
immune system.

At present, there are few studies on the surface modifica-
tion of Mg alloys using peptides, but Chen et al. [129] have
successfully prepared antibacterial peptide coatings on the
surface of titanium alloys. They have designed Anchor-AMP
which can be directly assembled on the surface of biomate-
rials. Antibacterial experiments showed that Anchor-AMP
performed excellent antibacterial activity on the titanium
surface and inhibited 95.33% of E. coli and 96.67% of S.
aureus after 2.5 h. In addition, in vivo antibacterial results
showed that Anchor-AMP still exhibited a high inhibitory
effect on bacteria after 5 and 7 days, respectively, inhibiting
89.32% and 99.78% of S. aureus.

Anchor-AMP can be easily and directly assembled to the
surface of the material, and exhibits excellent antibacterial
properties in vivo and in vitro, which provides an idea for
the surface modification of biomedical Mg alloys. Based on
the advances in coatings preparation of biodegradable Mg
alloys [130], it is promising to apply antimicrobial peptides
to prepare antibacterial surfaces of Mg alloys in the future.

2.2.2.5 Tannic Acid Tannic acid (TA) is a water-soluble
polyphenol compound that can be extracted from fruits
such as grapes, and also from daily drinks such as tea or
red wine [131]. Because of its polyphenol structure, TA also
has antibacterial properties. The antibacterial mechanism
of TA may be their o-diphenol group enabling them to act
as iron chelator, thus depriving microorganisms of essen-
tial elements for life activities [132]. The hydroxyl group of
TA also has the ability to penetrate the bacterial cell wall,
thereby destroying the cytoplasmic membrane, increasing
the permeability of the cell membrane, and changing the
ratio of protein to lipid in the membrane [133, 134].

In our previous research, Cui et al. [135] prepared a
micro-arc oxidation (MAO) coating with phytic acid (PA)
and TA on the AZ31 Mg alloy. The coating exhibits good
corrosion resistance and antibacterial properties, and in
particular exhibits good biomimetic mineralization effects,

Table 2 Summary of antibiotic

N Antibiotic ~ Substrate Bacterial Method Coating Refs.
coating on Mg alloys
GS AZ31 S. aureus Dipping (PAA/GS),/PAA-HAp [124]
GS AZ31 S. aureus Dipping (PSS/GS),,(PSS/GS)g [148]
CIP AZ31 S. aureus/E. coli  Dipping/hydrothermal  (CIP/PAH),,/CIP-HAp [125]
Lev AZ31 S. epidermidis Dipping (PLGA-PCL)-Lev, HAp  [120]
TC AZ91D S. aureus Dipping CaP-TC [121]
TC Mg-6%Zn  E. coli/S. aureus  Dipping MZ-TC [122]
Van AZ31D E. coli MAO/sol-gel MAO/SA-Van [159]

GS gentamicin sulfate, PAA polyacrylic acid, PSS sodium 4-styrene sulfonate, CIP ciprofloxacin, PAH poly
(allylamine hydrochloride), HAp hydroxyapatite, Lev levofloxacin, PLGA poly(lactic-co-glycolic) acid,
PCL polycaprolactone, TC tetracycline, Van vancomycin, SA sodium alginate
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which helps to promote faster recovery and reduce medi-
cal burden on patients. The antibacterial mechanism of the
coating is mainly attributed to the antibacterial effect of TA.
On the one hand, the polyphenolic group of TA destroys
the stability and integrity of the bacterial cell wall and cell
membrane [136]. On the other hand, TA can chelate the
metal ions to reduce the activity of metalloenzymes, which
are essential for bacterial growth [137].

3 Methods for Preparing Antibacterial
Coating

Preparation of a suitable coating on the surface of Mg alloys
by surface modification is an effective way to improve the
antibacterial properties of biomedical Mg alloys [138]. The
adoption of suitable surface modification technology can
not only preserve the excellent properties of the biomedical
materials, but also prepare needed material surface accord-
ing to different clinical applications [139, 140].

3.1 Physical Antibacterial Methods

One strategy is to achieve the antibacterial purpose by
constructing a bionic surface without using antibacterial
agent. This process can also be called physical antibacte-
rial. The idea is mainly derived from the antibacterial effect
of sharkskin, which builds a surface similar to shark skin to
inhibit the initial adhesion of bacteria. Brennan et al. [141]
designed a surface microtopography based on shark skin on
poly(dimethylsiloxane) elastomer (PDMSe) Sharklet AF™.
They tested the effect of the surface on S. aureus film for-
mation, and the results showed that there was no evidence
of early biofilms colonization until day 21, suggesting that
the surface could disrupt the formation of bacterial biofilms
without using bactericide. A study performed by Miyazaki
et al. [142] also focused on the antibacterial properties of
shark skins. They prepared the surface of shark-like skin by
nanoimprinting and evaluated the antibacterial properties
of the samples by bacterial coverage. The results show that
in the circulating state, the surface of the sample will have
a longitudinal vortex effect so that the bacteria attached to
the surface will be removed, and the coverage of the bacteria
will be reduced. Sharklet micropatterns have been used to
inhibit the colonization and migration of common urinary
tract pathogens [143]. This process achieves this perfor-
mance only through physical surface modification without
the use of any antimicrobials.

3.2 Doped with Antibacterial Agent

Another antibacterial surface preparation idea is to prepare
a coating containing antibacterial agents or integrate them
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into Mg alloy, and achieve the antibacterial purpose through
the release of the antibacterial agent. The common methods
are as follows.

3.2.1 Layer-by-Layer Assembly

A large amount of antibacterial coatings is prepared using
LbL assembly techniques. LbL assembly technology is a
multifunctional coating technology first proposed by Decher
et al. in 1992 [144]. This method is completed by alternately
depositing oppositely charged polyelectrolytes on the sur-
face of a charged substrate. The function of the LbL film
is determined by the deposited components, and the thick-
ness of the film depends on the number of assembled [145].
LbL assembly can infiltrate bactericidal ingredients such as
metal ions or antibiotics into the multilayer film system, and
adjust the strength of the interaction between the compo-
nents according to actual needs. This allows the antibacterial
ingredient to be released into the human environment or to
stay firmly on the surface of the substrate to kill the bacteria
when in contact.

Zhao et al. [146] prepared polymethyltrimethoxysilane
(PMTMS)-silver nanoparticle coatings on the surface of
AZ31 Mg alloy by LbL assembly. When the number of
assembling layers is 5, the coating’s bacteriostatic rate
against S. aureus reaches 85%, showing good antibacterial
properties. Cui et al. [147] carried out a polyvinylpyrro-
lidone (PVP)/deoxyribonucleic acid (DNA) coating by LbL.
assembly, which reduced the self-corrosion current density
of the Mg alloy by an order of magnitude, indicating its good
corrosion resistance. Liu et al. [148] prepared polyelectro-
lyte and polysiloxane coatings on the surface of AZ31 Mg
alloy by LbL assembly. The composite coating significantly
improved the corrosion resistance of the Mg alloy. In addi-
tion, the number of bacteria on the surface of the sample
was reduced by 99% after 2 h of incubation, which means
its good antibacterial performance.

3.2.2 Micro-arc Oxidation with Ag, Cu, Zn

Micro-arc oxidation (MAQO), also known as plasma oxida-
tion, is a technology that produces a ceramic oxide coating
with high bonding strength, which can grow in situ on the
Mg substrate, and can improve the wear resistance, corro-
sion resistance, heat resistance, and electrical insulation of
the Mg alloys [149]. Coating formed by MAO shows many
pores and cracks, which is a, respectively, loose layer. Ren
et al. [150] prepared the silicon coating on the surface of
pure Mg by MAO and compared it with the silicon coat-
ing prepared by chemical conversion. The results showed
that due to the loose and porous structure of the MAO coat-
ing, the Mg substrate had many channels of contact with
the physiological solution, which allowed Mg to exert its
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antibacterial properties when exposed to the physiological
solution. The main antimicrobial mechanism may be that
degradation of the Mg substrate raises the pH of the solu-
tion, making it impossible for bacteria to survive normally
in a pH range (6.0-8.0) that maintains their cytoplasmic
structure and function [151]. For Mg alloy, single MAO has
no antibacterial effect. Therefore, antibacterial elements are
added in the process of MAO to improve the antibacterial
properties of Mg alloy.

Yan et al. [61] used a solution treatment method for
Mg-0.06Cu and prepared MAO coating on its surface. The
antibacterial experiment result shows that the antibacterial
efficacy (ABE) of as-solution alloy was higher than that of
the pure Mg, which indicates that the releasing of Cu** ions
was effective for antimicrobial use. The main sterilization
mechanism may be the increase in Cu>* and OH™ concen-
tration caused by Mg—0.06Cu degradation [152]. In general,
the addition of impurity elements such as Cu may reduce the
corrosion resistance of Mg alloys. However, in this study,
only a small amount of Cu was added and the surface treat-
ment of Mg alloy was performed by MAO. These two pro-
cesses can be seen as mutually restrictive effects, jointly
determining the properties of the alloy. In addition to exhib-
iting great antibacterial properties, the biodegradability and
biocompatibility of Mg-0.06Cu have also been improved.

Mehmet et al. [153] performed a MAO treatment on the
surface of the Mg—Sr—Ca ternary alloy. Note that, in order
to improve the antibacterial property of the material, they
added Ag-Hap nano-powder to the MAO solution. Chen
et al. [138] systematically studied the structure of MAO
coating containing Cu on Mg-2Zn-1Gd-0.5Zr alloy by
combining the good antibacterial property of Cu with the
good corrosion resistance of MAO coating. The results
revealed that the addition of Cu could further improve the
degradation resistance of MAO-coated alloy, and the anti-
bacterial rate reaches 96%.

3.2.3 Chemical Conversion

Chemical conversion is a low-cost and simple surface
modification technology. Conversion coating is usually
formed by the reaction between the solution and the sub-
strate. The bonds between them are chemical bond, so the
adhesion between the coating and the substrate is very
strong. Chromate conversion is a relatively mature chemi-
cal conversion method [154]; however, the introduction of
Cr®" ion is toxic [155], which is not conducive to the clini-
cal application of biomedical Mg alloy. Calcium phosphate
coatings are of special interest for biomedical application
in bone substitution and orthopedic materials, due to their
superior biocompatibility, high osteoconductivity, and low
toxicity in the physiological environment. However, the

formation of bacterial biofilm on the surface of HAp may
cause serious infection [156]. Therefore, several studies
have been carried out to improve the antibacterial proper-
ties of calcium phosphorus layers.

Yan et al. [157] studied a fluoride conversion coating,
which was prepared on AZ31B Mg alloy by chemical reac-
tion in hydrofluoric acid. The X-ray diffraction analysis
indicated that the coating was mainly composed of MgO
and MgF,. The antibacterial rate of fluoride-coated AZ31B
samples exceeds 99.99%, while that of the control 316L
stainless steel was 0%, indicating that the fluoride conver-
sion film could provide excellent antibacterial surface for
AZ31B. Hu et al. [158] carried out a Ag/HAp composite
coating via chemical conversion process on an extruded
Mg-27Zn-1Mn-0.5Ca Mg alloy. Due to the release of Ag
particles from the Ag/HAp composite coating, the Mg
alloy samples showed good inhibition against S. aureus.
Its bacteriostatic circle is about 14 mm in diameter.

3.2.4 Sol-Gel

The sol-gel method with the advantages of high purity
and good uniformity is also an effective method for pre-
paring films and coating materials. Du et al. [159] utilize
the electrostatic interaction between polyethyleneimines
to prepare vanamycin (Van)-loaded sodium alginate (SA)
hydrogel coatings on the surface of Mg alloys treated with
MAO. Due to the bactericidal ability of vancomycin, the
MgA/MAO/SA-Van coating showed a significant area of
inhibition against S. aureus and E. coli, indicating that the
sample has good antibacterial activity.

3.2.5 lon Implantation

Ion implantation uses the action of a high-voltage electric
field to ionize element atoms prepared in advance into
ions and inject them into the surface of Mg alloys. For
implants, this method can handle irregular samples and
is an effective way to improve the surface properties of
materials. Cheng et al. [160] successfully implanted Zr
and N ions into the AZ91 Mg alloy and formed a modified
layer with a thickness of about 80 nm on the surface of the
Mg alloy. Corrosion resistance test, antibacterial test and
cell compatibility test results revealed that the dual-ion
implantation of Zr and N not only enhanced the corrosion
resistance of AZ91 Mg alloy but also provided better anti-
bacterial properties. The possible antibacterial mechanism
is that ZrO, and ZrN are generated on the surface of the
Mg alloy, which makes it more hydrophobic and inhibits
initial bacterial adhesion [161].
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4 Challenges of Biodegradable Mg Alloys
in the Biomedical Field

4.1 Biocompatibility

Although the addition of antibacterial agents can improve
the antibacterial performance of Mg alloys, it is essen-
tial that biomedical implants should control the release of
metal ions below a threshold level. Under normal circum-
stances, the concentration of toxic element ions released
in the human body is extremely low and can be tolerated
below its threshold level, while excessive release in the
body will endanger human health [162]. Studies have sum-
marized the toxic dose of metal ions at 50% cell survival
rate (TD50) of bone-related cells (MC3T3E1 and MG63
cell lines) [163]. Mg is a mildly toxic element, while Ag,
Cu, and Zn are severely toxic elements. Therefore, special
attention should be paid to their biocompatibility when
using these metal ion antibacterial agents. The usual strat-
egy is to deposit a polymer coating on the surface of the
Mg alloy to form a composite antibacterial coating [164],
thereby promoting the controlled exposure of these metal
ions in the body and improving biocompatibility.

4.2 Corrosion Resistance

Under the physiological environment of chloride ion in the
human body, Mg alloys will rapidly corrode and degrade,
continue to produce hydrogen gas, produce large toxic and
side effects to the human body, and cause inflammation of
surrounding tissues [165]. Some Mg alloys containing anti-
bacterial elements use the biodegradability of Mg alloys to
release antibacterial metal ions for sterilization. However,
high degradation rate cannot well match tissue repair process
and may result in severe cytotoxicity [166]. Therefore, it is
meaningful to combine the corrosion resistance and antibac-
terial properties of biodegradable Mg alloys. The specific
test methods most commonly used were immersion tests,
polarization studies and impedance spectroscopy. Since the
degradation rate of Mg alloy is too fast, we usually hope to
improve its corrosion resistance so that it can work longer.
But that does not mean we want them to be permanent
implants. In many cases, the body needs only the temporary
presence of an implant or device, in which case materials
exhibiting biodegradability represent a better approach than
stable and inert ones. Researchers hope to control the degra-
dation rate of Mg alloys within a certain range, making them
comparable to tissue or bone healing. Such slow degradation
not only releases antibacterial substances for a long period of
time, but also produces Mg ions that promote bone growth
without compromising health [167].
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4.3 Long-Term Antibacterial Behavior

Drug delivery system with extended drug release profile is
an effective means for long-term treatment of bacterial infec-
tions. For coatings containing metal ion antibacterial agents,
too fast release of the antibacterial agent will not only produce
greater toxicity but also greatly shorten the life of the implant.
Although antibiotics have significant effects, they are highly
irritating and prone to allergic reactions. Therefore, research-
ers usually prepare porous morphologies on the surface of Mg
alloys or use zeolites, montmorillonite and other materials to
carry drugs to control the release rate. Another strategy is to
wrap the drug with a milder substance, forming a “capsule”.
Dong et al. [168] used electrospinning to prepare gelatin-
ciprofloxacin (Gel-Cip) nanofibers on the surface of Mg—Ca
alloy. The coating obtained a longer drug release time and had
no inhibitory influence on cell compatibility.

In addition to the above-mentioned performance needs to be
considered, the impact of Mg alloys on patient recovery speed
should also be paid attention to. The ideal implant should
have the ability to promote bone healing, prevent bacterial
adhesion and minimize prosthetic infection [169]. However,
some biomaterials with anti-adhesion properties have a strong
inhibitory effect on the adhesion of bacteria to the implant
surface, which will slow down the rate of tissue integration,
thereby increasing the patient’s recovery cycle and increasing
the risk of long-term infection [170]. But the biggest chal-
lenge is the release mechanism of antibacterial agents: passive
release. This prevents the antibacterial agent from remaining
in the biomaterial system for a sufficient period of time after
the implant enters the body. However, with the development
of new materials and technologies, the Lewis team discovered
anew antibiotic, Darobactin [171]. It can bind to the key outer
membrane proteins of bacteria, destroy the outer membrane of
bacteria and induce cell lysis. This specific bactericidal mecha-
nism will also bring new ideas and inspiration to the develop-
ment and application of antibacterial biomaterials.

5 Conclusions and Outlooks

This review focuses on the various antibacterial layers and
antibacterial mechanisms prepared on Mg alloys by different
methods. Existing antibacterial strategies are mainly by add-
ing antibacterial agents to the surface of Mg alloys to inhibit
the colonization and reproduction of bacteria, thereby reducing
the probability of infection and the risk of implant failure. In
addition, achieving the antibacterial properties of Mg alloys is
not limited to chemically based bactericidal methods. Physical
antibacterial methods may also work in this regard by construct-
ing bionic superhydrophobic or superslip surfaces. This pro-
cess inhibits the initial adhesion of bacteria and can effectively
prevent the formation of biofilms. In the future, this method of
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achieving antibacterial properties of materials without adding
antibacterial agents may attract more attention. In the long run,
the development and design of Mg alloy biomedical applica-
tions cannot be limited to antibacterial properties. Its corrosion
resistance, biocompatibility, drug release cycle and so on all
need systematic research. More consideration should be given
to the role of surface topography in the formation of antibacte-
rial or antifouling surfaces, especially at the nanoscale.
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