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1 | INTRODUCTION

Masoud Mozafari

Abstract

As promising biodegradable materials with nontoxic degradation products,
magnesium (Mg) and its alloys have received more and more attention in the
biomedical field very recently. Having excellent biocompatibility and unique
mechanical properties, magnesium-based alloys currently cover a broad range
of applications in the biomedical field. The use of Mg-based biomedical devices
eliminates the need for biomaterial removal surgery after the healing process
and reduces adverse effects induced by the implantation of permanent biomate-
rials. However, the high corrosion rate of Mg-based implants leads to unexpected
degradation, structural failure, hydrogen evolution, alkalization, and cytotoxic-
ity. To overcome these limitations, alloying Mg with suitable alloying elements
and surface treatment come highly recommended. In this area, open questions
remain on the behavior of Mg-based biomaterials in the human body and the
effects of different factors that have resulted in these challenges. In addition to
that, many techniques are yet to be verified to turn these challenges into oppor-
tunities. Accordingly, this article aims to review major challenges and opportu-
nities for Mg-based biomaterials to minimize the challenges for the development
of novel biomaterials made of Mg and its alloys.
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Lately, progress in the field of biomedical engineering indi-
cates a positive role of biodegradable metals believed to

To date, a significant number of metallic biomaterials have
been manufactured for load-bearing applications, mainly
for the replacement of injured hard tissues, in the biomed-
ical field.! In spite of the fact that the traditional paradigm
of metallic implants needed metals with high corrosion
resistance in the human body,2 a fundamental disadvan-
tage of them for medical applications was the lack of
biodegradability, causing concern about lifelong toxicity.>*

gradually corrode and degrade in physiological environ-
ments with a proper host response obtained from liberated
degradation products.””’ In reality, biodegradable metals
are designed to fulfill the mission of supporting tissues
and accelerating the healing process.®” Therefore, no sec-
ond surgical procedure is required for implant removal,
decreasing extra costs, the morbidity of the patient, and the
risk of new symptoms.'°~'? Till now, biodegradable metals
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TABLE 1 Main characteristics of metallic biomaterials used in the human body
Materials Advantages Disadvantages References

Stainless steel High wear resistance, low cost, easily

available, acceptable biocompatibility

Co-based alloys ~ High wear and corrosion resistance, fatigue

strength

Ti-based alloys High biocompatibility and corrosion
resistance, fatigue strength, light weight,

low Young’s modulus

Fe-based alloys Trace element, biodegradable, high radial

strength,’ superior mechanical properties

Zn-based alloys  Trace element, biodegradable, biocompatible,
easy to cast and process, good machinability,

moderate corrosion resistance

Mg-based alloys  Trace element, biodegradable, biocompatible,
having mechanical properties similar to

those of bone

Ni, Cr, and Co can induce allergic reactions in humans.

Allergic reaction,” much higher modulus than 34-36

bone, lack of biodegradability

Biologically toxic,* much higher modulus than 36,37

bone, expensive, lack of biodegradability

Poor tribological properties, lack of biodegradability ~ 3¢

Very slow corrosion process,® excessively slow a2

degradation rate, inadequate match of
mechanical properties to those of a natural bone,
magnetic nature!

Low strength and plasticity 1743

Low corrosion resistance against living body 2220

circumstances, rapid loss of mechanical integrity,
hydrogen evolution and alkalization during
degradation

bIf cardiovascular stents show high radial strength, they will permit the production of more ductile structures and very thin stent struts. Therefore, it will be easier

to deploy into the artery.

¢Although having high corrosion resistance is a positive attribute, having very high corrosion resistance might lead to slow degradation of the implant and the

phenomena of stress shielding. It may also prevent tissue regeneration.

4In general, the presence of Fe in surgical biomaterials might hinder magnetic resonance imaging used widely to visualize the physiological procedures and the
anatomy of the patients during diagnosis and healing process. Moreover, exposure to strong magnetic fields might increase the temperature of the biomaterial,

changing the position or shape of the biomaterial.

for biomedical applications can be classified into three sub-
groups: iron (Fe), zinc (Zn), and magnesium (Mg), along
with their alloys.>'?

Among biodegradable metals, Fe, with the highest
mechanical strength and elastic modulus, has mechanical
properties similar to traditional permanent metallic bio-
materials made of stainless steel, not natural bones. There-
fore, having an explicit contrast between elastic moduli
of orthopedic biomaterial and injured bone, the implanta-
tion of Fe-based orthopedic implants might result in elas-
tic mismatches and trigger stress shielding.>'* Although
unlike the permanent implants, Fe degrades over time, its
degradation process is considerably slow in comparison
with other biodegradable metals, thereby acting just like
that of permanent implants. For this reason, to accelerate
the degradation rate of this metal, a slight amount of man-
ganese (Mn) is usually added into pure Fe to create micro-
galvanic corrosion sites and accelerate its degradation
rate.'>® Another biodegradable metal gaining research
and clinical interest in the recent past is zinc. Zn with
a standard electrode potential (-0.763 V) between that of
Fe (-0.44 V) and Mg (-2.363 V)'® has near-ideal corro-
sion resistance owing to passive layers of moderate stability
generated by degradation products.'’"'” However, implants
made of pure Zn may not be suitable for most medical

applications as they suffer from poor plasticity (¢ < 0.25%)
and low strength (oypg ~30 Mpa).”*'7:?° Table 1 shows a
comparison of the advantages and disadvantages of com-
mon metallic biomaterials used in the human body.
According to Table 1, Mg is much more suited for
use as a biodegradable biomaterial not only for its sim-
ilar mechanical properties to those of bone but also for
its biocompatibility.”’%* In fact, Mg is a necessary nutri-
ent that the body requires to stay healthy: it fulfills vari-
ous intracellular physiological functions, stimulates bone
growth, improves cell adhesion to biomaterials, assists
the differentiation and biomineralization of osteoblasts,
and lowers the risk of osteoporosis and coronary artery
disease.”*"?” Moreover, the nontoxic magnesium degrada-
tion products are not generally a cause for concern, disor-
der, inflammation, and allergic reactions in vivo, and Mg2+
amount in excess can be easily excreted into the urine, thus
maintaining the same amount of Mg?* in the body.?® How-
ever, the development and industrialization of Mg-based
biomaterials are just at the beginning. This is because the
high corrosion rate of Mg and its alloys in the physiologi-
cal environment can result in unexpected degradation, loss
of mechanical integrity at the initial stages of degradation,
and implant failure before the healing process.'>**3" Fur-
thermore, the production of some corrosion products such
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as hydrogen gases and hydroxide ions can influence bio-
compatibility. As for illustration, hydrogen evolved for cor-
roded Mg can accumulate in the form of gas cavities in
the surrounding tissue, resulting in the separation of tissue
layers. Hydroxide ions can cause surface alkalization and
might harm cells.*"*? Therefore, a great deal of research is
required to control the degradation behavior of Mg and its
alloys in vivo and add more advanced properties and func-
tions to Mg-based biomaterials. In this field, alloying Mg
with nontoxic alloying elements and coating the surface of
Mg-based implants are reported to be beneficial.'***-** The
present review article focuses on the challenges and oppor-
tunities of magnesium alloys after introducing Mg-based
biomaterials.

2 | MgAND ITS ALLOYS AS
BIODEGRADABLE BIOMATERIALS

Biodegradable magnesium alloys are candidate materials
for load-bearing applications. Being biodegradable, these
materials save a second surgery for the implant removal
and minimizes the influences of the left implant in the
body for some time when they are no longer required
for medical purposes.**~#¢ Medical application of magne-
sium was first announced in 1878 after Edward C. Hause
utilized Mg wires as ligatures for bleeding vessels, and
since then, extensive studies have revealed the positive
role of Mg alloys in medicine and surgery for numerous
applications.*’

The first group of Mg biomaterials is Mg-based vascu-
lar stents. Mg is a potential candidate for use as a vascular
stent*®*° because it helps the regulation of heart rhythm,
enhances blood flow, hinders platelet activation, prevents
blood vessels from constricting, lowers blood pressure,
and relaxes vascular smooth muscle cells.’*”' It is also
important to note that Mg supply may result in a risk
reduction toward coronary artery disease.’”>*> Mao et al.>*
implanted Mg-2.2Nd-0.1Zn-0.4Zr (denoted as JDBM-2)
vascular stent in rabbit abdominal aorta. The in vivo results
indicated up to 6-month mechanical integrity and good
biocompatibility of the JDBM-2 stent. Figure 1 shows that
the JDBM-2 stent was entirely expanded and well apposed
to the vessel wall with no sign of elastic recoil, fracture,
late thrombogenesis, and in-stent restenosis. Accordingly,
the JDBM-2 Mg alloy can be considered as a suitable can-
didate for vascular stent application. However, inadequate
corrosion resistance of several Mg-based alloys is still chal-
lenging for this application because short-term support
of fewer than 6 months can result in premature loss of
mechanical integrity and stent failure.>

Mg biomaterials of the second group are Mg-based
orthopedic implants used widely for the replacement and

regeneration of damaged hard tissues.”*>® Orthopedic
implants are desired to have mechanical properties simi-
lar to those of natural bone to avoid stress shielding effect.
Stress shielding refers to the reduction of bone strength
and density because of bearing a higher proportion of the
applied load and stress by an orthopedic implant from
the adjacent bone. Among different metallic biomaterials,
Mg is known to have density and elastic modulus most
similar to cortical bone (Mg: 1.78 g/cm,*> 40-45 GPa; Cor-
tical bone: 1.8 g/cm,* 10-27 GPa).>® Studies have shown
that using Mg as an orthopedic biomaterial can promote
bone reconstruction and accelerate the healing process.®”
As a result, Mg alloys are suitable materials for ortho-
pedic applications.®"% Orthopedic biomaterials include
bone and cartilage scaffolds,’*% as well as various fixation
devices such as plate-screw fixation systems,%*°’ nails,*%°
pins,”” and wires.” Huang et al.”> implanted high-purity
Mg screws into goats for the fixation of femoral neck frac-
tures. The results indicated that the bone tissues of the
femoral head and neck were successfully healed by the
implantation of pure Mg screws degraded compatible with
bone reconstruction. Figure 2A-C presents the results of
the degradation process of pure Mg screws. According to
these figures, there were no major changes in the appear-
ance of screws 4-week postimplantation; however, after
48 weeks, the screw threads, along with the main body,
considerably degraded. At this time, the femoral head of
the goat was reconstructed in the expected shape.

The last group of Mg-based biomaterials is wound clo-
sure devices such as Mg ligature,” clips,” staples,” Velox
CDs,! and newly surgical tacks.”® These biomaterials are
designed to aid in closing wounds by manipulating wound
edges closer together for a certain period, then they are
entirely absorbed by the patient’s body during a couple
of weeks without affecting the characteristics of the con-
nected tissues.*”””® Surgical Mg-based wound closure bio-
materials not only can provide the best healing results but
also can be easily exerted onto wounds. This is because
they have the ability to tolerate high vibration frequen-
cies and shearing stresses during phonation.”” Amano
et al.’" evaluated the safety and feasibility of biodegrad-
able Mg alloy (Mg 2 wt%, Nd 1 wt%, Y, FAsorbMg™) sta-
ples using finite element analysis (FEA) and in vitro and
in vivo experiments. FEA demonstrated the appropriate
stress distribution of the FAsorbMg staples while stapling
and maintaining closure. The in vitro experiment using
artificial intestinal juice indicated sufficient biocompat-
ibility, degradation behavior, and mechanical durability
of staples because most of them kept their mechanical
integrity until at least the fourth week (Figures 2D and 2E).
The in vivo test was carried out in porcine intestinal anas-
tomoses, showing neither technical failure nor such com-
plications as anastomotic leakage, adhesion, or hematoma.
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In vivo angiography and the follow-up IVUS results. The in vivo aortic angiography indicating no in-stent restenosis and

late thrombogenesis in the JDBM-2 alloy and 316L stainless steel (SS) (served as negative control) vascular stents after implanting in rabbit
abdominal aorta for 1, 2, 4, and 6 months. The corresponding follow-up IVUS photographs demonstrating the longitudinal reconstruction of
the abdominal aorta after the JDBM-2 alloy and 316L SS stenting. Enhanced vessel size and lumen patency at various implantation time with the
absence of neointimal hyperplasia show that JDBM-2 alloy can be a promising alloy for vascular stent application. Adopted with permission®

3 | CHALLENGES OF Mg-BASED
BIOMATERIALS
3.1 | Rapid corrosion of Mg-based

biomaterials in the physiological
environments

Despite the fact that the ability of Mg and its alloys to
degrade has led to plenty of medical applications over
the past few years, the corrosion behavior of Mg-based
implants is of primary concern because the lowest stan-
dard electrode potential of Mg (-2.363 V) contributes to
a high corrosion rate.®*> However, Mg implants are able
to cover themselves with a layer of degradation products,
which creates a kinetic impediment on the surface of
the implants, and physically avoids migration of Mg?*
cations from the surface of the Mg implant to the aqueous
environment.®* Consequently, Mg and its alloys oxidize in

the presence of water owing to the low thermodynamic
stability. In fact, when Mg is placed in water, the anodic
reaction of Mg occurs, leading to the production of Mg?*
cations from the surface of Mg, as is presented in Equa-
tion (1). At the same time, the cathodic reaction occurs
while protons reduce at the cathode, thereby liberating
H, gas (formation of gas cavities) and OH™ ions (surface
alkalization), as is expressed in Equation (2). Finally, at
the corrosion potential, a thin film of Mg(OH), covers the
Mg surface (Equation 3). The precipitation of Mg(OH),
attaches to the surface and provides a passive layer. How-
ever, the formed Mg(OH), layer is quite loose, so it cannot
protect magnesium against corrosion completely. More-
over, the production of H, gas during degradation at the
corrosion sites can separate the deposited Mg(OH), pieces
from the surface of the Mg substrate and avoid covering a
uniform and stable Mg(OH), film, which means that Mg
degradation is not self-inhibited. Therefore, it continues
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FIGURE 2 The degradation process of Mg biomaterials. (A) Micro-CT photographs of the implanted high-purity magnesium screw in
goats. (B) The SEM morphologies of the screws after 4, 8, 12, and 48 weeks implantation. (C) Quantification of the degradation of high-purity
Mg screws as evaluated by the reduction in surface area of the screws at the given time points, showing that the main body of the screws and
the threads were significantly degraded at a period of 48-week after surgery. At this time of implantation, the femoral head of the goat with
the expected shape was healed. Overall, high-purity Mg screws indicated adequate mechanical integrity and satisfactory degradation kinetics
compatible with the healing procedure. (D) Macroscopic display of the FAsorbMg staples while immersing in the artificial intestinal juice
and (E) when staples were removed from the artificial intestinal juice at 1, 4, 8, and 12 weeks. A white layer of corrosion products formed
on the surfaces of the staples. H, gases produced from the fast corrosion of Mg were formed in the first week of immersion assay only in
trace amounts, and most staples kept their shapes and mechanical integrity until at least the fourth week. In vitro results showed satisfactory
biodegradation behavior, mechanical durability, and biocompatibility of Mg alloy staples. (A-C) Adopted with permission.” (D and E) Adopted
with permission®®
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until the complete degradation of the Mg biomaterial 5*-%

Anodic reaction : Mg — Mg?* + 2e~ o)

Cathodic reaction : 2H,0 +2¢e~ - 20H™ + H, (2)

Product formation : Mg(s) + 2H,0(1) - Mg(OH),(s)

+Hy(® (3)

On the other side, the corrosion performance of Mg bio-
materials in the human body is more complicated. As is
well-known, blood plasma contains water, proteins, ions,
and so forth. The principal plasma ions are Na*, Kt,
Ca’*, CI, HCO;~, HPO,?", PO,*, SO,*", and Mg?+ %788
Chloride ions are aggressive ions that disrupt the protec-
tive layers on the surface of Mg. The corrosion resistance
of Mg and its alloys, therefore, decreases with increas-
ing chloride concentration.®” Because PO, ions are well-
known corrosion impeders, the presence of these ions
can lead to an increase in the corrosion resistance of Mg
implants.”’ Generally, phosphates and carbonates might
increase the production of protective corrosion product
films on the surface of Mg, resulting in better corrosion
resistance.”’ As well as ions, organic components such as
cells, biomolecules, bacteria, and proteins can affect the
mechanism and kinetics of corrosion of Mg biomaterials.
The adhesion of cells and the growth of endothelial cells
and osteoblasts on the Mg surface can decelerate the cor-
rosion rate in vivo. Proteins can be absorbed on the surface
of Mg implants leading to cellular attachment, migration,
proliferation, and the formation of complex metal ions.
Moreover, they can act as an inhibitor, promoter, or both
depending on the time of Mg implant corrosion.””

As the corrosion rate increases exponentially with
higher temperatures, the temperature of the human body
(37°C) can increase the rate of corrosion of magnesium
compared to room temperature. Moreover, the tempera-
ture can influence the precipitation of different degrada-
tion products in a physiological solution. For example, the
solubility of some precipitates on the surface of a corrod-
ing Mg implant is temperature dependent.”> Apart from
temperature, the pH value of an electrolyte that Mg is dis-
solving can change the corrosion resistance of magnesium-
based implants. As Mr. Pourbaix reported, biodegradable
magnesium is significantly susceptible to corrosion in
most inorganic acidic, neutral, and slightly alkaline solu-
tions with a speed that reduces as the pH increases.”* From
another point of view, the production of OH™ while the
corrosion of Mg can shift the local pH into the alkaline
region.”’

The hydrodynamic condition of the human body influ-
ences local surface chemistry, corrosion, and biological

behavior. For instance, blood flow surrounding Mg bio-
materials can avoid the growth of corrosion products by
transporting them away from the implant surface, thereby
increasing the corrosion rate of the Mg biomaterial.”> By
way of illustration, as Mg vascular stents are exposed to the
blood flow in the arteries, they might be more susceptible
to rapid corrosion compared to cartilage scaffolds made of
Mg alloys because there are no blood vessels in cartilage.

The abovementioned parameters, as well as many other
unknown factors, can influence the corrosion behavior of
Mg-based biomaterials in numerous ways, resulting in a
very complex corrosion scenario in the human body, which
is still far from full understanding. Accordingly, in this
field, an accurate prediction of the corrosion performance
of Mg alloy implants within the human body needs explor-
ing. Some possible interactions with a corroding Mg bio-
material in the body are depicted in Figure 3.

3.2 | Loss of mechanical integrity of
Mg-based biomaterials due to high
corrosion rate

In vivo experiments have demonstrated that the loss of
mechanical integrity due to the high rate of degradation of
Mg-based biomaterials has limited their applications in the
biomedical field. Actually, the uncontrollable degradation
of Mg alloys leads to loss of initial strength, the transfor-
mation of pore size, changes in the weight of biomaterials,
subsequently, and structural failure of the Mg biomaterial
before fulfilling the required mechanical function.”
Because of that, the lifetime of Mg-based biomaterials is
considerably hard to predict. Because Mg alloys consist
of various alloying elements and impurities, the corrosion
behavior of Mg alloys is not often uniform. The reason for
this is that nearly all of the alloying elements are nobler
than Mg, and coupling Mg with nobler metals results
in rapid and nonuniform corrosion performance of Mg
implants. Therefore, the local loss of mechanical integrity
of Mg alloy biomaterials occurs, making the prediction
of durability substantially complicated.”® In general, the
degradation of an ideal biodegradable biomaterial should
proceed slowly to maintain mechanical integrity and give
adequate time for the tissue to start healing. Then, the
degradation rate should increase when the mechanical
integrity declines.”® According to Li et al.,”’ a coronary
stent made of Mg should maintain its mechanical integrity
to complete the vessel remodeling procedure for a period
of 6-12 months. After that, it should degrade completely
in 12-24 months. In addition to coronary stents, ortho-
pedic biomaterials made of Mg should maintain their
mechanical integrity to support new bone formation for
a period of 3-4 months. However, investigations have
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FIGURE 3 Schematic illustration of the corrosion behavior of biodegradable magnesium biomaterial in physiological conditions and
several possible chemical reactions. (A) The corrosion of Mg results in the production of Mg?* cations, H, bubbles, and OH" ions. (B) A white
compound with low solubility in water chemically named Mg(OH), forms on the surface of Mg. (C) Chloride ions attack the surface of Mg and
disrupt the protective layers on that, resulting in the formation of MgCl, and a higher corrosion rate. (D) OH™ ions react with bicarbonate, thus

Cells

producing carbonate ions and water. (E) MgCO, formation owing to the presence of Mg?* and carbonate ions. (F) HPO,? reacts with OH" ions
and generates phosphate ions and H,0. (G) Phosphate ions react with Mg?* cations, thereby producing Mg;(PO,),. (H) Calcium carbonate
is formed due to the presence of Ca?* and carbonate ions. (I) Calcium phosphate biomineralization, because of the presence of calcium and
phosphate. Several possible corrosion products here are tricalcium phosphate and hydroxyapatite (HA), besides X can be, OH, Cl, and so forth.
(J) Adherence of cells and proteins to the surface, thereby slowing down the corrosion rate. (K) The hydroxide ions might harm cells. (L) An
increase of hydroxide ions leads to an antibacterial influence. (M) As the level of OH" increases, the more basic, or alkaline, the physiological
solution becomes, which decelerates the corrosion rate of Mg. (N) The adsorption of proteins on the surface of the Mg implant is followed by
cellular attachment, migration, proliferation, and complex Mg?* ions. (Source: Authors)

revealed that the mechanical integrity of most of the
currently researched Mg alloys drops quickly at the initial
stage of degradation; therefore, they are not able to meet
the clinical needs.™

Early failure of Mg-based biomedical fixation devices
might be as a result of stress corrosion cracking induced
from the combined effect of corrosive physiological envi-
ronment and mechanical loading.”®°’ Because Mg-based
orthopedic biomaterials experience loading owing to nor-

mal body movements such as running and walking and
Mg-based cardiovascular stents are subjected to cyclic
loading due to heartbeat, the simultaneous action of
cyclic loading and the corrosive physiological condi-
tion might result in corrosion-assisted cracking.!’® Han
et al.'”! implanted high-purity magnesium screws in rab-
bits to repair a femoral fracture. The results indicated
that 4 weeks postoperation, high-purity Mg screws expe-
rienced bolt bending at the part exposed to fracture gap
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FIGURE 4

High-purity magnesium screws for the fixation of femoral fracture and its implantation in the unscathed femoral. (A) Dia-

grammatic drawing of a rabbit displaying the high-purity magnesium screws for fixing the femoral fracture (right leg of the rabbit) and the
implantation of the same screw as a control sample in the (left leg of the rabbit). In the right leg, the gray part shows the fracture space of three

millimeters. (B) A high-purity Mg screw before surgery. (C) In vivo three-dimensional photographs and (D), u-CT scans of high-purity Mg

screws both in the fracture and the control groups at 4, 8, and 16 weeks postimplantation. In the fracture group at 4 weeks, pure Mg screws had

a bending angle at the part subjected to the fracture because of the mechanical stresses involved in fracture fixation. At 8 weeks postoperation,

new tissue was formed in the gap. At 16 weeks, the formed bony bridge was developed, pure Mg screws were severely corroded, and mechanical

integrity was reduced. Red arrowheads display the fracture gap. Adopted with permission

due to mechanical stress involved in fracture fixation, and
16 weeks after surgery, severe local corrosion was observed
at the same part (Figure 4). This severe local corrosion is
alleged to have been in the fracture group due to newly
formed tissues in the gap because blood-rich bone tissues
stimulated the movement of ions on the surface of pure
Mg screws. Although in the control group high-purity Mg
screws indicated corrosion in screw thread, no bending
angle was seen in the control group.

It is remarkable to mention that every manufacturing
process that decelerates the rate of degradation of Mg alloys
can significantly enhance the mechanical integrity of Mg-
based biomaterials. For instance, Hou et al.'? evaluated
the mechanical integrity of the rolled and the annealed
ZX11 Mg alloys via tensile test after immersion assay. The
results indicated that the deterioration in the mechanical

101

integrity of the rolled ZX11 alloy was faster in comparison
to the annealed one, which is in agreement with the higher
degradation rate of the rolled alloy compared to that of the
annealed one.

3.3 | Corrosion of Mg-based biomaterials
induced production of H, gas

The intrinsic ability of Mg and its alloys to degrade has
resulted in a multitude of medical applications. However,
in a corrosive environment, Mg undergoes anodic polar-
ization (Equation 1), which is accompanied by the cathodic
reaction of H,O (Equation 2), thereby generating hydrogen
gas about 1 ml by the degradation of every 1 mg of Mg.'** In
fact, the degradation of Mg-based biomaterials followed by
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the production and accumulation of hydrogen gas can lead
to the formation of gas cavities in the neighboring tissues,
separation of corrosion products from the surface of Mg,
brittle fracture of the biomaterial, and necrosis in the sur-
rounding tissue.!%*!% In a worst-case scenario, a consider-
able quantity of H, gases might spread through the blood
circulatory system, inducing embolism and death.'*> How-
ever, the risk of H, evolution for human health directly
depends on the temporal and spatial rate of its release.
In fact, it is not harmful to human health as long as the
release rate would be 0.01 (ml/cm2)/day. In this case, H,
gases can be transported away from the place of its produc-
tion, and the local buildup of a large volume of gas will not
occur.'%

From the thermodynamic point of view, in all corro-
sion reactions (electroneutrality requirement), when the
kinetics of the anodic and cathodic reactions are equal,
the rate of the accumulation of hydrogen may be affected
by several measures, which decelerates the rate of either
anodic reaction or the evolution reaction of H,. Gener-
ally, the surroundings, surface modifications, and alloy-
ing can have influences on the rate of both cathodic and
anodic reactions. For example, H, evolution is affected by
the presence of several alloying elements or impurities®’
with different concentrations'”’ in the alloy. The rate of
H, release is increased in contact with the surface of some
metals known as small overpotentials such as Pt, Fe, and
Ni, whereas it is decreased by several elements known as
large overpotentials such as Hg and Zn.”' Because these
elements are nobler than magnesium, intermetallic phases
and impurity particles perform as local cathodes coupled
with the magnesium matrix, which plays the role of the
anode.'”®

In a study conducted by Zhao et al.,'*’ the effect of alloy-
ing on the accumulation of H, gas was evaluated by the
implantation of AZ31, WKX41, and ZJ41 Mg alloy discs
in mice''’ (Figure 5). As it was expected, AZ31, WKX41,
and ZJ41 with slow, intermediate, and fast corrosion rates
resulted in the production of gas cavities increased in the
order of AZ31 (Figure 5B) < WKX41 (Figure 5C) < ZJ41
(Figure 5D) 1 week after surgery. Subsequently, the gas cav-
ities were marked (1-4) via an H, microsensor (Figure 5A)
to evaluate the amount of gas accumulated in each mouse.
The measurements indicated that AZ31 generated H, gas
very slowly, but ZJ41 alloy rapidly produced a large gas
cavity in comparison with WKX41 alloy (Figure 5E). The
results of this research clearly indicate the significant role
of alloying elements on the corrosion behavior and H, evo-
lution of Mg-based biomaterials; however, more studies are
still needed to evaluate the role of different surface treat-
ments and environments on the accumulation of hydrogen
gas in vivo.

Open Access,

3.4 | Corrosion of Mg-based biomaterials
induced pH changes

Mg-based biomaterials have raised concern about hydrox-
ide ions generated from the cathodic reaction of Mg (Equa-
tion 2) in a corrosive environment. This is because the pro-
duction of hydroxide ions can shift the pH level into the
alkaline region and might have adverse influences on local
cell functions or even cell death.!!! In reality, cathodic reac-
tions occur in all metal corrosion reactions; however, an
increase in the pH level might not always happen. The dif-
ference between the case of magnesium and other metals
relates to the nature of the metal cations; especially, when
it comes to the reactions with H,O. Because most of the
transition metals such as Ti**, Fe**, Fe3*, and Cr3* are
acidic in nature, an acidic pH shift upon the hydrolysis
of metal ions might be able to counterbalance the alka-
line shift, resulted from the cathodic reaction if both reac-
tions on the surface of the metal occur separated as in
the case of uniform corrosion.”’ In the case of localized
corrosion, with a separation of the cathodic and anodic
sites, the changes in local pH can be seen, and the anodic
sites can indicate a very acidic electrolyte. However, as
Mg?* presents a neutral character, the hydrolysis reaction
of Mg?* might not neutralize the alkaline shift resulted
from the cathodic reaction. Therefore, the concentration
of various cations liberated in the alloy from the alloy com-
position can affect the hydrolysis reactions, as the alkaline
shifts differ for different alloys. For example, because Al
cations have an acidic nature, in the vicinity of corroding
surfaces, the equilibrium pH value has been indicated to be
higher for pure magnesium than for AZ91, which contains
9 wt.% AL

On the other side, it is noteworthy to mention that some-
times an increase in alkaline on the surface of a bioma-
terial might be beneficial for several applications because
it assists the surface passivation of Mg by the generation
of protective magnesium hydroxide films. By way of illus-
tration, magnesium alloys may indicate an unexpectedly
desirable corrosion behavior under atmospheric exposure
where thin electrolyte films on the surface of the alloy
enable severe alkalization. Furthermore, surface alkaliza-
tion can cause self-inhibited propagation of magnesium
corrosion in any type of “occluded cells” with a confined
exchange of the solution with the bulk environment. Con-
versely, metal cation hydrolysis reaction in most other
alloys can cause acidification of the local surface, so aggres-
sive conditions in occluded cells will arise, which can
speed up the localized corrosion.”

Although many other parameters may significantly or
slightly change the local pH around a corroding biomate-
rial, the research in this field is limited. As the pH changes
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A comparative image of hydrogen evolution behavior of three different Mg alloys during corrosion. Evaluating hydrogen

gases accumulated in the body of mice through implanting three Mg alloy (AZ31, WKX41, and ZJ41) discs with different corrosion resistance
in mice by (A) a hydrogen microsensor. A week after surgery, the results indicated that (B) AZ31 Mg alloy with the highest corrosion resistance
produced H, gas too slowly to show a visible gas cavity. (A and B) Adopted with permission.'’ (C) WKX41 Mg alloy with moderate corrosion
resistance generated a smaller H, cavity in comparison with (D) ZJ41 Mg alloy with high corrosion rate, which formed a big gas cavity. (E) H,
concentration on each point from a calibration curve demonstrated that among these three alloys, the ZJ41 alloy presented the highest corrosion
rate. (F) Hydrogen concentration was evaluated weekly over a 4-week study, which indicated that the maximum H, concentration produced by
these alloys and the percentage decreased in hydrogen both declined in the order of ZJ41 > WKX41 > AZ31. C-F Adopted with permission'®

in the vicinity of a corroding biomaterial in vivo are hard
to evaluate, experiments are often conducted under static
conditions. However, the local surface chemistry evolves
with time, and the hydrodynamic conditions such as blood
flow around the surface of an implant can transport OH~
anions away from the surface."” Also, in the body fluids,
insignificant changes in the pH are usually observed due to
buffering. Accordingly, a great deal of research is required
for understanding the effect of different parameters on the
pH values around a corroding biomaterial.

3.5 | Biocompatibility of Mg and its
corrosion products in the human body

Everybody knows that all biomaterials used in human
beings have to be biocompatible.!* For this reason, the
degradation products of Mg and its alloys, including H,

gases, released ions (Mg2+, OH", and alloying elements),
and peeled-off particles, need to be safe and biocompat-
ible to the host tissues at the lowest needs. Although
magnesium-based biomaterials typically present good bio-
compatibility in vivo, the corrosion rate of several Mg
alloys seems to be very high. This can result in the
corrosion products released in greater quantity, which
subsequently may deteriorate the biocompatibility of the
biomaterial.®3

In general, magnesium is an abundant mineral in the
human body. The total Mg amount is announced to be
~20 mmol/kg of fat-free tissue. Between 50% and 60%
of Mg resided within the bone, where it is believed to
produce a surface constituent of hydroxyapatite mineral
component.''* Most of the remaining Mg is contained in
soft tissues and skeletal muscle. Mg is a cofactor in more
than 300 enzymatic reactions required for the structural
function of mitochondria, nucleic acids, and proteins. The
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body needs Mg to maintain the health of the immune sys-
tem, bones, teeth, and muscles.?® Moreover, several stud-
ies have found that elevating brain Mg will enhance learn-
ing and memory functions.'> On the other hand, further
research is needed to unambiguously realize the way mag-
nesium release might affect the biological surroundings.

H, gas is considered a favorable medicinal agent due
to its therapeutic and restrictive influences on differ-
ent diseases.!'®"?! It is believed that the reactive oxygen
species (ROS) are reduced by hydrogen gas in tissues. Fur-
thermore, this gas has antioxidant and anti-inflammatory
influences on ischemia-reperfusion injuries, in which the
ROS are generated in excess.'?>!?* Apart from these prop-
erties, several studies have indicated the advantages of
inhaled H, on acute myocardial infarction and out-of-
hospital cardiac arrest.'**!'>> For these reasons, the pres-
ence of H, might not result in a deterioration of bio-
compatibility, although the correlation between the bio-
logical effects of H, and Mg as a source that contin-
uously generates H, gas during the corrosion is under
investigation.

Despite the negative effect of hydroxide ions on bio-
compatibility, recent research has shown that OH™ ions
generated during the corrosion of Mg can lead to an
antibacterial effect. Robinson et al.'?® studied the influ-
ence of higher concentrations of Mg?* and OH" ions on
the in vitro growth of Escherichia coli, Pseudomonas aerug-
inosa, and Staphylococcus aureus. The results indicated
that increasing the concentration of OH™, in contrast to
Mg2*, can limit the growth of these bacteria. In addition
to the antibacterial property, OH™ ions are reported to pro-
mote bone growth.'”” Apart from OH", released ions from
alloying elements can affect the biocompatibility of Mg
alloy biomaterials. Some alloying elements might cause
poisoning and adverse tissue reactions, whereas some
alloying elements are toxic only in excessive amounts. It is
thus essential that researchers take advantage of elements
found in the human body for Mg alloy biomaterials.®!*
Magnesium degradation also produces soluble or insoluble
degradation products, which are nontoxic and precipitate
on the surface of the Mg biomaterial.'** However, more
effort should be taken to clearly demonstrate the biological
effects of different degradation products on human health.

4 | OPPORTUNITIES TO OVERCOME
THE CURRENT CHALLENGES

Magnesium, the lightest metal found on earth, is consid-
ered one of the potential candidates for medical applica-
tions because it has a high strength-to-weight ratio, good
inherent creep resistance, and mechanical properties close
to those of the bone.!* Moreover, among biodegradable
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metals, Mg is known to have the best biocompatibility.'*

However, the high corrosion rate of Mg in the physio-
logical conditions hinders the full use of its functional-
ity. For this reason, enhancing the corrosion resistance of
Mg is the only technique to overcome the abovementioned
drawbacks for biomedical applications. In this way, Mg-
based biomaterials can be designed to degrade in a tailored
behavior to have a controlled time-based performance in
the human body to match the needs of a specific bioma-
terial in a range of applications. Moreover, the corrosion
products at an improved corrosion resistance will release at
a slower rate, thereby enabling the host tissue to deal with
them. Because of that, worldwide researchers are develop-
ing multiple ways to achieve the best corrosion resistance
of Mg-based biomaterials, without disruption of the bio-
compatibility, through designing new Mg alloys and sur-
face treatment techniques.'*!

4.1 | Selection of suitable alloying
elements

It has been well noted that high-purity Mg might exhibit
higher corrosion resistance in comparison with several
Mg alloys. This is because some additional phases speed
up the corrosion of the alpha-Mg matrix through micro-
galvanic corrosion, and generally trigger substantial corro-
sion rates. As magnesium alloys contain alpha-Mg matrix,
additional phases might contain phases associated with
the impurity elements such as iron, nickel, copper, and
cobalt if their concentrations are more than the (compo-
sition dependent) impurity limits.”” On the other hand,
the addition of several alloying elements to magnesium
is typically believed to have beneficial effects on the cor-
rosion resistance, degradation rate, mechanical integrity,
hydrogen evolution, and surface alkalization of Mg-based
biomaterials.*®'?® As biocompatibility is an important fac-
tor when designing an Mg alloy for degradable biomate-
rials, it is thus imperative that designers use alloying ele-
ments found in the body such as calcium (1100 g in the
body), zinc (2 g in the body), manganese (12 mg in the
body), strontium (0.3 g in the body), lithium (2-4 ng/g in
blood serum), zirconium (<250 mg in the body), yttrium
and lanthanides (<47 ug in blood serum).® However, the
concentration of alloying elements utilized in the produc-
tion of different Mg alloy biomaterials should be assessed
because toxic elements (e.g., Al) may induce no delete-
rious effects in an adequate low concentration, whereas
excess amounts of essential trace elements (e.g., Fe) can
cause poisoning.'”® As the concentration of the liberated
ions at a particular position of the tissue around the bio-
material differs with tissue reconstruction processes of the
host as a function of time, the local microenvironment
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(e.g., the local blood supply), and space (the distance to the
biodegradable Mg biomaterial), it is essential that design-
ers control the local concentration of the released ions from
Mg alloys below their permissible limits for the design of
the final biodegradable biomaterial made of Mg alloys.®
Table 2 summarizes the biological and metallurgical char-
acterization and the toxicology of commonly used alloying
elements found in the human body.

It is reported that aluminum in Mg alloys has a bene-
ficial effect on corrosion resistance, mechanical integrity,
surface alkalization, and hydrogen evolution, although
this metal within the human body develops neurotoxic-
ity and Alzheimer’s disease.'*> As a consequence, Al is not
suitable for biomedical applications, and it had better be
eliminated from the design of Mg alloy biomaterials.*® As
calcium, zinc, and manganese are vital for human health,
these elements should be the first option for designing
biomaterials made of Mg alloys.'** Hou et al.** studied
the biocompatibility, corrosion behavior, and mechanical
properties of biodegradable Mg-3Sn-1 Zn—-0.5Mn alloys.
The in vivo results indicated that the implanted alloy in the
femoral shaft and the dorsal muscle of the rabbit exhibited
great biocompatibility. Moreover, they revealed that this
as-extruded alloy was a promising material for biodegrad-
able implants due to their improved corrosion resistance
and mechanical properties. In another study, Jiang et al.'**
studied and compared the cytocompatibility and degrada-
tion behavior of four binary MgSr alloys (Mg-xSr, x = 0.2,
0.5, 1, and 2 wt.%) as well as four ternary MgCaSr alloys
(Mg-1Ca-xSr, x = 0.2, 0.5, 1, and 2 wt.%) using direct cul-
ture with bone marrow-derived mesenchymal stem cells.
They indicated that Mg-1Sr and Mg-2Sr alloys had the low-
est degradation rates compared to the other binary MgSr
and ternary MgCaSr alloys. Ternary MgCaSr alloys indi-
cated enhanced adhesion of bone marrow-derived mes-
enchymal stem cells in comparison with binary MgSr
alloys except for the Mg-1Ca-0.2Sr alloy. Finally, Mg-1Sr,
Mg-1Ca-0.5Sr, and Mg-1Ca-1Sr alloys were selected as the
best alloys between all the mentioned alloys due to their
overall performances in terms of cytocompatibility and
degradation.

Mg alloys with limited concentrations of Zr and Y are
also well-known for being suitable for biomedical appli-
cations. This is because the human body contains Zr and
Y in tiny amounts. In addition to that, Zr generally has
low toxicity.*® Chou et al.'*” implanted WZ42 (Mg-4.0%Y~-
2.0%Zn-1.0%Zr-0.6%Ca in wt.%) alloy as wires rolled
around the outside of the femurs as a cerclage and as pins
to repair an osteotomy in rat femurs. The results indi-
cated that the WZ42 alloy could be a potential material for
load-bearing orthopedic applications because normal bone
healing occurred in femurs fixed with the WZ42 alloy after
14 weeks of surgery, and no accumulation of magnesium,

as well as alloying elements, was observed in the liver and
kidney of rats.

Another important issue about finding suitable alloy-
ing elements for Mg-based biomaterials is that designers
should find the most appropriate alloying elements for a
specific application. For instance, for designing vascular
stents, Mg-Li-based alloys are of great interest. As these
alloys possess good ductility, they can fulfill the require-
ments of expandable vascular stents.”” Wu et al.'*® fabri-
cated two multiphase extruded rods made of Mg-6Li-1 Zn
(LZ61) and Mg-9Li-1 Zn (LZ91) alloys to implant them in
mice. Measurements indicated that both LZ61 and LZ91
alloys showed great biocompatibility and more than 40%
elongation at fracture. However, it is reported that LZ61
alloy exhibited a better balance of mechanical properties,
biocompatibility, and corrosion resistance in comparison
with LZ91 alloy, showing its potential for cardiovascular
stent application.

Alloying design of biodegradable Mg as promising
orthopedic biomaterials should have adequate amounts of
calcium, manganese, and strontium. The reason for this is
because these alloying elements can promote the forma-
tion of new bone and accelerate the bone healing process.
Xia et al."*® evaluated the mechanical strength, corrosion
behavior, and cytocompatibility of ternary Mg-(3.5 and
6.5 wt%) Li—(0.2, 0.5, and 1.0 wt%) Ca alloys. The results
indicated the better mechanical strength of these alloys in
comparison with high purity Mg. Then, they implanted
Mg-3.5Li-0.5Ca alloys into the femurs of mice. The result
of in vivo tests showed that these alloys did not cause any
adverse effects and thickness of the cortical bone around
the Mg-3.5Li-0.5Ca alloy rods had significantly increased,
indicating Mg-3.5Li-0.5Ca alloy a promising candidate for
orthopedic applications.

As it was indicated in this text, the role of alloying ele-
ments on the biofunctionality of Mg alloy biomaterials is
undeniable, although a flawless alloying system with the
optimized property profile is yet to be verified.

4.2 | Surface modification techniques

A suitable design of a biomaterial is aimed to provide
the requisite biofunctionality, durability, and biological
responses. The durability and biofunctionality of biomate-
rials are mainly controlled by the bulk properties, whereas
biological responses depend on the surface roughness,
topography, energy, wettability, and chemistry.®® It is
well-known that the surface of biomaterials can play
an important role in biological interactions and tissue
biocompatibility. For instance, the surface morphology
has outstanding and direct influences on the cell func-
tions and behavior, whereas cell adhesion on the wetted
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TABLE 2 Biological and metallurgical characterization, as well as toxicology, of alloying elements for magnesium biomaterials
Metallurgical
Alloying Biological characterization of characterization of
elements alloying elements alloying elements Toxicology References
Ca Ca is a key nutrient in the human The addition of Ca to Mg alloys Too much Ca in the 8,136,140,141
body. It helps the growth and can enhance the elongation, blood can create
maintenance of bones, healthy creep resistance, hardness, kidney stones,
teeth, cell function, muscle and strength of the alloys. weaken bones, and
contraction, regulating Excessive addition of Ca interfere with how
heartbeat, blood clotting, results in a deterioration of the heart and brain
decreasing blood pressure, and corrosion resistance, as a work.
nerve impulse. Ca deficiency result, Ca concentration in
causes osteoporosis and other Mg alloys should be less
diseases. than 1%.
Zn Zn helps in the normal functions Zn at a content below 5% Zn?* can form ZnCl,, tEBLE
of many enzymes; promotes enhances the corrosion which might damage
wound healing; improves resistance and strength of partial cells lining of
neurotransmission and Mg alloys; reduces the the stomach.
synapse formation; supports accumulation of H, gases; Excessive absorption
protein, DNA synthesis, and and improves the of Zn is neurotoxic
the sense of taste and smell; mechanical properties. The and can impede bone
and enhances immune activity. addition of Zn up to 3% in growth.
The deficiency of Zn leads to a binary Mg alloys decreases
delayed response to both T the grain size.
cell-dependent and T
cell-independent antigen.
Mn Mn is a necessary nutrient for Small additions of Mn in Mg Overexposure to Mn 144-146
intracellular activities. It plays alloys can improve corrosion might result in a
a positive role in blood clotting, resistance without changing neurological
energy production, antioxidant the mechanical properties; disorder.
defense, digestion, immune reduce elongation and
response, and regulation of ultimate yield strength for
neuronal activities. It helps the binary Mg-Mn alloys. In Mg
normal functionality of the alloys, Mn is usually limited
brain, nervous system, growth to below 1% wt.
of cells, and cellular
homeostasis.
Sr Sr is a natural bone-seeking Sr is a grain size refiner. The Excessive St might Lzl

element that accumulates in
the skeleton due to its close
physical and chemical
properties with Ca. It can
decrease bone resorption;
stimulate the growth of
osteoblasts; and enhance bone
strength and bone mineral
density. Moreover, the
degradation of Mg-Sr alloys
helps to deposit Sr-substituted
HA, which is beneficial for
bone mineralization.

addition of Sr into Mg alloys
tends to form Mg-Sr phases
that distribute along grain
boundaries. The
concentration of Sr below

2 wt% enhances the strength
and corrosion resistance and
decreases ultimate
compressive strength and
ultimate strain, whereas
excessive Sr addition leads to
weaker mechanical
properties and a higher
corrosion rate.

increase the risk of
blood clots and
skeletal
abnormalities.

(Continues)
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TABLE 2 (Continued)
Metallurgical
Alloying Biological characterization of characterization of
elements alloying elements alloying elements Toxicology References
Li Li is one of the most extensively Adding Li into pure Mg can An excessive amount of 151-154
used elements in the treatment slightly decrease the grain Li might cause
of manic depressive psychoses. size, resulting in the central nervous
Although defined Li deficiency distribution of Mg-Li phases system disorders.
diseases are still unknown, with bcc structure along
studies indicate that low Li grain boundaries. By forming
intake from water supplies was bcc structural phases,
associated with increased rates deformability increases
of suicides, homicides, and through the addition of Li
arrest rates for drug use and (>11%). On the other hand,
other crimes. adding Li at a concentration
of less than 9% can improve
the corrosion resistance.
Zr Zr indicates osseointegration and The addition of Zr less than 2% Generally, Zr shows 2136155
great biocompatibility both in in Mg alloys improves the low systemic toxicity.
vitro and in vivo. This element corrosion resistance, However, it should
mostly accumulates in the mechanical properties, be used with scrutiny
skeleton than in tissue. elongation, ductility, according to the
ultimate yield strength, and applied dosage.
specific damping capacity,
which might assist the
absorption of vibrations and
stresses at the interface
between bone and implant.
Moreover, this element is a
great grain refiner.
Y and rare Y and REEs are present in low In general, REEs in Mg alloys Ce and La indicate the 136,156,157
earth abundance in organisms and can enhance electrochemical highest cytotoxicity.
element water bodies. They are not behavior, corrosion Besides, Ce and Pr
(REESs) necessary elements for resistance, mechanical cause hepatotoxicity.

organisms. However, some of
them have the potential for
cancer treatment.

properties, and creep
resistance. Furthermore,
they are good grain refiners.

superhydrophobic and superhydrophilic surfaces is higher
than those on the other surfaces, comprising nonwetted
superhydrophobic surfaces.””” The interactions between
the biomaterial and the physiological environment
occur on the surface of biomaterials. The first biological
responses of tissues to a foreign biomaterial also depend
on the biomaterial surface properties. Therefore, proper
surface treatment on the surface of Mg biomaterials can
enhance surface properties while preserving the bulk
attributes'® and surface treatment might be the key to
overcoming the challenges of Mg-based biomaterials.
Generally, there are three classes of surface modifica-
tion systems: the addition of a distinct layer of a material
to the original surface, modification of the surface of a
biomaterial by changing its microstructure or composition
or both, and a mixed treatment.'®’ These systems can
offer the desired route to tailor the initial reactions of

the surface of Mg alloys with the physiological condition
to control the corrosion, degradation, biocompatibility,
and mechanical properties of Mg alloy biomaterials.”
Many techniques have been utilized to enhance the
corrosion resistance,'%>!*  bioactivity, biodegradabi-
lity,'%+1%> and biocompatibility'®®'%” of Mg biomaterials.
Lin et al.'®® constructed multifunctional titania-based
nanolayer on the surface of as-cast ZK60 alloy (Mg-6 wt%
Zn-0.5wt% Zr) using Ti and O dual plasma ion immersion
implantation (PIIT) method. Figures 6A and 6B indicate
the fluorescent photographs of MC3T3-E1 preosteoblasts
adhesion on the surface of both untreated and PIII-treated
ZK60 alloys. As is presented, after 1 day of incubation
no toxic effect to preosteoblasts was occurred by both
untreated and PIII-treated samples. However, on day
three, an improved preosteoblast adhesion was seen
on the PIII-treated samples compared to the untreated
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FIGURE 6 Surface modifications of Mg alloys for biomedical applications. (A) Fluorescence photographs of MC3T3-El preosteoblasts cul-

tured on the surface of untreated and (B) PIII-treated ZK60 alloy substrates for 1 and 3 days indicating that although both untreated and treated
ZK60 Mg alloys were biocompatible, the higher MC3T3-E1 preosteoblasts adhesion occurred on the PIII-treated ZK60. (C) The fold change of
BrdU incorporation after culturing MC3T3-E1 preosteoblasts for 1 and 3 days with untreated and PIII-treated ZK60 substrates demonstrated
that the amount of incorporation of BrdU in the PIII-treated ZK60 was 1.7-fold and 2.5-fold higher at 1 and 3 days, respectively, showing better
osteoblasts viability and proliferation due to the controlled release of magnesium ions from treated ZK60 alloy. Adopted with permission.'®® (D)

Schematic of coatings on the surface of Mg and its alloys. (E) Schematic demonstrations of degradation mechanism of MAO/PLLA composite

coatings on the surface of Mg-1Li-1Ca alloys in Hanks’ Balanced Salt Solution (HBSS) indicating the corrosion of the substrate at the initial
stage and swelling of PLLA polymer on the surface of Mg alloy and (F) the final peeling-off of the PLLA coating on the surface of the alloy
under the pressure of corrosion products and hydrogen gas. Adopted with permission'’®
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ZK60 because of the controlled release of Mg*". More-
over, according to the cell proliferation test (Figure 6C),
in the PIII-treated ZK60 group, the amount of BrdU
incorporation exhibited considerably 1.7-fold and 2.5-fold
increase, resulting in enhanced osteoblasts viability, cell
attachment, and cell proliferation.

According to the coating formation mechanisms, coat-
ings for Mg alloys can be classified into two categories:
conversion and deposited coatings. Conversion or in situ
grown coatings are generated by particular reactions
between Mg substrate and the environment. The surface
of the Mg substrate is normally converted into an oxide
or passive layer through a chemical or an electrochemi-
cal procedure. This oxide layer on the surface of Mg grows
inward and outward at the same time, resulting in geome-
try changes of the component. These formed layers, which
are inorganic, indicate a ceramic-like character. On the
other hand, Mg substrates do not participate in the produc-
tion of deposited or ex situ coatings, which consist mainly
of organic-based materials. Moreover, the binding force
between the surface of Mg and its coating is guaranteed by
intermolecular and mechanical forces. These coatings are
typically regarded as the outmost layer or functional layer
due to their weak adhesion with the metal substrates and
they are not appropriate for the intermediate layer. Owing
to the high surface alkalinity for most Mg alloys, special
surface treatment is usually essential before the applica-
tion of an organic coating.*

Coatings can be applied on the surface of Mg via chem-
ical, physical, mechanical, and biological or biomimetic
techniques (Figure 6D).!” In fact, based on the target
application, requisite degradation rate, and cell responses,
a coating can be prepared on the surface of the Mg
biomaterial. For instance, for orthopedic applications,
calcium phosphate-based coatings come highly recom-
mended because these coatings can improve cytocompat-
ibility, bioactivity, osteogenesis, and osteoconductivity of
Mg-based orthopedic implants.'’” Another example would
be some temporary biomaterials intended to degrade in a
short period. In this case, it is not necessary to prepare high
corrosion-resistant coatings on the surface of them.

From another point of view, for medical magnesium
alloys based on functions, there are various kinds of
coatings: self-healing, self-sacrificing, self-cleaning,
bio-adaptable, biocompatible, biodegradable, bioactive,
antibacterial, and drug-loading coatings.'® It is worth
noting that some coatings, on the basis of their compo-
sitions, can serve more than one function. For example,
anodization is an appropriate surface treatment tech-
nique to enhance corrosion resistance and bioactivity of
biomaterials. However, a single coating on the surface of
Mg alloys cannot present excellent adhesion, corrosion
performance, biodegradability, bioactivity, and so on. This

leads to the development of multilayer coatings on the bio-
material. By way of illustration, a large number of polymer
coatings have been used to protect Mg biomaterials against
corrosion, yield diverse functional properties, and enhance
biocompatibility, such as, polycaprolactone, poly(lactic-
co-glycolic) acid, polylactic acid, polydopamine, collagen,
and chitosan,'”! although polymer coatings exhibit poor
adhesion to the metal substrate. On the other side, micro-
arc oxidation coatings suffer from micropores and cracks,
which severely limit their corrosion protection ability.'”
Therefore, recent research suggests that designers
produce a duplex coating including an inner film of
micro-arc oxidation coating followed by polymer deposi-
tion coating, as the top layer on the surface of micro-arc
oxidation coating, thereby overcoming the limitations
of MAO and polymer coatings.'?"'> Zeng et al.'”® con-
structed a composite coating made of MAO/PLLA on the
surface of Mg-1Li-1Ca alloy via dip-coating followed by
freeze-drying (Figures 6E and 6F). They indicated that
the micro-arc oxidation/poly-L-lactic acid (MAO/PLLA)
composite coating considerably reduced the corrosion
rate of Mg-1Li-Ca alloy. These days many researchers
from all over the world search for ways to control the
biofunctionality of magnesium and its alloys and to add
new functions to coatings using novel materials and
techniques. However, it is still an open challenge for
researchers to develop.

5 | CONCLUDING REMARKS AND
FUTURE PERSPECTIVE

The combination of biodegradability, biocompatibility, and
mechanical properties similar to those of human bones
renders Mg-based alloys as promising materials for load-
bearing applications in the biomedical fields. Mg-based
implants and scaffolds not only provide mechanical sup-
port for tissue healing but also eliminate the need for
implant removal surgery after the healing process. At
present, Mg-based biomaterials can be divided into three
groups: Mg-based vascular stents, Mg-based orthopedic
implants, and Mg-based wound closure devices. More-
over, there is an increasing demand for developing new
degradable biomaterials made of Mg and its alloys with
new biomedical applications because studies have shown
that biocompatible magnesium alloys are suitable degrad-
able biomaterials for use in the body. On the contrary,
the major drawback of magnesium is its rapid corrosion,
which limits its clinical application. This rapid corrosion
subsequently can lead to unexpected degradation, struc-
tural failure, hydrogen evolution, and an alkaline pH shift
in the vicinity of the corroding sites. In addition, the release
of corrosion products in high concentrations can affect the
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biocompatibility of these biomaterials. Accordingly, con-
trolling the corrosion behavior of Mg-based biomaterials
in vivo is a significant challenge.

Extensive studies on this subject have revealed that the
corrosion behavior of Mg biomaterials can be enhanced
by alloying and surface treatment. The first technique is
to design these biomaterials with suitable alloying ele-
ments, which are nontoxic and improve the metallurgical
properties of the Mg biomaterial. The second technique is
to modify the surface of Mg alloy biomaterials. Although
these techniques can significantly overcome the chal-
lenges faced by magnesium biomaterials, finding the best
method that ideally controls their corrosion behavior
remains an open challenge for researchers to explore. As
a matter of fact, the properties of Mg biomaterials hardly
ever satisfy all requirements of a specific application. Apart
from this, in the progress of new magnesium alloy bioma-
terials, testing and assessment are extremely necessary to
demonstrate the efficacy of the modified biomaterials and
there is often a big gap between the results obtained from
in vitro and in vivo tests due to the differences in the envi-
ronmental conditions. In fact, animal and human studies
provide more accurate information about the behavior of
Mg implants in the physiological environment. However,
in vivo studies are not always performed to evaluate the
corrosion rate of modified Mg alloys. Moreover, in vivo
studies from the complete degradation of modified Mg
alloys are rare. As a result, a great deal of investigations is
still required for the development of novel biodegradable
biomaterials made of Mg and its alloys.
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