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Abstract: In recent decades, we have witnessed radical changes in the use of permanent biomaterials.
The intrinsic ability of magnesium (Mg) and its alloys to degrade without releasing toxic degradation
products has led to a vast range of applications in the biomedical field, including cardiovascular
stents, musculoskeletal, and orthopedic applications. With the use of biodegradable Mg biomate-
rials, patients would not suffer second surgery and surgical pain anymore. Be that as it may, the
main drawbacks of these biomaterials are the high corrosion rate and unexpected degradation in
physiological environments. Since biodegradable Mg-based implants are expected to show control-
lable degradation and match the requirements of specific applications, various techniques, such as
designing a magnesium alloy and modifying the surface characteristics, are employed to tailor the
degradation rate. In this paper, some fundamentals and particular aspects of magnesium degradation
in physiological environments are summarized, and approaches to control the degradation behavior
of Mg-based biomaterials are presented.

Keywords: magnesium; biodegradability; biomaterials; degradation

1. Introduction

It has been a long time since metallic biomaterials gained clinical significance [1].
Biomaterials are expected to be biocompatible in the human body’s internal environment
containing aggressive ions. Some researchers, as a result, suggest using permanent metallic
biomaterials, such as Ti-based alloys, CoCr alloys, and stainless steel [2–5]. These biomate-
rials are excellent choices for various medical applications, as they show high corrosion
resistance, high strength [6], high hardness [7], and high fracture toughness [8]. On the
other hand, the elastic modulus of most orthopedic implants made of these materials is
greater than that of the natural bone, resulting in the stress-shielding phenomenon [9,10].
Several ions released from permanent biomaterials can also deteriorate biocompatibility.
They may either be removed through a second surgery or remain in the human body; ac-
cordingly, several permanent biomaterials used in the market do not meet the requirements
of the patient, leading to the development of degradable biomaterials [11].

Nowadays, degradable biomaterials play a crucial role in therapeutics, as they offer a
steady resorption rate and, consequently, the best healing process. After providing adequate
biomechanical support, resorbable biomaterials degrade gradually with no residues [12–14].
They fulfill the mission of promoting the healing process before being replaced by the host
tissue [15,16]. No secondary operation is required, thereby eliminating the morbidity of the
patient, extra costs, and the risk of new symptoms [17]. The reduction of mechanical support
following the degradation process leads to transferring the loads from the orthopedic
implants to the bones, thereby plummeting the risk of the reduction in bone density [18].
Even though bioresorbable polymers are candidate materials in tissue engineering and drug
delivery, biodegradable metallic biomaterials offer an enhanced alternative for load-bearing
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applications [19,20]. Therefore, biodegradable metallic biomaterials are much more suited
for use in load-bearing medical devices [21].

The most well-known biodegradable metals are iron (Fe), zinc (Zn), and magnesium
(Mg), all of which are essential nutrients for human health [22,23]. The mechanical prop-
erties of Fe are the closest to that of a traditional permanent metallic implant, and its
degradation rate is remarkably slow. Much as the degradation rate of Zn is moderate, the
ductility and strength of this metal are low [24,25]. Studies following the implantation of
Mg biomaterials indicate that the biocompatibility of Mg is desirable, and the degradation
products of Mg can cause no disorder, inflammation, or allergic reactions to the human
body [26–30]. However, the high corrosion rate, unexpected degradation, and structural
failure of Mg-based biomaterials may trigger implant failure in some cases [31]. Numerous
techniques, hence, have been utilized to alleviate such problems. The most important
methods are adding non-toxic alloying elements to pure Mg and modifying the surface
of these biomaterials [32–35]. By taking these methods into consideration, Mg-based bio-
materials can be designed to degrade in a tailored behavior at different degradation rates
to suit the requirements of a specific biomaterial for various applications [36–38]. This
review article mainly focuses on the degradation behavior of Mg and its alloys for different
biomedical applications.

2. Biodegradation Behavior of Magnesium-Based Materials

As a biodegradable material, magnesium oxidizes in contact with water on the grounds
that the standard electrode potential of −2.372 V contributes to low corrosion resistance
compared to other metals [39]. In the absence of water, an oxide film of MgO forms on
the surface of Mg at room temperature (Equation (1)) [40]. Owing to this formed film,
Mg indicates higher corrosion resistance in dry air. The thickness of this film is about
2.65 nm after one minute of exposure time to air [41]. Humidity can convert MgO film to
Mg(OH)2 layer that is stable in pH values higher than 7 (Equation (2)) [42]. Both of these
films on the surface of Mg are partly soluble in water; for this reason, they cannot protect
the surface of Mg in acidic and neutral solutions. In contrast to MgO, Mg(OH)2, which
is slightly soluble, precipitates on the surface of Mg and causes the alkaline pH shift of
the solution.

Mg +
1
2

O2 → MgO (1)

MgO + H2O→Mg(OH)2 (2)

Magnesium degradation in aqueous media begins with an anodic partial reaction:
Mg loses two electrons to form Mg2+ Equation (3). As electrons are neither created nor
destroyed in a chemical reaction, H2O gains these electrons to produce hydrogen gases and
hydroxide ions Equation (4), resulting in the production of gas cavities and an increase in the
pH of the solution in the surrounding tissues. Note that the overall reaction, Equation (5),
yields one molecule of H2 for each atom of Mg dissolved. Finally, following this chemical
reaction, a partially protective film forms on the surface of Mg, which limits the further
migration of ions [43,44]. However, the production of hydrogen gases at the corrosion sites
triggers the split of the deposited Mg(OH)2 precipitations from the surface and therefore
prevents the formation of a uniform Mg(OH)2 film on the surface of Mg. The degradation
of Mg is not, as a result, self-inhibited, and it continues until the complete degradation of
the substrate [40,45,46].

Oxidation reaction: Mg→Mg2+ + 2e− (3)

Reduction reaction: 2H2O + 2e− → 2OH− + H2 (4)

Product formation: Mg (s) + 2H2O (l)→Mg(OH)2 (s) + H2 (g) (5)

Based on the Pourbaix diagram for the Mg–H2O system at 25 ◦C, all domains of
stability of Mg are below that of H2O; accordingly, Mg is a base metal and a reducing agent.
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This metal is significantly susceptible to corrosion in most inorganic acidic, neutral, and
slightly alkaline solutions with a speed that decreases as the pH level increases [47]. In other
words, Mg has a high affinity to react with H2O at different pH. At low pH levels, the
corrosion potential matches the region where hydrogen is stable, resulting in the production
of hydrogen gas [48]. At a pH level between 8.5 and 11.5, a protective layer of oxide or
hydroxide forms on the surface of Mg. While in the presence of alkaline solutions, this
metal is covered in an Mg(OH)2 layer, which protects it from fast corrosion. In fact, the
corrosion resistance of magnesium and its alloys is closely linked to the passive layer [49].

As mentioned above, the formed magnesium hydroxide layer cannot preserve the sur-
face of Mg from rapid corrosion, especially in an environment that contains a considerable
amount of chloride ions. The reason for this is that Mg(OH)2 is converted into more soluble
MgCl2, and the dissolution of Mg(OH)2 film accelerates the dissolution process [45,50].
The reactions can be expressed as below:

Mg + 2Cl− →MgCl2 (6)

Mg(OH)2 + 2Cl− →MgCl2 + 2OH− (7)

It is noteworthy that, in a solution containing HCO3
− and HPO4

2−, the corrosion
products also consist of Mg/Ca carbonates and phosphates that might increase the pre-
cipitations on the surface of Mg, thereby decreasing the degradation rate of Mg-based
materials. The reactions are presented as follows:

Mg2+ (or Ca2+) + OH− + HCO3
− + (n − 1) H2O→Mg (or Ca) CO3·nH2O (8)

3Mg2+ (or Ca2+) + 2OH− +2HPO4
2− + (n − 2) H2O→Mg3 (or Ca)(PO4)2·nH2O (9)

The distribution of degradation products of Mg is hardly uniform during the degra-
dation process. Whereas Ca3(PO4)2 may appear preferentially, Mg3(PO4)2 may locate
homogeneously at the corrosion sites. The main reason for this is that a large concentration
of Mg ions avoids the nucleation of Ca3(PO4)2 [51,52]; it is, as a consequence, easier for
Mg3(PO4)2 to precipitate all over the surface. Following the coverage of the Mg surface with
a protective layer of Mg3(PO4)2, the nucleation of Ca3(PO4)2 occurs, and a non-uniform
distribution of Ca3(PO4)2 forms at the product layer [51]. Finally, the complete degradation
of Mg is caused by the equilibrium between the production and dissolution of degradation
products, besides the conversion of the active layer into a passive one [25].

3. Mg Corrosion in Simulated Body Environments

One of the most important factors in evaluating the degradation behavior of magnesium-
based biomaterials is finding a suitable physiological fluid, as the degradation rate of these
biomaterials differs significantly in various types of simulated body fluids. To simulate
a human body environment, different media, notably physiological saline (0.9% NaCl)
solution, Ringer’s solution (RS), phosphate-buffered saline (PBS), simulated body fluid
(SBF), Hank’s balanced salt solution (HBSS), Earle’s balanced salt solution (EBSS), and
Dulbecco’s Modified Eagle medium (DMEM), are widely used. Each simulated body
solution contains a specific amount of components that could trigger the formation of
different degradation products, pathways, and mechanisms [53]. By way of illustration,
the degradation product layer formed on the surface of Mg exposed to Ringer’s solution
mainly consists of magnesium calcite and brucite, as opposed to the layer formed on the
surface of Mg immersed in Hank’s solution, which included calcium phosphate, calcite,
and brucite [54]. However, an XPS investigation carried out on the surface of Mg revealed
that the same components, including MgO, Mg(OH)2, and MgCO3, were formed after
exposure to SBF, HBSS, and DMEM [55].

By and large, a suitable simulated body solution ought to consist of three main parts:
inorganic salts, buffering systems, and organic elements. To measure the degradation
behavior of Mg and its alloys, physiological saline (0.9% NaCl) solution was used in
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several studies, most of which showed a striking difference between in vitro and in vivo
results [56], compared to SBF and HBSS that indicated more reliable results [57]. RS is
a solution with at least three different recipes: with lactate, with HCO3

−, and without
HCO3

− [58]. The composition of this solution is not well-defined for corrosion testing of
metallic implants [59], resulting in substantially different corrosion resistance. In most
cases, the corrosion rate would be high due to the insufficient inorganic ions in Ringer’s
solution, as opposed to interstitial and human body fluids. In the case of magnesium, the
corrosion rate would decelerate owing to the combination of HCO3

−, Ca2+, and alkaline
pH at the Mg interface, which forms CaCO3 [60].

Despite the fact that PBS has been extensively used as the corrosion testing medium
of Mg and its alloys [61–64], it is not generally a suitable solution to simulate or predict
the in vivo degradation behavior of Mg, since phosphate with Mg2+ can create insoluble
precipitation on the surface of the metal, which can produce inaccurate results [53,65].
Mena-Morcillo et al. [66] investigated the degradation of AZ31 and AZ91 Mg alloys in SBF,
Hanks’, and Ringer’s solutions. They found out that the corrosion products precipitated
on the surface of Mg alloys in Hanks’ media showed higher stability compared to SBF
and Ringer’s solutions; as a result, those Mg alloys exposed to Hanks’ media were less
affected. SBF, HBSS, and EBSS mainly include similar inorganic components with slightly
different concentrations [67]. Although SBF has been used to test the apatite-forming
ability of biomaterials [68,69], the absence of organic compounds makes it difficult to obtain
accurate results, in that the degradation performance of Mg and its alloys is considerably
different under the cell culture environment [70,71]. Moreover, in different studies in
which the corrosion rate of pure Mg was assessed in SBF, radically different results were
obtained [48,72–75], reducing the popularity of this solution for corrosion testing. HBSS is
reported to be simple compared to DMEM, which contains organic components [76]. In a
recent study, pure Mg was exposed to SBF, HBSS, and DMEM under cell culture conditions
with CO2 gassing. The results indicated that SBF- and DMEM- based media indicated
a higher buffering capacity than HBSS, and the degradation rate of Mg was highest in
HBSS [76]. In another research study, the corrosion rate of pure Mg exposed to HBSS was
very high [77].

EBSS has been used widely for in vitro testing of Mg and its alloys [78–81]. It is
believed that the degradation rate of Mg biomaterials in EBSS is comparable to in vivo
conditions [82–86]. Walker et al. [87] immersed pure Mg and five Mg alloys in EBSS, MEM,
and MEM-containing BSA (MEMp) and implanted the samples in Lewis rats. After 21 days,
the results indicated that the corrosion rate of samples immersed in EBSS buffered with
sodium bicarbonate was similar to that obtained in vivo. In addition to EBSS, cell culture
media, such as DMEM and MEM, are preferable to investigate the corrosion behavior of
Mg-based biomaterials [88–90].

Another crucial factor in simulated body solutions is the buffering system. A natural
buffer system, which consists of plasma protein buffers, HPO4

2−, and HCO3
−, controls

the pH level in the human body [91,92]; by the same token, an appropriate buffering
system can control the pH of a buffer solution. NaHCO3/CO2 buffer, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and Tris-HCl (Tris Hydrochloride) are the most
frequently used buffers for in vitro studies of Mg [37,84,93]. HEPES buffer increases Mg
corrosion by a factor of up to four times compared to NaHCO3 buffering alone in DMEM,
EBSS, and simple salt solutions under the same conditions [94]. HEPES in testing solutions
affects the nucleation process and reduces the formation of carbonate and phosphate
in the degradation layer; in this way, the protective layer on Mg is destabilized, a less
dense degradation layer is produced, and the progressive diffusion of aggressive ions
is allowed [95,96]. Besides that, HEPES is reported to be a selective dissolution of Ca-
containing phases on glass-ceramics. When pure Mg is exposed to Tris-HCl Buffer in SBF,
it is more sensitive to pitting corrosion. For one thing, Tris-HCl prevents the formation
of corrosion products on the surface of Mg alloy. For another thing, Tris increases the
degradation rate of pure Mg by a factor of ten during earlier stage exposure. The presence
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of Tris-HCl buffer in simulated body fluid makes pure Mg extremely susceptible to pitting
corrosion [93].

Unlike Tris and HEPES, the HCO3
−/CO2 buffering system is preferred for in vitro

assays on the grounds of the similarity to the regulation of the pH of the body. CO2 in the
testing system not only promotes the formation of carbonate on the surface of Mg but also
triggers a stable pH through the equilibrium of HCO3

−/CO2. A carbonated film formed in
the presence of CO2 under aqueous conditions is thicker than an Mg(OH)2 film formed
in the absence of CO2, thereby decelerating the degradation rate [53]. Törne et al. [97]
compared the effect of HEPES and HCO3

−/CO2 on the degradation of Mg. They found out
that m-SBF(HEPES) increased the corrosion rate of Mg, whereas the corrosion mechanism
of Mg in m-SBF(CO2) was similar to in vivo corrosion mechanism.

A number of cell culture media with small molecule organic compounds and proteins
have been designed to evaluate the corrosion behavior of Mg. With the appearance of
these compounds in the solutions, the complexity of corrosive media increases because
the corrosive media resembles the real body fluid more closely. The corrosion resistance
of Mg, in most cases, could increase [60]. Yan et al. [98] evaluated the synergistic effects
of protein and glucose on the degradation of Mg. They reported that the degradation of
Mg was inhibited significantly, as the synergistic effect of protein and glucose limited the
adsorption of aggressive Cl− to a certain extent.

An investigation assessed the stress-corrosion-cracking susceptibility of Mg–1Zn alloy
in PBS, bovine calf serum (BCS), modified simulated body fluid (m-SBF), and DMEM
as a case in point [99]. It was reported that those samples immersed in PBS showed
serious pitting corrosion, whereas those samples exposed to BCS and DMEM indicated
higher resistance to corrosion. In another research, Mei et al. studied the corrosion of
Mg exposed to albumin-containing HBSS. It was demonstrated that the presence of BSA
resulted in rapid corrosion of pure Mg as the formation of the protective film on the surface
of corroded Mg decelerated during the first hours of immersion [90]. One of the reasons
behind these results may be the influence of organic compounds on the degradation product
layer. Hou et al. [100] chose fetal bovine serum (FBS), L-alanyl-L-glutamine (L-Ala-LGln),
L-glutamine (L-Gln), and L-ascorbic acid (L-AA) to illustrate the influence of organic
molecules on the degradation behavior of pure magnesium under cell culture conditions.
It was found that organic components have a major influence on the formation of the
degradation layer. In the “inner” layer, the addition of organic components promoted
the formation of phosphate (Mg–PO4 and Ca–P salts) during immersion; conversely, in
the “outer” layer, these components assisted the precipitation of nesquehonite rather than
hydromagnesite. However, the effects of many other organic compounds and proteins on
the degradation behavior of Mg have yet to be explored.

4. Current Status of Mg-Based Biomaterials

Biomaterials, ideally, ought to degrade following tissue healing, and, furthermore, the
biodegradation process should have no adverse effects on human health. Magnesium as a
biodegradable material can play an important role in the biomedical field. Be that as it may,
the degradation of untreated Mg in the physiological environment would indicate a high
degradation rate, hydrogen evolution, and an increase in the pH of local tissues, which
could harm surrounding tissues [101–104]. Accordingly, Mg resorption must be controlled,
normally, by introducing particular alloying elements to magnesium and modifying the
surface of biomaterials. Using these techniques, modified Mg-based devices can be utilized
for cardiovascular [105–108], musculoskeletal, and orthopedic applications [109–111]. It can
also be used in other oral and general applications [112].

4.1. Selection of Alloying Elements for Controlling the Degradation Behavior

The addition of alloying elements has a direct influence on the degradation behavior
of Mg biomaterials. A case in point is the degradation rate of ZJ41 Mg alloy, which is very
fast compared to AZ31 Mg alloy [113]. By and large, the design of Mg-based biomaterials
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needs meticulous care. For one thing, alloying elements might react with magnesium and
create intermetallic phases, which dissolve in the Mg matrix or distribute along the grain
boundaries, leading to different microstructures and degradation rates [114]. For another
thing, the metallic ions released from Mg alloys must be biocompatible. Considering
these two factors, we deem that the most popular alloying elements for Mg are calcium
(Ca), zinc (Zn), manganese (Mn), strontium (Sr), lithium (Li), zirconium (Zr), yttrium (Y),
and aluminum (Al). The effect of these alloying elements on the degradation of Mg is
summarized in Table 1.

Table 1. Summary of the effect of most common alloying elements on the degradation behavior of
Mg alloys.

Mineral Effect on Degradation Behavior References

Ca Ca concentration in magnesium alloys should be less than ~1 wt.%; excessive addition of
calcium in pure magnesium deteriorating corrosion resistance. [115,116]

Zn Improving corrosion resistance of Mg alloys mostly at a content below ~5 wt.%. [117–119]

Mn Improving corrosion resistance by decreasing impurities with a small quantity
(less than ~1 wt.%) of Mn addition. [120]

Sr The effect on corrosion resistance; optimum content below ~2 wt.%. [121]

Li Improving corrosion resistance at a concentration less than ~9 wt.% in pure Mg; reducing
corrosion resistance with higher Li addition. [122]

Zr Zr content below ~2 wt.% improving the corrosion resistance. [123]

REEs Generally enhancing the corrosion resistance of Mg alloys. The corrosion resistance of
Mg–light REE alloys was normally better compared to Mg–heavy REE alloys. [124–126]

Al With increasing Al-content (the maximum is reached at solubility limit of 12.7 wt.% Al),
the corrosion rate of homogeneous α-phase decreases. [127]

Ca is the main part of human bones and is vital for the life of human beings [128]. Ca
is mainly found in bones and teeth [129–131]. The release of calcium ions regulates the
activation of osteoclasts and osteoblasts, thereby facilitating bone regeneration in vitro and
in vivo [132,133]. The addition of this element to magnesium alloys can enhance the cor-
rosion resistance, mechanical properties, microstructure, and electrochemical behavior of
Mg–Ca alloys [134–136]. Ca has an impact on the development of texture during rolling or ex-
trusion, causing weaker textures without a strong alignment of basal planes. Such textures
are known to show lower anisotropic mechanical behavior and also higher ductility [137].
The in vitro and in vivo degradation behavior of binary Mg–xCa alloy (x = 0.5 or 5.0 wt.%)
was determined by Makkar et al. [116]. The in vitro study showed that the degradation
rate differed linearly, with the Ca content indicating higher degradation, increased pH,
and more hydrogen gas evolution in Mg–5.0Ca alloy. Moreover, in vivo studies revealed
rapid degradation, prolonged inflammation, and higher initial corrosion rate in Mg–5.0Ca
compared to Mg–0.5Ca alloy.

Zinc is an essential trace element that people need to stay healthy. This element
can help in the normal functions of many enzymes, the normal growth of gonads, the
treatment of bacterial infections, the improvement of cognitive abilities, neurotransmission,
and synapse formation [138–140]. Studies have indicated that Mg–Zn alloys possess great
mechanical properties, biocompatibility, and higher corrosion resistance [141]. Apart from
that, the addition of Zn to Mg alloys can significantly reduce H2 evolution [142,143].
However, depending on the Zn content in binary Mg–Zn alloys and the phase distribution,
the corrosion resistance of Mg–Zn alloys extensively differs. Zhang et al. [144] implanted
Mg–6Zn alloy rods in the body of rabbits. The results indicated that the Mg alloy could
be gradually absorbed in vivo at the degradation rate of 2.32 mm/yr, obtained by the
weight-loss technique, with no disorders of the heart, liver, kidney, and spleen. Also, six
weeks after implantation, subcutaneous H2 gas accumulated by the degradation of the
alloys disappeared without discernable adverse influences.

In the human body, Mn is required for the normal functionality of the brain, nervous
system, enzyme, and cellular homeostasis [145–147]. In Mg alloy implants, Mn plays the
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role of enhancing the corrosion resistance of the alloys without deteriorating mechanical
integrity [148] Yu et al. [149] investigated the texture, microstructure, and mechanical
properties of Mg–3Mn alloys. It was indicated that the samples showed weakened basal
texture, refined microstructure, good yield strength, and high tensile elongation.

Strontium is considered one of the potential candidates for orthopedic applications in
that this element can promote the growth of osteoblast cells [150–152]. A certain amount of
Sr in Mg alloys can enhance the corrosion resistance [153] and mechanical strength of the
alloys [154]. Jiang et al. [155] examined the degradation performance and biocompatibility
of four binary MgSr alloys (Mg–xSr, x = 0.2, 0.5, 1, and 2 wt.%), together with four ternary
MgCaSr alloys (Mg–1Ca–xSr, x = 0.2, 0.5, 1, and 2 wt.%) through direct culture with bone-
marrow-derived mesenchymal stem cells (BMSCs). It was indicated that Mg–1Sr and
Mg–2Sr alloys showed the lowest degradation rates in comparison with the other binary
MgSr and ternary MgCaSr alloys. Ternary MgCaSr alloys revealed an enhanced BMSC
adhesion on their surfaces in comparison with binary MgSr alloys, except for Mg–1Ca–0.2Sr
alloy. Furthermore, Mg–1Sr, Mg–1Ca–0.5Sr, and Mg–1Ca–1Sr alloys presented the best
performance concerning the degradation and BMSC performances between the above
mentioned alloys.

Chen et al. [156] prepared Mg–2Sr–Zn and Mg–2Sr–Ca alloys and then investigated
their degradation behavior. In this study the addition of Zn and Ca improved the in vitro
and in vivo corrosion resistance compared to the binary Mg–2Sr alloys. While the in vivo
corrosion rates for Mg–2Sr–Zn and for Mg–2Sr–Ca were 0.85 mm/year and 1.10 mm/year,
this one for Mg–2Sr was 1.37 mm/year. The degradation of these rods via the three-
dimensional reconstruction of the femora with implants and two-dimensional cross-sectional
micro-CT images is shown in Figure 1. As is demonstrated, one week after implantation,
localized degradation of the biomaterials at the surface of the rod can be seen in both tra-
becular and cortical bone areas. In the bone-marrow-cavity region, more rapid degradation
occurred compared with the distal regions. Moreover, the in vivo degradation of rods made
of Mg–2Sr–Ca alloy was faster than that of Mg–2Sr–Zn alloy rods.

Although lithium is not officially considered a micronutrient [157], it is remarkably
effective against a wide spectrum of bacteria and has potent immune-stimulating capabili-
ties [158]. It is said that lithium can be utilized as a promising bioactive element so as to
promote the osteogenesis process because Li-based scaffolds could improve bone regenera-
tion and stimulate bone-marrow mesenchymal stem cells’ osteogenesis [159]. This element
is used as augmentation therapy for depression and as a typical mood stabilizer for the
treatment of bipolar disorder [160]. While low Li could reduce life expectancy, cause
problems in behavior, impair the reproductive function of the organism, and slow down
the growth of the cells, high doses might trigger intoxication and result in pathological
functional changes of individual organs or body systems [161]. The addition of Li in Mg
alloys facilitates the activation of the prismatic slips and enhances the microstructures of
Mg–Li alloys [36,162]. The most prominent properties of the Mg–Li alloys are their superior
ductility and formability, which make them a great candidate for cardiovascular stent
applications. Zhou et al. [163] studied Mg–3.5Li and Mg–8.5Li binary alloys to evaluate
their degradation behavior for cardiovascular stent application. However, the strength of
Mg–Li binary alloys was not adequate, owing to the presence of Li. Accordingly, Al and
REEs were added to produce Mg–Li–Al ternary and Mg–Li–Al–RE quarternary alloys. The
results of cytotoxicity tests revealed that the Mg–3.5Li–2Al–2RE, Mg–3.5Li–4Al–2RE, and
Mg–8.5Li–2Al–2RE alloys suppressed vascular smooth-muscle cell proliferation five days
post-incubation, whereas the Mg–3.5Li, Mg–8.5Li, and Mg–8.5Li–1Al alloys did not cause
any problems. The Mg–Li-based alloys in the case of human umbilical vein endothelial
cells indicated no considerable reduction in cell viabilities except for the Mg–8.5Li–2Al–2RE
alloy, with no clear contrasts in cell viability between various culture periods.



Bioengineering 2022, 9, 107 8 of 20Bioengineering 2022, 9, x FOR PEER REVIEW 8 of 20 
 

 
Figure 1. Three-dimensional reconstruction of the femora of mice, intramedullary Mg–2Sr–Zn and 
Mg–2Sr–Ca pins and two-dimensional cross-sectional images of the femora of mice in various places 
after surgery, corresponding to the straight black lines with embedded Mg–2Sr–Zn and Mg–2Sr–Ca 
pins (white arrows) at various post-operation time points. (a) The proximal part of the distal femur, 
(b) middle part of the distal femur, and (c) distal part of the distal femur. The bar length is 1.0 mm. 
As is indicated, localized degradation of the bio-materials at the surface of the rod can be seen in 
both trabecular and cortical bone regions one week after implantation. In the bone-marrow-cavity 
area, more rapid degradation was found in comparison with the distal areas, and the in vivo degra-
dation of Mg–2Sr–Ca alloy rods was faster than that of Mg–2Sr–Zn alloy rods. Reprinted with per-
mission from ref. [156]. Copyright 2020, KeAi. [156].  

Figure 1. Three-dimensional reconstruction of the femora of mice, intramedullary Mg–2Sr–Zn and
Mg–2Sr–Ca pins and two-dimensional cross-sectional images of the femora of mice in various places
after surgery, corresponding to the straight black lines with embedded Mg–2Sr–Zn and Mg–2Sr–Ca
pins (white arrows) at various post-operation time points. (a) The proximal part of the distal femur,
(b) middle part of the distal femur, and (c) distal part of the distal femur. The bar length is 1.0 mm.
As is indicated, localized degradation of the bio-materials at the surface of the rod can be seen in both
trabecular and cortical bone regions one week after implantation. In the bone-marrow-cavity area,
more rapid degradation was found in comparison with the distal areas, and the in vivo degradation
of Mg–2Sr–Ca alloy rods was faster than that of Mg–2Sr–Zn alloy rods. Reprinted with permission
from Ref. [156]. Copyright 2020, KeAi. [156].
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In a number of studies, it has been shown that Zr presents desirable osteocompatibility,
biocompatibility, corrosion resistance, and low ionic cytotoxicity [164–166]. The addition of
Zr into Mg alloys can effectively refine the Mg grain size [164]. Mg alloys containing Zr
often show good damping properties, lower hot-cracking tendency, corrosion resistance,
and mechanical property [167]. Sayari et al. [168] investigated the effect of 0.7 wt.% Zr
addition on the superplastic behavior and microstructure of extruded Mg. They found that
the Mg–0.7Zr alloy indicated superplastic behavior after moderate deformation imposed
by the extrusion process for all improved strength. They also reported that a bimodal
microstructure was developed and the grain size was decreased due to the addition of Zr.

Extensive use of REEs is reported to impact human health [169]; however, several
studies have shown the antibacterial and antifungal activities of these elements [170,171].
In Mg alloys, REEs have indicated great potential in improving formability, enhancing
ductility, weakening sharp basal textures, and refining grains [172]. REEs also could
improve the corrosion resistance of Mg alloys, as a stable corrosion product layer could be
formed on the surface of Mg [173]. Azzeddine et al. [174] studied the corrosion behavior
of Mg–1.43La, Mg–1.44Nd, Mg–0.63Gd, Mg–0.41Dy, and Mg–0.3Ce (wt.%) alloys. It was
shown that the corrosion resistance of the alloys was decreasing in the following order: Mg–
0.41Dy, Mg–0.63Gd, Mg–0.3Ce, Mg–1.44Nd, and Mg–1.43La. It is reported that the presence
of a high fraction of the Mg12La phase acted as an anodic phase along the grain boundaries
in the Mg–1.43La alloy and triggered severe pitting corrosion, while the formation of the
Dy2O3 oxide inhibited the Mg–0.41Dy alloy from pitting corrosion and led to high corrosion
resistance. In another study, Liu et al. [125] individually added sixteen types of REEs into
pure Mg to compare the impact of each type of REEs on the corrosion behavior, mechanical
property, microstructure, and biocompatibility of Mg materials. The results indicated
that the addition of various REEs with suitable concentrations into Mg could enhance the
general behavior of Mg from several aspects. The corrosion resistance of Mg–light REE
alloys was enhanced compared to Mg–heavy REE alloys. The mechanical properties of
Mg–RE binary alloys were significantly adjusted, and Mg–RE sample alloys indicated no
cytotoxic influence on MC3T3-E1 cells.

While Al was believed to be nontoxic, recent studies indicate that this metal can nega-
tively affect human health, such as brain diseases (multiple sclerosis, Parkinson’s disease,
and Alzheimer’s disease) [175–177]. Moreover, it could disrupt the pro-oxidant/antioxidant
balance in tissues resulting in physiological and biochemical dysfunctions on the grounds of
an excessive reactive oxygen species generation [178]. Al, however, has the most favorable
influence on Mg alloys. It can enhance corrosion resistance, fatigue strength, castability,
and hardness [179–182].

4.2. Surface Treatment for Controlling the Biodegradation Behavior of Mg and Its Alloys

Surface modification is a major approach to decelerate the degradation of Mg alloys for
cardiovascular applications [101,183]. A shining example is AZ31 coronary stents laser-cut,
acid pickled, and dip-coated in the solution of PCL with 1% TiO2. In this research, the
degradation rate of AZ31 uncoated control stents was higher than AZ31 coated stents.
While uncoated stents in flowing Hank’s solution lost ∼27% in weight, coated stents lost
only ∼9% in weight after four weeks of dynamic degradation [184]. For cardiovascular
applications, drug-eluting coatings might reduce the incidence of restenosis and optimize
the corrosion profiles of Mg substrate. Tang et al. [185] applied paclitaxel incorporated
in poly (trimethylene carbonate) on the surface of Mg. This coating, which was uniform,
gradually degraded from surface to inside and provided long-term protection; as a result,
it could be a good candidate as a drug-eluting coating for Mg-based stents. In another
research, an asymmetric coating consisting of an inner PEI single layer and an outer
sirolimus-loaded PLGA/PEI double layer was developed on the surface of the WE43 Mg-
alloy stent. It was shown that the PEI coating layer had desirable adhesiveness to the surface
of the substrate and significantly enhanced in vitro endothelial cell compatibility and the
corrosion resistance of the Mg alloy, whereas the PLGA/PEI double-coating layer ensured
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a stable surface morphology and a low release rate of sirolimus during the drug-release
process; therefore, this system could have the potential to suppress in-stent restenosis and
improve re-endothelialization in vascular stent applications [186]. Chen et al. [187] applied
a rapamycin-eluting polymer coating on the surface of biodegradable Mg–Nd–Zn–Zr alloy
stents. An in vivo test of the optimized coated stents was performed in the iliac artery
of New Zealand white rabbit with quantitative coronary angiography, optical coherence
tomography, and micro-CT observation at one-, three-, and five-month follow-ups (Figure 2).
According to angiography exams, neither early in-scaffold restenosis nor thrombus was
observed, and the coated stents allowed for arterial healing and supported the vessel
effectively before degradation. Regarding optical coherence tomography, strut embedding
into the vessel wall and endothelialization occurred at one-month post-implantation. The
following optical coherence tomography observation indicated that the attenuations of
signal around the edges of the struts remained sharp and the lumen area increased by
three months. As can be seen in micro-computed tomography scanning of the entire
scaffolded-segments vessels, the degradation process of the coated stent was insignificant
at one month, whereas, after five months the mechanical integrity was lost and the stent
degraded significantly. Finally, these results revealed that the degradation of this stent was
layer by layer from the outside to the inside.

Generally, an ideal stent needs to fulfill not only anti-restenosis and fast endothelializa-
tion but also anti-inflammation and suitable durability. By way of illustration, Ye et al. [188]
fabricated a multifunctional stent by using atorvastatin calcium (ATVC) loaded into the
surface-eroding poly (1,3-trimethylene carbonate) (PTMC) on the surface of AZ31 wire
to obtain vascular remodeling, target drug delivery, and well-controllable degradation
performance. They indicated that the degradation rate of the coated Mg was reduced
in the microfluidic-chip, electrochemical, in vitro, and in vivo tests. The in vivo rat test
showed that the PTMC–ATVC coating reduced intimal hyperplasia and inflammation and
regulated endothelial and smooth muscle cells. Moreover, the target atorvastatin delivery
demonstrated a promising dual-function coating for enhancing the early endothelialization
and the durability of these stents.

Having the ability to promote in vivo bone healing and regeneration and the mechani-
cal properties similar to that of bones, Mg alloys with suitable coatings have the potential for
use as biodegradable orthopedic implants [189–191]. These materials coated with calcium
phosphate coatings based on hydroxyapatite and its various chemical analogues can further
enhance biocompatibility [192], bioactivity [193], wear resistance [194], bone conduction,
bone induction, and the degradation resistance of Mg biomaterials [195]. Gao et al. [196]
deposited calcium phosphate coating containing dicalcium phosphate dihydrate on an
AZ60 alloy via the chemical conversion technique. The in vitro and in vivo results indicated
that this coating significantly improved the biocompatibility and biodegradation behavior
of the Mg alloy. To provide a solid basis for further clinical translation, the safety and effec-
tiveness of Mg–Nd–Zn–Zr alloy screws coated by Ca–P coating for the treatment of medial
malleolar fractures was evaluated [197]. In this study, these modified Mg screws were used
to treat nine patients with medial malleolar fractures (Figure 3). Postoperative radiography
showed that obvious degradation occurred twelve months postoperatively and all patients
achieved good medial malleolar fracture alignment. No one experienced malunion, failure
of internal fixation, infection, or breakage of the screws before fracture healing. These
results confirm that Ca–P-coated Mg–Nd–Zn–Zr alloy has excellent prospects for clinical
translation and can be an alternative internal fixation device for fracture treatment. In a
study, Husak et al. [198] applied hydroxyapatite coatings on the surface of Mg alloy with
the contents of Mg (96.25 wt.%), Al (1.85 wt.%), Nb (1.25 wt.%), and Zr (0.65 wt.%). The
in vitro and in vivo results indicated that the number of adherent cells on the surface of
uncoated Mg alloy was significantly less than that on the surface of hydroxyapatite-coated
samples, and the degradation rate of this Mg alloy was decreased by hydroxyapatite coat-
ing. It is reported that the efficiency of hydroxyapatite-coated Mg alloys can be further
improved by using a kind of antimicrobial agent, along with hydroxyapatite [199].
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The asterisks show the homogeneous signal-rich regions corresponding to fibrous plaques. The 
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after five months. Right side (B): µ-CT images. (a,b) One month after implantation, degradation 
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Figure 2. In vivo evaluation using quantitative coronary angiography (QCA), optical coherence
tomography (OCT), and high-resolution µ-CT one, three, and five months post-implantation. Left
side (A): (a,b,g,h,m,n) angiography in the rabbit, and the location of the scaffolded segment. (c,i,o)
The distribution of the diameter along the iliac artery. (d-f,j-l,p-r) OCT photographs in the scaffolded
segment, showing the complete endothelialization and strut embedding into the vessel wall after one
month of implantation. By three months, the attenuations of signal around the edges of the struts
remain sharp and the area of the lumen increased. White arrows demonstrate the bright–dark–bright
three-layered appearances corresponding to intima, media, and adventitia. The asterisks show the
homogeneous signal-rich regions corresponding to fibrous plaques. The double arrows indicate the
degraded implant, normal arterial structures, and some calcific plaques after five months. Right side
(B): µ-CT images. (a,b) One month after implantation, degradation was insignificant. (c,d) By three
months, minimal volume loss could be seen. (e,f) At five months, OPT stent considerably degraded.
Reprinted with permission from Ref. [187]. Copyright 2019, Elsevier.

Other ceramic coatings could effectively suppress the rapid degradation of magnesium
alloys. Lin et al. [200] used the Ti and O dual-plasma ion immersion implantation (PIII)
method to fabricate a multifunctional TiO2 based nano-layer on ZK60 Mg alloy to improve
the antimicrobial activity, osteoconductivity, and corrosion resistance of the Mg alloy. The
in vitro study indicated that this TiO2/MgO nano-layer could control the degradation rate
of Mg alloy, and the in vivo assay showed that at eight weeks post-surgery, 94% of the
implant volume was still maintained, thus proving that this nano-layer not only could
regulate its implant-to-bone integration effectively but also could control the degradation of
Mg alloy. To stimulate bone formation and enhance osteogenic activity, osteocompatibility,
and corrosion resistance of Mg-based implants, Xiong et al. [201] introduced a novel coating
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on the surface of Mg–1Ca. They employed bioactive Ca, Sr/P-containing silk fibroin layers
on the surface of the Mg alloy.
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Figure 3. (a) Preoperative and postoperative radiographs of a young female patient with a trimalleolar
fracture. Two Mg–Nd–Zn–Zr alloy screws coated by Ca–P coating (white arrows) were implanted
for the treatment of the medial malleolar fracture. Both screws did not indicate signs of failure
before fracture healing as they maintained their morphology. The radiographs also indicated the
degradation process seventeen months post-surgery. (b) Preoperative and postoperative radiographs
of a mid-age female patient with a medial malleolar fracture. The patient’s radiograph indicated
radiolucent zones around screws one month postoperatively, which almost disappeared twelve
months postoperatively. L and R show Left medial malleolus and Right medial malleolus. Reprinted
with permission from Ref. [197]. Copyright 2021, Elsevier.

5. Conclusions and Future Aspect

The biodegradability and biocompatibility of Mg-based materials make them suitable
for biomedical applications. Most of the currently researched Mg-based implants, however,
degraded sooner than we expected. Accordingly, is it true to mention that Mg is not the
best choice as a biodegradable biomaterial and that we should possibly focus on another
biodegradable metal? The major drawback in this field is the lack of accurate data. As it
is well-known, numerous factors have an influence on the corrosion rate and, therefore,
the degradation of magnesium. Some of these factors relate to the environment in which
the corrosion resistance would be performed; as a result, it is first and foremost to mimic
the real body environment for observations and measurements. The absence of organic
components in most simulated body solutions used for corrosion and degradation testing
but has a dramatic effect on the degradation of this metal is a case in point. It is, on the
other hand, believed that designing suitable composition and surface modification can
significantly control the degradation process. Concerning controlling the degradation rate,
numerous Mg alloys and techniques for surface modifications have been introduced for
different applications, making the field of biodegradable Mg biomaterials significantly
advanced. While a great deal of research ought to show the in vivo and clinical efficacy
of these modified Mg alloy biomaterials, the world is still waiting for the introduction of
new methods that can control the degradation of Mg-based biomaterials and offer novel
functions at the same time.
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75. Öcal, E.B.; Esen, Z.; Aydınol, K.; Dericioğlu, A.F.; Aydınol, K. Comparison of the short and long-Term degradation behaviors of
as-cast pure Mg, AZ91 and WE43 alloys. Mater. Chem. Phys. 2020, 241, 122350. [CrossRef]

76. Kieke, M.; Feyerabend, F.; Lemaitre, J.; Behrens, P.; Willumeit-Römer, R. Degradation rates and products of pure magnesium
exposed to different aqueous media under physiological conditions. BioNanoMaterials 2016, 17, 131–143. [CrossRef]

77. Choi, J.B.; Jang, Y.S.; Byeon, S.M.; Jang, J.H.; Kim, Y.K.; Bae, T.S.; Lee, M.H. Effect of composite coating with poly-Dopamine/PCL
on the corrosion resistance of magnesium. Int. J. Polym. Mater. Polym. Biomater. 2019, 68, 328–337. [CrossRef]

78. Gu, X.; Wang, F.; Xie, X.; Zheng, M.; Li, P.; Zheng, Y.; Qin, L.; Fan, Y. In vitro and in vivo studies on as-extruded Mg 5.25 wt.%
Zn-0.6 wt.% Ca alloy as biodegradable metal. Sci. China Mater. 2018, 61, 619–628. [CrossRef]

79. Kim, Y.K.; Lee, K.B.; Kim, S.Y.; Bode, K.; Jang, Y.S.; Kwon, T.Y.; Jeon, M.H.; Lee, M.H. Gas formation and biological effects of
biodegradable magnesium in a preclinical and clinical observation. Sci. Technol. Adv. Mater. 2018, 19, 324–335. [CrossRef]
[PubMed]

80. Wu, S.; Jang, Y.S.; Lee, M.H. Enhancement of Bone Regeneration on Calcium-Phosphate-Coated Magnesium Mesh: Using the Rat
Calvarial Model. Front. Bioeng. Biotechnol. 2021, 9, 652334. [CrossRef]

81. Shi, W.; Li, H.; Mitchell, K.; Zhang, C.; Zhu, T.; Jin, Y.; Zhao, D. A multi-dimensional non-uniform corrosion model for
bioabsorbable metallic vascular stents. Acta Biomater. 2021, 131, 572–580. [CrossRef]

82. Sekar, P.S.N.; Desai, V. Recent progress in in vivo studies and clinical applications of magnesium based biodegradable implants—A
review. J. Magnes. Alloy. 2021, 9, 1147–1163. [CrossRef]

83. Gnedenkov, A.S.; Lamaka, S.V.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Egorkin, V.S.; Imshinetskiy, I.M.; Zavidnaya, A.G.;
Zheludkevich, M.M.; Gnedenkov, S.V. Electrochemical behaviour of the MA8 Mg alloy in minimum essential medium. Corros. Sci.
2020, 168, 108552. [CrossRef]

84. Liu, X.; Yang, H.; Xiong, P.; Li, W.; Huang, H.H.; Zheng, Y. Comparative studies of Tris-HCl, HEPES and NaHCO3/CO2 buffer
systems on the biodegradation behaviour of pure Zn in NaCl and SBF solutions. Corros. Sci. 2019, 157, 205–219. [CrossRef]

85. Atrens, A.; Johnston, S.; Shi, Z.; Dargusch, M.S. Viewpoint—Understanding Mg corrosion in the body for biodegradable medical
implants. Scr. Mater. 2018, 154, 92–100. [CrossRef]

http://doi.org/10.1016/j.jallcom.2018.09.060
http://doi.org/10.3390/met10121583
http://doi.org/10.1016/j.msec.2019.110042
http://doi.org/10.3390/met11101573
http://doi.org/10.1016/j.jmbbm.2020.103980
http://www.ncbi.nlm.nih.gov/pubmed/32830104
http://doi.org/10.1016/j.jma.2020.02.014
http://doi.org/10.1016/j.corsci.2019.03.039
http://doi.org/10.1186/s40824-020-00202-6
http://doi.org/10.3390/biomimetics5040057
http://doi.org/10.3390/ma14071606
http://doi.org/10.1021/acsabm.0c01289
http://doi.org/10.1002/jbm.a.34718
http://doi.org/10.1016/j.msec.2014.11.048
http://doi.org/10.1016/j.jallcom.2021.160793
http://doi.org/10.1016/j.matchemphys.2019.122350
http://doi.org/10.1515/bnm-2015-0020
http://doi.org/10.1080/00914037.2018.1455678
http://doi.org/10.1007/s40843-017-9205-x
http://doi.org/10.1080/14686996.2018.1451717
http://www.ncbi.nlm.nih.gov/pubmed/29707071
http://doi.org/10.3389/fbioe.2021.652334
http://doi.org/10.1016/j.actbio.2021.07.008
http://doi.org/10.1016/j.jma.2020.11.001
http://doi.org/10.1016/j.corsci.2020.108552
http://doi.org/10.1016/j.corsci.2019.05.018
http://doi.org/10.1016/j.scriptamat.2018.05.021


Bioengineering 2022, 9, 107 16 of 20

86. Johnston, S.; Shi, Z.; Venezuela, J.; Wen, C.; Dargusch, M.; Atrens, A. Investigating Mg biocorrosion in vitro: Lessons learned and
recommendations. JOM. 2019, 71, 1406–1413. [CrossRef]

87. Walker, J.; Shadanbaz, S.; Kirkland, N.T.; Stace, E.; Woodfield, T.; Staiger, M.P.; Dias, G.J. Magnesium alloys: Predicting in vivo
corrosion with in vitro immersion testing. J. Biomed. Mater. Res. Part B 2012, 100B, 1134–1141. [CrossRef] [PubMed]

88. Rehman, M.A. Zein/Bioactive Glass Coatings with Controlled Degradation of Magnesium under Physiological Conditions:
Designed for Orthopedic Implants. Prosthesis 2020, 2, 211–224. [CrossRef]

89. Wadge, M.D.; McGuire, J.; Hanby, B.V.T.; Felfel, R.M.; Ahmed, I.; Grant, D.M. Tailoring the degradation rate of magnesium
through biomedical nano-porous titanate coatings. J. Magnes. Alloy. 2021, 9, 336–350. [CrossRef]

90. Mei, D.; Wang, C.; Lamaka, S.V.; Zheludkevich, M.L. Clarifying the influence of albumin on the initial stages of magnesium
corrosion in Hank’s balanced salt solution. J. Magnes. Alloy. 2021, 9, 805–817. [CrossRef]

91. Quade, B.N.; Parker, M.D.; Occhipinti, R. The therapeutic importance of acid-Base balance. Biochem. Pharmacol. 2021, 183, 114278.
[CrossRef]

92. Chauhan, N.; Singh, Y. L-histidine controls the hydroxyapatite mineralization with plate-Like morphology: Effect of concentration
and media. Mater. Sci. Eng. C 2021, 120, 111669. [CrossRef]

93. Mei, D.; Lamaka, S.V.; Gonzalez, J.; Feyerabend, F.; Willumeit-Römer, R.; Zheludkevich, M.L. The role of individual components
of simulated body fluid on the corrosion behavior of commercially pure Mg. Corros. Sci. 2019, 147, 81–93. [CrossRef]

94. Kannan, M.B.; Khakbaz, H.; Yamamoto, A. Understanding the influence of HEPES buffer concentration on the biodegradation of
pure magnesium: An electrochemical study. Mater. Chem. Phys. 2017, 197, 47–56. [CrossRef]

95. Kirkland, N.T.; Waterman, J.; Birbilis, N.; Dias, G.; Woodfield, T.B.; Hartshorn, R.M.; Staiger, M.P. Buffer-Regulated biocorrosion
of pure magnesium. J. Mater. Sci. Mater. Med. 2011, 23, 283–291. [CrossRef] [PubMed]

96. Dezfuli, S.N.; Huan, Z.; Mol, J.M.; Leeflang, M.M.; Chang, J.; Zhou, J. Influence of HEPES buffer on the local pH and formation of
surface layer during in vitro degradation tests of magnesium in DMEM. Prog. Nat. Sci. Mater. Int. 2014, 24, 531–538. [CrossRef]

97. Törne, K.; Örnberg, A.; Weissenrieder, J. The influence of buffer system and biological fluids on the degradation of magnesium. J.
Biomed. Mater. Res. Part B 2016, 105, 1490–1502. [CrossRef]

98. Yan, W.; Lian, Y.J.; Zhang, Z.Y.; Zeng, M.Q.; Zhang, Z.Q.; Yin, Z.Z.; Cui, L.Y.; Zeng, R.C. In vitro degradation of pure magnesium—
The synergetic influences of glucose and albumin. Bioact. Mater. 2020, 5, 318–333. [CrossRef]

99. Chen, L.; Blawert, C.; Yang, J.; Hou, R.; Wang, X.; Zheludkevich, M.L.; Li, W. The stress corrosion cracking behaviour of biomedical
Mg-1Zn alloy in synthetic or natural biological media. Corros. Sci. 2020, 175, 108876. [CrossRef]

100. Hou, R.Q.; Scharnagl, N.; Feyerabend, F.; Willumeit-Römer, R. Exploring the effects of organic molecules on the degradation of
magnesium under cell culture conditions. Corros. Sci. 2018, 132, 35–45. [CrossRef]

101. Tokunaga, T.; Ohno, M.; Matsuura, K. Coatings on Mg alloys and their mechanical properties: A review. J. Mater. Sci. Technol.
2018, 34, 1119–1126. [CrossRef]

102. Peng, F.; Zhang, D.; Liu, X.; Zhang, Y. Recent progress in superhydrophobic coating on Mg alloys: A general review. J. Magnes.
Alloy. 2021, 9, 1471–1486. [CrossRef]

103. Lin, Z.; Wang, T.; Yu, X.; Sun, X.; Yang, H. Functionalization treatment of micro-Arc oxidation coatings on magnesium alloys: A
review. J. Alloys Compd. 2021, 879, 160453. [CrossRef]

104. Tong, P.; Sheng, Y.; Hou, R.; Iqbal, M.; Chen, L.; Li, J. Recent progress on coatings of biomedical magnesium alloy. Smart Mater.
Med. 2022, 3, 104–116. [CrossRef]

105. Oliver, A.A.; Sikora-Jasinska, M.; Demir, A.G.; Guillory, R.J. Recent advances and directions in the development of bioresorbable
metallic cardiovascular stents: Insights from recent human and in vivo studies. Acta Biomater. 2021, 127, 1–23. [CrossRef]

106. Fedele, G.; Castiglioni, S.; Maier, J.A.; Locatelli, L. High Magnesium and Sirolimus on Rabbit Vascular Cells—An In Vitro Proof of
Concept. Materials 2021, 14, 1970. [CrossRef]

107. Ozaki, Y.; Garcia-Garcia, H.M.; Melaku, G.D.; Joner, M.; Galli, S.; Verheye, S.; Lee, M.K.Y.; Waksman, R.; Haude, M. Effect of
Procedural Technique on Cardiovascular Outcomes Following Second-Generation Drug-Eluting Resorbable Magnesium Scaffold
Implantation. Cardiovasc. Revasc. Med. 2021, 29, 1–6. [CrossRef] [PubMed]

108. Wang, R.; Yuan, Z.; Li, Q.; Yang, B.; Zuo, H. Damage evolution of biodegradable magnesium alloy stent based on configurational
forces. J. Biomech. 2021, 122, 110443. [CrossRef] [PubMed]

109. Jing, X.; Ding, Q.; Wu, Q.; Su, W.; Yu, K.; Su, Y.; Ye, B.; Gao, Q.; Sun, T.; Guo, X. Magnesium-Based materials in orthopaedics:
Material properties and animal models. Biomater. Transl. 2021, 2, 197–213.

110. Zhou, H.; Liang, B.; Jiang, H.; Deng, Z.; Yu, K. Magnesium-based biomaterials as emerging agents for bone repair and regeneration:
From mechanism to application. J. Magnes. Alloy. 2021, 9, 779–804. [CrossRef]

111. Herber, V.; Okutan, B.; Antonoglou, G.; Sommer, N.G.; Payer, M. Bioresorbable Magnesium-Based Alloys as Novel Biomaterials
in Oral Bone Regeneration: General Review and Clinical Perspectives. J. Clin. Med. 2021, 10, 1842. [CrossRef]

112. Tan, J.; Ramakrishna, S. Applications of Magnesium and Its Alloys: A Review. Appl. Sci. 2021, 11, 6861. [CrossRef]
113. Fischerauer, S.F.; Kraus, T.; Wu, X.; Tangl, S.; Sorantin, E.; Hänzi, A.C.; Löffler, J.F.; Uggowitzer, P.J.; Weinberg, A.M. In vivo

degradation performance of Micro-Arc-Oxidized magnesium implants: A micro-CT study in rats. Acta Biomater. 2013, 9,
5411–5420. [CrossRef]

114. Ding, Y.; Wen, C.; Hodgson, P.; Li, Y. Effects of alloying elements on the corrosion behavior and biocompatibility of biodegradable
magnesium alloys: A review. J. Mater. Chem. B 2014, 2, 1912–1933. [CrossRef] [PubMed]

http://doi.org/10.1007/s11837-019-03327-9
http://doi.org/10.1002/jbm.b.32680
http://www.ncbi.nlm.nih.gov/pubmed/22331609
http://doi.org/10.3390/prosthesis2030018
http://doi.org/10.1016/j.jma.2020.07.001
http://doi.org/10.1016/j.jma.2020.07.002
http://doi.org/10.1016/j.bcp.2020.114278
http://doi.org/10.1016/j.msec.2020.111669
http://doi.org/10.1016/j.corsci.2018.11.011
http://doi.org/10.1016/j.matchemphys.2017.05.024
http://doi.org/10.1007/s10856-011-4517-y
http://www.ncbi.nlm.nih.gov/pubmed/22190196
http://doi.org/10.1016/j.pnsc.2014.08.009
http://doi.org/10.1002/jbm.b.33685
http://doi.org/10.1016/j.bioactmat.2020.02.015
http://doi.org/10.1016/j.corsci.2020.108876
http://doi.org/10.1016/j.corsci.2017.12.023
http://doi.org/10.1016/j.jmst.2017.12.004
http://doi.org/10.1016/j.jma.2020.08.024
http://doi.org/10.1016/j.jallcom.2021.160453
http://doi.org/10.1016/j.smaim.2021.12.007
http://doi.org/10.1016/j.actbio.2021.03.058
http://doi.org/10.3390/ma14081970
http://doi.org/10.1016/j.carrev.2021.05.006
http://www.ncbi.nlm.nih.gov/pubmed/34049817
http://doi.org/10.1016/j.jbiomech.2021.110443
http://www.ncbi.nlm.nih.gov/pubmed/33933858
http://doi.org/10.1016/j.jma.2021.03.004
http://doi.org/10.3390/jcm10091842
http://doi.org/10.3390/app11156861
http://doi.org/10.1016/j.actbio.2012.09.017
http://doi.org/10.1039/C3TB21746A
http://www.ncbi.nlm.nih.gov/pubmed/32261628


Bioengineering 2022, 9, 107 17 of 20

115. Mohamed, A.; El-Aziz, A.M.; Breitinger, H. Study of the degradation behavior and the biocompatibility of Mg–0.8Ca alloy for
orthopedic implant applications. J. Magnes. Alloy. 2019, 7, 249–257. [CrossRef]

116. Makkar, P.; Sarkar, S.K.; Padalhin, A.R.; Moon, B.; Lee, Y.S.; Lee, B.T. In vitro and in vivo assessment of biomedical Mg–Ca alloys
for bone implant applications. J. Appl. Biomater. Funct. Mater. 2018, 16, 126–136. [CrossRef] [PubMed]

117. Hu, Y.; Guo, X.; Qiao, Y.; Wang, X.; Lin, Q. Preparation of medical Mg–Zn alloys and the effect of different zinc contents on the
alloy. J. Mater. Sci. Mater. Med. 2022, 33, 9. [CrossRef] [PubMed]

118. Dong, J.; Tümer, N.; Leeflang, M.A.; Taheri, P.; Fratila-Apachitei, L.E.; Mol, J.M.C. Extrusion-Based additive manufacturing of
Mg-Zn alloy scaffolds. J. Magnes. Alloy. 2022, 11, 174. [CrossRef]

119. Pham, D.N.; Hiromoto, S.; Yamazaki, T.; O, T.; Kobayashi, E. Enhanced Corrosion Resistance and In Vitro Biocompatibility of
Mg-Zn Alloys by Carbonate Apatite Coating. ACS Appl. Bio Mater. 2021, 4, 6881–6892. [CrossRef]

120. Seungyun, L.; Doyun, L.; Kyungmin, L.; Chan, P.; Hyunphil, L.; Sangwon, P.; Lee, K.; Kwidug, Y. Evaluation of bioabsorbable
Mg–Mn alloy with anodic oxidation treatment. J. Nanosci. Nanotechnol. 2020, 20, 5625–5628.

121. Dong, J.; Tan, L.; Yang, J.; Wang, Y.; Chen, J.; Wang, W.; Zhao, D.; Yang, K. In vitro and in vivo studies on degradation and bone
response of Mg-Sr alloy for treatment of bone defect. Mater. Technol. 2018, 33, 387–397. [CrossRef]

122. Wang, G.; Song, D.; Li, C.; Klu, E.E.; Qiao, Y.; Sun, J.; Jiang, J.; Ma, A.A. Developing Improved Mechanical Property and Corrosion
Resistance of Mg-9Li Alloy via Solid-Solution Treatment. Metals 2019, 9, 920. [CrossRef]

123. Martin, A.; Vilanova, M.; Gil, E.; Sebastian, M.S.; Wang, C.Y.; Milenkovic, S.S. Influence of the Zr content on the processability of a
high strength Al-Zn-Mg-Cu-Zr alloy by laser powder bed fusion. Mater. Charact. 2022, 183, 111650. [CrossRef]

124. Tong, X.; Zhang, D.; Lin, J.; Dai, Y.; Luan, Y.; Sun, Q.; Shi, Z.; Wang, K.; Gao, Y.; Lin, J.; et al. Development of biodegradable
Zn–1Mg–0.1-RE (RE = Er, Dy, and Ho) alloys for biomedical applications. Acta Biomater. 2020, 117, 384–399. [CrossRef] [PubMed]

125. Liu, J.; Bian, D.; Zheng, Y.; Chu, X.; Lin, Y.; Wang, M.; Lin, Z.; Li, M.; Zhang, Y.; Guan, S. Comparative in vitro study on binary
Mg-RE (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) alloy systems. Acta Biomater. 2020, 102, 508–528.
[CrossRef] [PubMed]

126. Weng, W.; Biesiekierski, A.; Li, Y.; Dargusch, M.; Wen, C. A review of the physiological impact of rare earth elements and their
uses in biomedical Mg alloys. Acta Biomater. 2021, 130, 80–97. [CrossRef] [PubMed]

127. Grimm, M.; Lohmuller, A.; Singer, R.F.; Virtanen, S. Influence of the microstructure on the corrosion behaviour of cast Mg-Al
alloys. Corros. Sci. 2019, 155, 195–208. [CrossRef]

128. Dorozhkin, S. V Calcium orthophosphates (CaPO4): Occurrence and properties. Prog. Biomater. 2016, 5, 9–70. [CrossRef]
129. Cho, H.; Lee, J.; Jang, S.; Lee, J.; Oh, T.I.; Son, Y.; Lee, E. CaSR-mediated hBMSCs activity modulation: Additional coupling

mechanism in bone remodeling compartment. Int. J. Mol. Sci. 2021, 22, 325. [CrossRef]
130. Puria, A.; Rasool Mir, S.; Kulkarni, B.; Panda, B.P. Enhancement of calcium absorption and bone health by fermented soybean.

Nutrafoods 2016, 15, 253–262.
131. Sokolova, V.; Epple, M. Biological and medical applications of calcium phosphate nanoparticles. Chem. Eur. J. 2021, 27, 7471–7488.

[CrossRef]
132. Wang, X.; Yu, Y.; Ji, L.; Geng, Z.; Wang, J.; Liu, C. Calcium Phosphate-Based materials regulate osteoclast-Mediated osseointegra-

tion. Bioact. Mater. 2021, 6, 4517–4530. [CrossRef]
133. El-Ghannam, A.; Nakamura, M.; Muguruza, L.B.; Sarwar, U.; Hassan, M.; Al Fotawi, R.; Horowitz, R. Inhibition of osteoclast

activities by SCPC bioceramic promotes osteoblast-Mediated graft resorption and osteogenic differentiation. J. Biomed. Mater.
Res.-Part A 2021, 109, 1714–1725. [CrossRef]

134. Seong, J.W.; Kim, W.J. Development of biodegradable Mg–Ca alloy sheets with enhanced strength and corrosion properties
through the refinement and uniform dispersion of the Mg2Ca phase by high-Ratio differential speed rolling. Acta Biomater. 2015,
11, 531–5429. [CrossRef] [PubMed]

135. Du, Y.Z.; Qiao, X.G.; Zheng, M.Y.; Wang, D.B.; Wu, K.; Golovin, I.S. Effect of microalloying with Ca on the microstructure and
mechanical properties of Mg-6 mass% Zn alloys. Mater. Des. 2016, 98, 285–293. [CrossRef]

136. Erdmann, N.; Angrisani, N.; Reifenrath, J.; Lucas, A.; Thorey, F.; Bormann, D.; Meyer-Lindenberg, A. Biomechanical testing
and degradation analysis of MgCa0.8 alloy screws: A comparative in vivo study in rabbits. Acta Biomater. 2011, 7, 1421–1428.
[CrossRef] [PubMed]

137. Bohlen, J.; Meyer, S.; Wiese, B.; Luthringer-Feyerabend, B.J.C.; Willumeit-Römer, R.; Letzig, D. Alloying and Processing Effects
on the Microstructure, Mechanical Properties, and Degradation Behavior of Extruded Magnesium Alloys Containing Calcium,
Cerium, or Silver. Materials 2020, 13, 3911. [CrossRef]

138. Zhu, D.; Su, Y.; Young, M.L.; Ma, J.; Zheng, Y.; Tang, L. Biological Responses and Mechanisms of Human Bone Marrow
Mesenchymal Stem Cells to Zn and Mg Biomaterials. ACS Appl. Mater. Interfaces 2017, 9, 27453–27461. [CrossRef]

139. Neill, E.O.; Awale, G.; Daneshmandi, L.; Umerah, O.; Lo, K.W. The roles of ions on bone regeneration. Drug Discov. Today 2018, 23,
879–890.

140. Chou, J.; Komuro, M.; Hao, J.; Kuroda, S.; Hattori, Y.; Ben-Nissan, B.; Milthorpe, B.; Otsuka, M. Bioresorbable zinc hydroxyapatite
guided bone regeneration membrane for bone regeneration. Clin. Oral Implant. Res. 2016, 27, 354–360. [CrossRef]

141. Su, Z.; Liu, C.; Wan, Y. Microstructures and mechanical properties of high performance Mg-4Y-2.4 Nd-0.2 Zn-0.4 Zr alloy. Mater.
Des. 2013, 45, 466–472. [CrossRef]

http://doi.org/10.1016/j.jma.2019.02.007
http://doi.org/10.1177/2280800017750359
http://www.ncbi.nlm.nih.gov/pubmed/29607729
http://doi.org/10.1007/s10856-021-06637-0
http://www.ncbi.nlm.nih.gov/pubmed/34982233
http://doi.org/10.1016/j.jma.2021.11.018
http://doi.org/10.1021/acsabm.1c00594
http://doi.org/10.1080/10667857.2018.1452587
http://doi.org/10.3390/met9090920
http://doi.org/10.1016/j.matchar.2021.111650
http://doi.org/10.1016/j.actbio.2020.09.036
http://www.ncbi.nlm.nih.gov/pubmed/33007488
http://doi.org/10.1016/j.actbio.2019.11.013
http://www.ncbi.nlm.nih.gov/pubmed/31722254
http://doi.org/10.1016/j.actbio.2021.06.004
http://www.ncbi.nlm.nih.gov/pubmed/34118448
http://doi.org/10.1016/j.corsci.2019.04.024
http://doi.org/10.1007/s40204-015-0045-z
http://doi.org/10.3390/ijms22010325
http://doi.org/10.1002/chem.202005257
http://doi.org/10.1016/j.bioactmat.2021.05.003
http://doi.org/10.1002/jbm.a.37167
http://doi.org/10.1016/j.actbio.2014.09.029
http://www.ncbi.nlm.nih.gov/pubmed/25246310
http://doi.org/10.1016/j.matdes.2016.03.025
http://doi.org/10.1016/j.actbio.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21050898
http://doi.org/10.3390/ma13020391
http://doi.org/10.1021/acsami.7b06654
http://doi.org/10.1111/clr.12520
http://doi.org/10.1016/j.matdes.2012.07.023


Bioengineering 2022, 9, 107 18 of 20

142. Lesz, S.; Hrapkowicz, B.; Karolus, M.; Gołombek, K. Characteristics of the Mg-Zn-Ca-Gd Alloy after Mechanical Alloying.
Materials 2021, 14, 226. [CrossRef]

143. Chu, P.W.; Mire, E.L.; Marquis, E.A. Microstructure of localized corrosion front on Mg alloys and the relationship with hydrogen
evolution. Corros. Sci. 2017, 128, 253–264. [CrossRef]

144. Zhang, S.; Zhang, X.; Zhao, C.; Li, J.; Song, Y.; Xie, C.; Tao, H.; Zhang, Y.; He, Y.; Jiang, Y.; et al. Research on an Mg–Zn alloy as a
degradable biomaterial. Acta Biomater. 2010, 6, 626–640. [CrossRef] [PubMed]

145. Martins, A.C.; Morcillo, P.; Ijomone, O.; Venkataramani, V.; Harrison, F.; Lee, E.; Bowman, A.B.; Aschner, M. New insights on
the role of manganese in Alzheimer’s disease and Parkinson’s disease. Environ. Res. Public Health 2019, 16, 3546. [CrossRef]
[PubMed]

146. Chen, P.; Bornhorst, J.; Aschner, M. Manganese metabolism in humans. Front. Biosci. 2018, 23, 1655–1679. [CrossRef] [PubMed]
147. Miah, M.R.; Ijomone, O.M.; Okoh, C.O.; Ijomone, O.K.; Akingbade, G.T.; Ke, T.; Krum, B.; Martins, A.C.; Akinyemi, A.; Aranoff,

N.; et al. The effects of manganese overexposure on brain health. Neurochem. Int. 2020, 135, 104688. [CrossRef] [PubMed]
148. Yu, Z.; Tang, A.; Li, C.; Liu, J.; Pan, F. Effect of manganese on the microstructure and mechanical properties of magnesium alloys.

Int. J. Mater. Res. 2019, 110, 1016–1024. [CrossRef]
149. Yu, Z.; Tang, A.; He, J.; Gao, Z.; She, J.; Liu, J.; Pan, F. Effect of high content of manganese on microstructure, texture and

mechanical properties of magnesium alloy. Mater. Charact. 2018, 136, 310–317. [CrossRef]
150. Jiang, D.; Dai, Y.; Zhang, Y.; Liu, C.; Yu, K. Effects of Strontium addition on microstructure, mechanical properties, corrosion

properties and cytotoxicity of Mg–1Zn–1Mn alloy. Mater. Res. Express 2019, 6, 056556. [CrossRef]
151. Pilmane, M.; Salma-Ancane, K.; Loca, D.; Locs, J.; Berzina-Cimdina, L. Strontium and strontium ranelate: Historical review of

some of their functions. Mater. Sci. Eng. C 2017, 78, 1222–1230. [CrossRef]
152. Fernandes, G.; Vanyo, S.T.; Alsharif, S.B.A.; Andreana, S.; Visser, M.B.; Dziak, R. Strontium Effects on Human Gingival Fibroblasts.

J. Oral Implantol. 2019, 45, 274–280. [CrossRef]
153. Suliman, S.A.A.-H.; Aljudy, H.J. Effect of niobium nitride coating by magnetron sputtering on corrosion resistance of biodegrad-

able magnesium-Strontium alloy. Pak. J. Med. Health Sci. 2021, 15, 348–353.
154. Samei, J.; Sadeghi, A.; Mortezapour, H.; Salavati, S.; Amirmaleki, M.; Pekguleryuz, M.; Wilkinson, D.S. 4D X-ray tomography

characterization of void nucleation and growth during deformation of strontium-Added AZ31 alloys. Mater. Sci. Eng. A 2020,
797, 140081. [CrossRef]

155. Jiang, W.; Cipriano, A.F.; Tian, Q.; Zhang, C.; Lopez, M.; Sallee, A.; Lin, A.; Alcaraz, M.C.C.; Wu, Y.; Zheng, Y.; et al. In vitro
evaluation of MgSr and MgCaSr alloys via direct culture with bone marrow derived mesenchymal stem cells. Acta Biomater. 2018,
72, 407–423. [CrossRef] [PubMed]

156. Chen, K.; Xie, X.; Tang, H.; Sun, H.; Qin, L.; Zheng, Y.; Gu, X.; Fan, Y. In vitro and in vivo degradation behavior of Mg–2Sr–Ca
and Mg–2Sr–Zn alloys. Bioact. Mater. 2020, 5, 275–285. [CrossRef]

157. Szklarska, D.; Rzymski, P. Is Lithium a Micronutrient? From Biological Activity and Epidemiological Observation to Food
Fortification. Biol. Trace Elem. Res. 2019, 189, 18–27. [CrossRef] [PubMed]

158. Keikhosravani, P.; Maleki-Ghaleh, H.; Khosrowshahi, A.K.; Bodaghi, M.; Dargahi, Z.; Kavanlouei, M.; Khademi-Azandehi, P.;
Fallah, A.; Beygi-Khosrowshahi, Y.; Siadati, M.H. Bioactivity and Antibacterial Behaviors of Nanostructured Lithium-Doped
Hydroxyapatite for Bone Scaffold Application. Int. J. Mol. Sci. 2021, 22, 9214. [CrossRef]

159. Tan, Z.; Zhou, B.; Zheng, J.; Huang, Y.; Zeng, H.; Xue, L.; Wang, D. Lithium and Copper Induce the Osteogenesis-Angiogenesis
Coupling of Bone Marrow Mesenchymal Stem Cells via Crosstalk between Canonical Wnt and HIF-1α Signaling Pathways. Stem
Cells Int. 2021, 2021, 15. [CrossRef] [PubMed]

160. Roubalová, L.; Vošahlíková, M.; Slaninová, J.; Kaufman, J.; Alda, M.; Svoboda, P. Tissue-specific protective properties of lithium:
Comparison of rat kidney, erythrocytes and brain. Naunyn-Schmiedebergs Arch. Pharmacol. 2021, 394, 955–965. [CrossRef]

161. Sobolev, O.I.; Gutyj, B.V.; Darmohray, L.M.; Sobolieva, S.V.; Ivanina, V.V.; Kuzmenko, O.A.; Karkach, P.M.; Fesenko, V.F.; Bilkevych,
V.V.; Mashkin, Y.O.; et al. Lithium in the natural environment and its migration in the trophic chain. Ukr. J. Ecol. 2019, 9, 195–203.

162. Pavlic, O.; Ibarra-Hernandez, W.; Valencia-Jaime, I.; Singh, S.; Avendano-Franco, G.; Raabe, D.; Romero, A.H. Design of Mg alloys:
The effects of Li concentration on the structure and elastic properties in the Mg-Li binary system by first principles calculations. J.
Alloys Compd. 2017, 691, 15–25. [CrossRef]

163. Zhou, W.; Zheng, Y.; Leeflang, M.; Zhou, J. Mechanical property, biocorrosion and in vitro biocompatibility evaluations of
Mg–Li–(Al)–(RE) alloys for future cardiovascular stent application. Acta Biomater. 2013, 9, 8488–8498. [CrossRef]

164. Zhou, H.; Hou, R.; Yang, J.; Sheng, Y.; Li, Z.; Chen, L.; Li, W.; Wang, X. Influence of Zirconium (Zr) on the microstructure,
mechanical properties and corrosion behavior of biodegradable zinc-magnesium alloys. J. Alloys Compd. 2020, 840, 155792.
[CrossRef]

165. Mehjabeen, A.; Song, T.; Xu, W.; Tang, H.P.; Qian, M. Zirconium Alloys for Orthopaedic and Dental Applications. Adv. Eng. Mater.
2018, 20, 800207. [CrossRef]

166. Kim, M.; An, S.; Huh, C.; Kim, C. Development of Zirconium-Based Alloys with Low Elastic Modulus for Dental Implant
Materials. Appl. Sci. 2019, 9, 5281. [CrossRef]

167. Tong, X.; Wu, G.; Zhang, L.; Liu, W.; Ding, W. Materials characterization achieving low-temperature Zr alloying for microstructural
refinement of sand-Cast Mg-Gd-Y alloy by employing zirconium tetrachloride. Mater. Charact. 2021, 171, 110727. [CrossRef]

http://doi.org/10.3390/ma14010226
http://doi.org/10.1016/j.corsci.2017.09.022
http://doi.org/10.1016/j.actbio.2009.06.028
http://www.ncbi.nlm.nih.gov/pubmed/19545650
http://doi.org/10.3390/ijerph16193546
http://www.ncbi.nlm.nih.gov/pubmed/31546716
http://doi.org/10.2741/4665
http://www.ncbi.nlm.nih.gov/pubmed/29293455
http://doi.org/10.1016/j.neuint.2020.104688
http://www.ncbi.nlm.nih.gov/pubmed/31972215
http://doi.org/10.3139/146.111843
http://doi.org/10.1016/j.matchar.2017.12.029
http://doi.org/10.1088/2053-1591/ab0803
http://doi.org/10.1016/j.msec.2017.05.042
http://doi.org/10.1563/aaid-joi-D-18-00253
http://doi.org/10.1016/j.msea.2020.140081
http://doi.org/10.1016/j.actbio.2018.03.049
http://www.ncbi.nlm.nih.gov/pubmed/29626698
http://doi.org/10.1016/j.bioactmat.2020.02.014
http://doi.org/10.1007/s12011-018-1455-2
http://www.ncbi.nlm.nih.gov/pubmed/30066063
http://doi.org/10.3390/ijms22179214
http://doi.org/10.1155/2021/6662164
http://www.ncbi.nlm.nih.gov/pubmed/33763142
http://doi.org/10.1007/s00210-020-02036-4
http://doi.org/10.1016/j.jallcom.2016.08.217
http://doi.org/10.1016/j.actbio.2013.01.032
http://doi.org/10.1016/j.jallcom.2020.155792
http://doi.org/10.1002/adem.201800207
http://doi.org/10.3390/app9245281
http://doi.org/10.1016/j.matchar.2020.110727


Bioengineering 2022, 9, 107 19 of 20

168. Sayari, F.; Mahmudi, R.; Roumina, R. Inducing superplasticity in extruded pure Mg by Zr addition. Mater. Sci. Eng. A 2019, 769,
138502. [CrossRef]

169. Pagano, G.; Thomas, P.J.; Di Nunzio, A.; Trifuoggi, M. Human exposures to rare earth elements: Present knowledge and research
prospects. Environ. Res. 2019, 171, 493–500. [CrossRef]

170. Abdelnour, S.A.; El-Hack, M.E.A.; Khafaga, A.F.; Noreldin, A.E.; Arif, M.; Chaudhry, M.T.; Losacco, C.; Abdeen, A.; Abdel-Daim,
M.M. Impacts of rare earth elements on animal health and production: Highlights of cerium and lanthanum. Sci. Total Environ.
2019, 672, 1021–1032. [CrossRef]

171. Balaram, V. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and environmental impact.
Geosci. Front. 2019, 10, 1285–1303. [CrossRef]

172. Li, X.; Liu, C.; Wang, J.; Zhang, C. Tailoring the strength and formability of Mg alloys through rare earth element additions (Gd
and Dy) and dynamic recrystallizations. Mater. Today Commun. 2021, 28, 102627. [CrossRef]

173. Luo, Q.; Guo, Y.; Liu, B.; Feng, Y.; Zhang, J.; Li, Q.; Chou, K. Thermodynamics and kinetics of phase transformation in rare
earth–magnesium alloys: A critical review. J. Mater. Sci. Technol. 2020, 44, 171–190. [CrossRef]

174. Azzeddine, H.; Hanna, A.; Dakhouche, A.; Rabahi, L.; Scharnagl, N.; Dopita, M.; Brisset, F.; Helbert, A.-L.; Baudin, T. Impact of
rare-Earth elements on the corrosion performance of binary magnesium alloys. J. Alloys Compd. 2020, 829, 154569. [CrossRef]
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