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Due to matching biomechanical properties and significant biological activity, Mg-based implants present great
potential in orthopedic applications. In recent years, the biocompatibility and therapeutic effect of magnesium-
based implants have been widely investigated in trauma repair. In contrast, the R&D work of Mg-based implants
in spinal fusion is still limited. This review firstly introduced the general background for Mg-based implants.
Secondly, the mechanical properties and degradation behaviors of Mg and its traditional and novel alloys were
reviewed. Then, different surface modification techniques of Mg-based implants were described. Thirdly, this
review comprehensively summarized the biological pathways of Mg degradation to promote bone formation in
neuro-musculoskeletal circuit, angiogenesis with H-type vessel formation, osteogenesis with osteoblasts activa-
tion and chondrocyte ossification as an integrated system. Fourthly, this review followed the translation process
of Mg-based implants via updating the preclinical studies in fracture fixation, sports trauma repair and recon-
struction, and bone distraction for large bone defect. Furthermore, the pilot clinical studies were involved to
demonstrate the reliable clinical safety and satisfactory bioactive effects of Mg-based implants in bone formation.
Finally, this review introduced the background of spine fusion surgeryand the challenges of biological matching
cage development. At last, this review prospected the translation potential of a hybrid Mg-PEEK spine fusion cage
design.

1. Background of Mg-based implants R&D

Traditional orthopedic fixation equipment and prostheses are
generally made of hard materials such as stainless steel, Ti or its alloys,
and Co-Cr alloys. These materials presented good biocompatibility,
corrosion resistance, and mechanical strength [1]. However, the typical
limitations of these materials listed below may directly or indirectly
jeopardize the healing outcome: firstly, during the remodeling stage, the
stress shielding effect of hard metal can weaken the mechanical stimu-
lation of the bone tissue around the implant, thereby delaying the
healing process; Secondly, if nonabsorbable implants are not timely
removed, it may lead to related complications, such as loosening or
breakage of the implant, local pain, or infection around the implant [2,
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3]. Lovald et al. reported that 751 in 7391 patients removed the internal
fixation hardware because mentioned complications, which is over 10
%. Among 751 patients, implants mechanical complication took 16.2 %
[4]; Thirdly, patients may suffer from unpleasant feelings, risk of
reoperation, and iatrogenic trauma when removing these implants [5];
Fourthly, implants retained in the body and radiological artifacts
brought by implants may interfere with other treatments or surgical
procedures [6]. Although biodegradable polymers can effectively
compensate for the shortcomings of hard metal implants listed above [7,
8], there are some disadvantages for these materials. However, the
mechanical properties of polymers are relatively low. Polylactide (PLA)
is mostly used polymer material in implants. Its elastic modulus and
tensile strength of polylactide is 3 GPa and 50-70 MPa respectively [9].

* Corresponding author. Department of Orthopaedics, Peking University Third Hospital, No.49 North Huayuan Road, Haidian District, 100191, Beijing, PR China.
** Corresponding author. Department of Materials Science and Engineering, College of Engineering, Peking University, Comprehensive Scientific Research Building,

Peking University, Beijing, 100871, PR China.

E-mail addresses: puh3liweishi@163.com (W. Li), yfzheng@pku.edu.cn (Y. Zheng).

https://doi.org/10.1016/j.bioactmat.2024.04.026

Received 29 December 2023; Received in revised form 22 April 2024; Accepted 22 April 2024
2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:puh3liweishi@163.com
mailto:yfzheng@pku.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.04.026
https://doi.org/10.1016/j.bioactmat.2024.04.026
https://doi.org/10.1016/j.bioactmat.2024.04.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.04.026&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. He et al.

In addition, accumulated acidic products during polymer degradation
can amplify local inflammation levels and accelerate bone resorption
[10]. Because of these limitations, polymers presented lower osteogenic
potential than Ti metals [11]. Summarizing the advantages and disad-
vantages of hard metals and polymers, implant materials for orthopedic
applications should achieve moderate biomechanical properties (high
strength for durable mechanical support and low Young’s modulus that
close to bone), safe biocompatibility (low cytotoxicity, low
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concentration level in circular system, low organ retention, and no
ectopic ossification), and effective biological activity (osteogenesis and
angiogenesis). Considering of these properties, Mg metal can be iden-
tified as a promising material, which will be comprehensively elucidated
in this review.

Mg is under the name of its place of origin in history, Magnesia,
Greece. In Chinese character, the left part means metal, and the right

part means beautiful. In 1808, a British chemist, Sir Humphrey Davy

Table 1

Mechanical properties of Mg-based alloys.
Alloy composition Processing condition Yield strength MPa Ultimate strength MPa Elongation % Elastic modulus GPa Ref.
Cortical bone / 104-121 110-130 0.7-3 3-20 [19]
Ti and its alloys / 758-1117 / / 110-117 [20]
High purity Mg / 65-100 90-190 2-10 41-45 [21]
Mg-0.5Zn extruded T62C49 T145C237 T17.2C17.9 / [22]
Mg-1Zn extruded T91C64 T169C295 T18.7C20.9 /
Mg-1.5Zn extruded T101C65 T190C305 T17.2C18.5 /
Mg-2Zn extruded T111C74 T198C315 T15.7C17.8 /
Mg-1Zn-1Ca Casting T45 T125 T5.7 T2.13 [23]
Mg-2Zn-1Ca Casting T52 T143 T7.3 T2.38
Mg-3Zn-1Ca Casting T57 T160 T8.3 T2.92
Mg-4Zn-1Ca Casting T63 T182 T9.1 T4.42
Mg-5Zn-1Ca Casting T65 T173 T8.2 T6.15
Mg-6Zn-1Ca Casting T67 T145 T4.5 T9.21
Mg-1.5Zn-0.29Ba Rolled T87-137 187-224 T20-22 / [24]
Mg-Zn-Y-Nd Casting/Extruded T105-185 T209-303 T10.6-30.2 / [25]
Mg-Zn-2Y Extruded T~170 T~290 T~28 / [26]
Mg-Zn-xNd/Y-0.5Zr Casting T~80-110 T~110-215 T~5-20 / [27]
Mg-1.6Zn-0.5Gd Extruded T~117 T~213 T~30 / [28]
Mg-2Zn-0.5Gd Extruded T~220 T~280 T~13 / [29]
Mg-2Zn-1Gd Extruded T~280 T~340 T~24 /
Mg-2Zn-1.5Gd Extruded T~260 T~290 T~18 /
Mg-2Zn-2Gd Extruded T~220 T~270 T~13 /
Mg-4Zn-0.1Ce-0.3Ca Rolled T109-119 T231-240 T17.3-18.3 / [30]
Mg-0.5Ca Casting C70.1 C166.2 C14.5 C15 [31]
Mg-1Ca Casting T39C72 T105C179.5 T4.1C11.5 T.3.16C16.2 [23,31]
Mg-2Ca Casting C77.2 C184.6 Cl1.2 C16.7 [31]
Mg-5Ca Casting C94.1 C188.4 C9.4 C18
Mg-10Ca Casting C109.4 C190 C9.2 C21.7
Mg-15Ca Casting C172.3 C208.1 C3.2 C26.8
Mg-20Ca Casting C234.9 C291.3 Cl.7 C34.8
Mg-0.5Ca-0.5Sr Casting C274.3 / / / [32]
Mg-1Ca-0.5Sr Casting C274.2 / / /
Mg-1Ca-1Sr Casting C215.4 / / /
Mg-1Zr-0.5Sr-0.5Ho Extruded T192.7C120.3 T239.2C388.7 T8.1C17.7 T45.4 [33]
Mg-1Zr-0.5Sr-1.5Ho Extruded T164.7C125.8 T225.5C347.9 T20.7C25.6 T45.2
Mg-1Zr-0.5Sr-4Ho Extruded T174.1171.6 T231.1C423.4 T24.3C33.4 T47.5
Mg-1Sr Rolled T~125 T~165 T~6 / [34]
Mg-2Sr Rolled T~150 T213.3 T3.2 /
Mg-3Sr Rolled T~115 T~165 T~3.25 /
Mg-4Sr Rolled T~85 T~110 T~2.75 /
Mg-3Sr-0.6Y Extruded T~150 T~450 T-4.8 / [35]
Mg-1Y Rolled T~47 T~137 T~19 [36]
Mg-1Y-0.6Ca-0.4Zr Casting T~60 C-75 T~125 C-290 T~3 C-30 T~60 [371
Mg-4Y-0.6Ca-0.4Zr Casting T~80 C-100 T~150 C-310 T~5.5 C-22 T~50
Mg-4Y-1Mn Casting T~60-150 T~75-175 / / [38]
Mg-7Y-0.2Zn Rolled T310-495 T442-541 T1.9-4.6 / [39]
Mg-8Y-0.5Zn Extruded T149 T246 T18.1 /
Mg-0.16Nd Extruded T~60 T~330 T~20 [40]
Mg-Nd-Zn-Zr Extruded T90-333 T194-334 T7.9-25.9 / [41]
Mg-0.2Ce Rolled/Forged T~90-110/60-64 T~170-250/160-200 T~17/38 / [42,43]
Mg-Ce-4Zn-1Mn Casting T~40-90 T~40-90 T-40-150 / / [38]
Mg-1Mn-1Nd Extruded T~140 T~250 T~28 / [44]
Mg-3Tb Rolled T~90 T~170 T~17 / [45]
Mg-3Ho Rolled T~90 T~158 T~18 /
Mg-3Er Rolled T~50 T~144 T~22 /
Mg-3Al-1Zn Extruded/Rolled T165/122-175 T245/228-272 T10/14-24 / [46-48]
Mg-3Al-0.3Mn Extruded/Rolled T170/134-144 T240/266-272 T12/23.8-24.9 / [46,49]
Mg-3Al-0.4Mn Rolled T153-166 T255-259 T26.6-27.7 / [501
Mg-6Al-1Zn Rolled T145-152 T286-291 T23.8-25.6 / [49]
Mg-3Al-1Zn-0.5Mn Rolled T157-191 T241-304 T21-25 / [51]
Mg-17Al-7Cu-3Zn-xGd Casting T271-302 T402-442 T7.6-8.2 / [52]
Mg-9Li-1Zn Extruded T~160 T~180 T~44.5 / [53]
Mg-9Li-3A1-1Zn-0.2Mn Extruded T~110 T~165 T~45 /

T: tensile; C: compressive; ~: precisely value was not shown in references.
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identified this metal as Mg. The atom weight of Mg is 12 and molar mass
is 24 g/mol. The crystal structure of pure Mg is Hexagonal Closest
Packed. Mg is the fourth most abundant mineral element in the human
body, fully involved in cell signaling, metabolism, and the formation of
bones and soft tissues [12]. In addition, Mg2+ also participate in the
biological functions of hundreds of enzymes [13]. Considering the me-
chanical strength of Mg is close to bone tissue, Payr proposed that Mg
could be processed as nail or plate to fix fracture. Lambotte firstly
implanted Mg fixation in patient in 1906. Unfortunately, due to the
fracture of the implant during degradation and the accumulation of a
large amount of hydrogen gas at the fracture site, the early stage at-
tempts at Mg metal implants in the field of orthopedics were unsuc-
cessful. These failures attenuated Mg implants application for decades
[14]. From 1970s, the translation potential of Mg-based implants
became promising with the development of Mg purification and alloy
casting techniques [15], new processing techniques [16], and surface
modification techniques [17,18]. This review starts with the mechanical
properties, degradation properties, biocompatibility, and surface
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modification techniques of Mg and its alloys. Then, the biological
mechanisms of Mg degradation products are demonstrated. Further-
more, the pre-clinical and clinical studies about Mg implants in orthi-
paedics application are summarized. Finally, the development of spine
fusion cage is reviewed. The translation potential of Mg-based biological
matching cage is discussed and prospected.

2. Mechanical properties of Mg-based metal

As shown in Table 1, the Young’s modulus of bone ranges from 3 to
20 GPa. While that of Ti and its alloys is between 110 and 117 GPa, and
of Mg is between 41 and 45 GPa. The yield strength of bone ranges from
104 to 121 MPa. While that of Ti and its alloys is between 758 and 1117
MPa, and of Mg is between 65 and 100 MPa. Compared with Ti and its
alloys, both Young’s modulus and yield strength of Mg are close to bone
[19-21,54], which can significantly reduce the stress-shielding effect of
implant interface load on bone [55]. In an alloy system, different
elemental addition can affect the mechanical strength of Mg alloys
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Fig. 1. A. Alloying elements additions affect Mg mechanical properties and degradation behavior, Esmaily et al. [58], copyright 2017, ELSEVIER, Creative Commons
Attribution License; B. Microstructure of JDBM alloy, Zhang et al. [59], copyright 2012, ELSEVIER; C. Microstructure of Mg-based SNDP-CG alloy, Wu et al. [17],

copyright 2017, Springer Nature.
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(Fig. 1A). In Mg-Zn binary alloys, when the proportion of Zn element is
0.5 %, 1 %, 1.5 %, and 2 %, the corresponding compressive strength is
62 MPa, 91 MPa, 101 MPa, and 111 MPa, while the tensile strength is
145 MPa, 169 MPa, 190 MPa, and 198 MPa, respectively [22]. The
compressive strength of Mg-Ca binary alloys increased with the
increasing Ca weight proportion [31]. This positive correlation between
mechanical strength and element weight proportion of binary alloy el-
ements was not observed in Mg-Sr alloys [56]. The yield tensile strength
of Mg-RE binary alloys such as Y, Er and Nd were around 47 MPa, 50
MPa, and 60 MPa respectively [36,40,45]. Compared to these alloys, the
yield tensile strength of Mg rare earth binary alloys such as Tb, Ho, and
Ce were higher which were around 90 MPa [42,43,45].

Mg tertiary alloys are more complex. In Mg-Zn tertiary alloys,
excessive Zn content caused a decrease in strength [23]. The high pro-
portion of Zn induced more second phase precipitation which could
weaken the mechanical strength (4 w%) and corrosion resistance (2 w
%). In addition, Mg-Zn-RE alloys involved Y, Nd, Ce, Ba and Gd ele-
ments could present higher yield strength than traditional Mg-Zn-Ca
alloys [24-30]. Mg-Zn-Y-Nd (JDBM) alloy and could present 185 MPa
in yield strength, 303 MPa in ultimate strength, and 30 % elongation
rate [25] (Fig. 1B). Miao et al. developed a Mg-Zn-Gd alloy that behaved
316 MPa in yield strength, 354 MPa in ultimate strength, and 24 %
elongation rate [29]. Mixing with 0.5 w% Sr, only 0.5 or 1 w% Ca
involved tertiary alloy could reach the compressive strength level of 20
w% Ca involved binary alloy [32]. In traditional points, Al played a
crucial role in Alzheimer’s disease progression, whereas recent findings
weakened the correlation between Al exposure and morbidity of Alz-
heimer’s disease [57]. Therefore, Mg-Al tertiary alloys also presented
promising translational potential since their good mechanical properties
[46-50]. Among Mg rare earth elements based tertiary alloys [33,35,
37-39,411, Mg7Y0.2Zn presented 495 MPa in yield strength and 541
MPa in ultimate strength [39]. Besides, Mg-Mn tertiary alloy [44] and
Mg-Li tertiary alloys [53] also showed good balance between strength
and elongation rate. Nowadays, Mg high entropy alloys within four or
even more elements are well developed and researched. The high
elongation rate of these high entropy alloys might be potentially applied
as the implants with complex structures [51-53]. Wu et al. fabricated a
supra-nanometre-sized dual-phase glass-crystal (SNDP-CG) Mg based
material (Fig. 1C). The average composition of SNDP-CG is Mg49Cus2Yo.
This magnesium-based SNDP-GC presented an ultimate stress of 3.3 GPa
and strain limit of 4.5 %. More important, its experimental elastic strain
limit almost approaches the theoretical limit for strength [17].

3. Degradation and biocompatibility of Mg and its alloy
3.1. Degradation mode and factors that determine degradation speed

The general degradation process among Mg and its alloys is similar.
Reacting with water, the Mg(OH), and hydrogen are produced. Mg
(OH);, furtherly reacts with body fluids, Mg2+ and Cag(POy) (Fig. 2A).
The degradation speed of Mg and its alloys was decided by multiple
factors [60]. Pogorielov et al. summarized as these factors as alloying
factors (type of materials, alloying elements, method of materials cast-
ing, grain size and metal purity), in vitro factors (solution pH, stat-
ic/dynamic, solution temperature, degradation media, and degradation
method), and in vivo factors (tissue pH, Cl™ level, vascularization of
peri-implants zone, type of animal, and place of implantation) [61]
(Fig. 2B). The purity of Mg significantly affected the corrosion rate.
Within the impurity elements such as Ni, Fe and Cu, the degradation
speed was about 50 times faster than the high purity Mg [66-68].
Henderson et al. reported that the degradation rate of Mg alloy implants
was faster than that of pure Mg implants, which may be due to the
electrochemical reaction between alloy elements accelerating the
degradation process [69]. However, the degradation of Mg alloys is
more complicated. Different alloying addition can accelerate or slow
down the corrosion rate [58] (Fig. 1A). Makkar et al. reported that Ca
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should not exceed 1w% in alloys, or it could induce textures. They found
the degradation speed of Mg5Ca was significantly faster than Mg0.5Ca.
Relatively low Zn content could improve corrosion resistance [70].
When Zn exceeds 5 w% in alloy system, the corrosion resistance and
mechanical properties can be weakened by second phase precipitation
[71,72]. Al in alloys present better grain refinement, which is important
to control the corrosion rate. Although the solubility of Al in alloys can
reach 12.7 w%, the biocompatibility of high dosage Al is concerned
[73]. Mn can improve corrosion resistance mostly in ternary alloys by
converting the impurities into intermetallic compounds [74]. Within Zr,
the alloys show good corrosion resistance against salt solutions, acids,
and alkalis [75,76]. Sayari et al. reported that Zr addition developed a
bimodal microstructure and decreased the grain size [77]. Sr addition
contributes grain refinement [78]. Jiang et al. reported that Mg1Sr and
Mg2Sr showed lowest corrosion rate than other Mg-Sr alloys, that
indicated that Sr addition should not over 2 w% [79]. Li addition
prominently activates the prismatic slips and enhance alloying micro-
structure [80,81]. Considering its corrosion resistance property, Mg-Li
alloys were entitled as “stainless Mg~ [58]. Except for mechanical
properties, rare earth elements additions also benefit degradation
behavior with the stable degradation product layer [82]. Azzeddine
et al. reported corrosion resistance of Dy, Gd, Ce, Nd, and La addition.
Mg-La presented fastest corrosion rate because MgjsLa phase triggered
pitting corrosion, while Dy203 formation inhibits pitting corrosion on
Mg-Dy alloy [83].

Hank’s solution, simulated body fluid (SBF), Earle’s balanced salt
solution (EBSS) and minimum essential medium (MEM) are mostly used
as in vitro degradation test media. Hank’s solution and SBF content
similar ions concentration to blood plasma [84]. Besides to ions, MEM
also contains nutrients such as glucose, amino acid and vitamins, which
can affect the degradation process [85]. Some studies reported the
corrosion rate of pure Mg in Hank’s solution, SBF, and EBSS was 2.05
mm year , 1.39 mm year !, and 0.39 mm year ! [86-88]. High tem-
perature environment accelerates the degradation process of Mg. Pure
Mg presents 150 % and 300 % faster degradation speed at 40 °C than the
speed at 37 °C and 20 °C [89]. Buffering system is important to keep the
pH value at a relatively stable level to process the degradation contin-
ually [86,90]. Although NaHCO3/CO system can effectively maintain
the pH value, the process is complicated. He et al. observed that at the
beginning of degradation, the chemical reaction was intense, the pH
value significantly increased, and a large amount of hydrogen gas
overflowed from the metal surface [91]. After 24 h of in vitro degrada-
tion, the pH value began to remain stable, as the degradation products
Mg(OH),, MgCO3, and Mg3(PO4), formed a passivation layer to
temporarily slow down further degradation [62] (Fig. 2C). At this stage,
it is noticed that the mass of Mg after degradation is heavier because the
molecular weight of the mixture that formed the passivation layer is
higher than that of Mg. As the degradation time extended, the passiv-
ation layer continued to be activated and eroded through the buffer
system, and the metal structure began to break down with a decrease in
weight and volume [92,93]. Since CO; in the air could neutralize the
alkaline environment generated by degradation to a certain extent, the
pH value was usually maintained at a relatively stable level during the
degradation process [94-96]. To mimic the in vivo environment, a dy-
namic test that removing the passivation layers may keep degradation
process more smoothly [97]. In addition, degradation method also can
affect corrosion rate. As mentioned, mass loss method can mimic in vivo
environment, but it can be retard or stopped by the degradation prod-
ucts and pH value [98]. On the contrary, electrochemical test is directly
and reproducible, but it presents faster corrosion rate than the nature
degradation process [99]. This method fails to mimic the in vivo
degradation environment; therefore, it is not suitable as the method for
implantable material.

Compared to in vitro degradation, the corrosion rate in vivo varies
greatly depending on the implantation environment [100]. Unlike
subcutaneous implantation of Mg alone, exposing Mg to synovial fluid,
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blood, bone marrow, and inflammatory areas could significantly accel-
erate the corrosion rate [61,86]. Unlike the in vitro degradation mode,
calcium phosphate salts could gradually replace Mg in the coating
during the in vivo degradation process [63,101,102] (Fig. 2D).
Implanting the same material in different animals or human causes
different corrosion rate since the diversity of blood flow speed and water
contains can accelerate degradation products clearance [99]. Compared
with in vitro and in vivo degradation environment, concentration of Mg,
Na, K, Ca, and pH value are similar, except concentration of Cl". During
the degradation process, chloride are able to transform Mg(OH), into
MgCl,, which is a key step to accelerate the degradation speed [103,
104]. Although the pH value and temperature in musculoskeletal system
is relatively stable, they may be affected by local inflammation or
foreign body reaction, thus accelerating or retarding corrosion rate
[105]. In addition, it is more difficult to evaluate in vivo degradation
precisely compared to in vitro degradation. On one site, cleaning the
tissue surround the metal may cause extra mass loss. On the other, it is
hardly to identify Mg from bone tissue when using micro-CT to evaluate
volume loss [106]. To solve this difficult problem, Sefa et al. and Kriiger
et al. applied high resolution synchrotron micro-CT (SRuCT) to evaluate
Mg-based implants in vivo degradation [64,107]. With this technique,
the boundary between Mg-based implants and bone could be observed
distinctively after three dimensional and longitudinal reconstruction
(Fig. 2E). Directly assessing implanted materials in vivo degradation can
accelerate medical translational process.

3.2. Biocompatibility of degradation products

At present, the metal extraction solution is prepared following
I1SO10993 and GBT16886 standards [108]. For the development of
medical implants, due to the crucial role of the material-tissue interface
in the degradation process, the use of surface area volume ratio as the
main parameter is relatively reasonable compare to weight. Some
studies reported that the safe dose range of the Mg?" was between 5
mmol/L and 10 mmol/L [109-111], which reflect the tolerance range in
the skeletal muscle system to Mg2*. Neuron cells could tolerate 30
mmol/L of Mg?", which might be due to the large number of ion
channels of nerve system that could dynamically balance the intracel-
lular and extracellular ion concentration [112]. Vascular endothelial
cells also presented a high survival rate when the Mg?* concentration
was lower than 20 mmol/L [113]. There are two major potential factors
that Mg?* jeopardizes cells: 1. Magnesium ions can disturb calcium ions
flowing which play crucial role in cell signaling. 2. Na%t is the major
positive ions in extracellular environment with the concentration from
135 to 145 mmol/L. Under natural condition, the concentration of Mg>*
is less than 1 mmol/L, which hardly elevate the extracellular positive ion
concentration. A high concentration of Mg2+, 10 mmol/L for instance,
can significantly elevate the positive concentration which also identified
as crystal osmotic pressure. A high osmotic pressure can lead cellular
dehydration. The alkaline environment generated by degradation was
usually safe for cells, as CO3 in the incubator could significantly inhibit
the pH value from rising and maintain it around 8 [29]. Unlike in vitro
environments, in vivo systems could effectively remove degradation
products. Wang et al. modified the cytotoxicity testing standards for this
difference by diluting the extract 6 to 10 times for cytotoxicity testing to
simulate the actual concentration in the body [114]. As for the
biocompatibility of alloying elements addition, most of these elements
play important roles in physiological functions. The low content in al-
loys of these elements hardly reaches the toxic level. Zhang et al. re-
ported Mg6Zn implantation was harmless to major organs [115]. Jiang
et al. reported a low cytotoxicity of Sr when the content below 2 w%.
Mehjabeen et al. and Kim et al. confirmed the biocompatibility of Zr in
vitro [116,117]. Al was suspected as one of pathogenic factors of brain
diseases, especially Alzheimer’s disease [118]. Recent study attributed
the genetic factor as the major reason of Alzheimer’s disease, instead of
Al intaking [57]. But still, the Al addition contents should be controlled.
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Most of rare earth elements alloying systems presented good biocom-
patibility since the earth elements contents are quite low. But the po-
tential damages and toxic effects should be highlighted when designing
these alloys. Overdose Y can accumulate in liver and gallbladder, and it
can elevate eosinocytes level [119]. Overdose Ce can damage liver,
kidney and central neuro system [120]. Gd compound is used as the
contrast media for MRI, which can indirectly show the biological safety
of Gd. Although Gd also accumulate in bone and brain, when the Gd
content below 1 w%, the alloys present good compatibility [121,122].
Compared with Y, Dy and Nd are more recommended for biological
application since the better biocompatibility [75].

3.3. Hydrogen emission

As mentioned above, accumulating a large amount of hydrogen gas is
one of the complex problems to be solved during the medical translation
of Mg-based implants. During the degradation process, the yield of
hydrogen gas depends on the total weight of degradable Mg, the
degradation rate, and the implantation location [123]. Although some
studies showed that hydrogen could promote bone formation, weaken
the activity of osteoclasts [54-56] and regulate oxidative stress re-
sponses [124,125], due to the high mortality rate of air embolism, it was
still necessary to strictly control hydrogen accumulation during trauma
repair [123,126,127]. Currently, controlling the degradation rate of Mg
to balance gas formation and absorption could solve this problem to
some extent [128]. According to the chemical degradation formular, the
hydrogen volume is directly related to the corrosion rate. Therefore, the
key point of hydrogen emission adjustment is a controllable corrosion
process. The details of managements to control corrosion are introduced
in section 3.1 and section 4. While these theories and managements are
based on an assumed consensus that the observed gas emission and
accumulation is hydrogen. Using an amperometric hydrogen sensor and
mass spectrometric measurements, Kuhlmann et al. reported a very low
hydrogen concentration even shortly after gas cavities formation [65]
(Fig. 2F). This interesting finding may weaken the concerns about
hydrogen accumulation induced. by Mg degradation. However, it also
brought new questions to investigate and answer. Firstly, if the
hydrogen is swiftly exchanged by soft tissue, why the gas cavities cannot
collapse? Secondly, what is the gas type to keep the gas cavities
expansion? If this gas exchanges hydrogen from cavities, it is still
meaningful to modulate gas accumulation by controlling Mg corrosion
rate.

4. Mg and its alloy surface coating modifications

Although the degradation properties endowed the clinical trans-
lational potential of Mg implants, the high corrosion rate was also a
prominent limitation and challenge in this process. The mechanical
strength of Mg-based implants rapidly dropped after implantation,
which induced implant fracture at the early healing stage, thus leading
to almost inevitable fracture healing failure. Along this degradation
process, the products involving high concentrations of Mg>*, hydrogen
accumulation, and an alkaline environment also jeopardized patients’
health locally and systematically [129]. Some studies tried to control the
corrosion speed by improving the alloy design, casting conditions, and
processing techniques. These efforts could attenuate the corrosion speed
to a certain extent, while these methods might potentially weaken the
mechanical strength or biocompatibility. Balancing all the factors, sur-
face coating modifications were intensively developed and assessed.
Marulanda et al. roughly classified the surface coating techniques as
chemical modifications and physical modifications [130]. Chemical
modification can be defined as using chemical or electrochemical
methods to form a new phase on the metal surface by chemical binding,
which involves acid etching, alkaline treatment, fluoride treatment, and
anodizing coating. Physical modification can be defined as introducing
physical processing techniques or new adhesive phases on the metal
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surface without chemical binding between the coating and metal sub-
strates, which involves metal oxide implantation, laser surface pro-
cessing electron beam treatments, and ion implantation. In addition,
apatite coatings and organic polymer coatings can be prepared in both
chemical and physical methods (Fig. 3).

4.1. Chemical modifications

Acid etching can remove galvanic corrosion inducing impurities, Fe
for instance, and processing deformation from material surface [131,
132]. Acid etching could form uniform, equal potentialized layers to
clear the native and porous oxide films. Turhan et al. reported that
H2SO4 could enhance AZ91D alloy’s corrosion resistance [133]. Gray
et al. reported a Mgs(POy4); film formation after applying phosphoric
acid treatment to AZ31 alloys [134]. Supplit et al. compared the
corrosion resistance of different acids among acetic, nitric, phosphoric
and hydrofluoric acid treatment. They reported acetic and phosphoric
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acid etching could decrease degradation speed effectively [135]. Besides
AZ alloys, Marcjanna et al. used acetic acid etching to remove the sur-
face contamination on Mg-xGd alloys. They reported that the removal of
2-9 pum of material from the surface was sufficient to clean Fe contam-
ination for a plain surface morphology [136]. Alkaline treatment pro-
moted passive layers on the metal surface by soaking the Mg-based
metals in an alkaline solution. Lorenz et al. soaked Mg into NaOH so-
lution and found a dense Mg(OH), passive layer on the surface of Mg and
its alloys. This study reported the passive layer could effectively retard
the corrosion speed [137]. Gu et al. heated the Mg—Ca alloys at 773K
after soaking them in an alkaline solution, which could control the
corrosion rate of less than 20 % as the untreated samples [138]. F is an
essential element in the dental and skeletal system. Reacting with hy-
drofluoric acid, the Mg surface formed a MgF, coating. Similar to
alkaline treatment, the Mg-F conversion reaction happened when
soaking the Mg and its alloys into 40-48 % hydrofluoric acid [138,139].
Carboneras et al. and Yan et al. reported that MgF, coating could
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Fig. 3. Surface modification techniques of Mg and its alloys.
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effectively delay the degradation speed [140,141]. In the health human
body, over 90 % F is stored in skeleton and dental tissue [142]. Excessive
intaking F can induce skeletal fluorosis [143]. Disturbed bone turnover
finally imbalance the osteogenic and osteoclastic activity [144,145].
Thus, it is crucial to control the releasing speed of F when possessing the
coating. Anodizing is an electrolytic process that can convert the metal
surface into a durable and corrosion-resistant coating. Zhao et al.
assessed the degradation resistance properties of micro-arc oxidation or
plasma electrolytic oxidation (MAO) coating on pure Mg [146]. Hir-
omoto et al. reported that the MAO coating thickness and morphology
depended on the increasing voltages [147]. While Gu et al. tested the
MAO coating on Mg—Ca alloy with 300, 360, and 400V and reported,
samples with 360V presented the best corrosion resistance among all the
testing voltages since the microporous formatted inside MAO coating
produced 400V [148].

4.2. Physical modifications

Ion implantation is a process that impinging accelerated specific ions
into the modified surface. High current pulsed electron beam could
modify the surface of metal substrate via high power energy to decrease
degradation rate with high efficiency [149]. Unlike the mentioned
methods, ion mixing could not form a distinct interface [150]. This
character indicated that ion implantation was considered a corrosion
resistance strategy at the early degradation stage. Oxygen, nitrogen, and
carbon dioxide could passivate the metal surface by Mg-O bonding,
MgsN; formation, and graphite state carbon [151-153]. Unlike gas ion
implantation, metal ions involving Zn, Al, Zr, Ti, and Ta implantation
were processed by physical techniques such as direct current reactive
magnetron sputtering or hydrothermal treatments [154,155]. Consid-
ering the excellent corrosion-resistant properties of metal oxide. The
dual ion implantation, such as AlyOs, TiO3, ZrO2, CeO3, and Cry03, were
applied to enhance corrosion resistance [156-161]. The laser melting
technique could enhance Mg-Al alloy corrosion resistance by the
Al-composed microstructure [162,163]. Therefore, this technique might
prefer to process Mg—Al alloys. The laser shock peening technique could
impart compressive residual stresses to improve metal surface integrity,
hindering degradation [164]. Both of mentioned laser techniques used
neodymium-doped yttrium aluminum garnet (Nd: YAG) laser. The
power density, wavelength, scanning speed, frequency, and laser pulse
duration still need further investigation.

4.3. Chemical and physical modifications

Hydroxyapatite (HA, Cajo(PO4)s(OH)5) is one of the major compo-
sitions of a mineralized matrix of bone. As a relatively well-developed
coating method, many studies reported that apatite coating presented
good osteogenic potential and cell adhesion during fracture healing
[165]. Hiromoto et al. used a Ca chelate compound to synthesize the HA
with a highly crystallized structure [147]. Enlighted by the chemical
modification, Wang et al. and Meng et al. prepared fluorine-doped
HA-Fy (FHA) coating on Mg—Ca-Zn alloys. This smooth and dense
coating offered strong protection to attenuate the degradation speed
[166,167]. Hahn et al. developed HA/chitosan coating on AZ31 alloy to
improve the corrosion resistance and osteogenic potential [168].

Unlike other modification techniques, organic polymer coatings are
an enormous family. This review classified the coating types as syn-
thesized polymer coatings and nature-derived polymer coatings. The
synthesized polymer was frequently selected as the coating material
because they were easily modified chemically, physically, or mechani-
cally [169,170]. Poly lactic acid (PLA) was initially identified as an ideal
material as the surface coating since its good biocompatibility and poor
mechanical strength. However, Chen et al. reported that dip-coated PLA
presented poor adhesion strength, which failed to protect Mg substrates
[171]. To solve the problem, Alabbasi et al. applied a spin coating
technique to uniform the thickness of PLA coating to enhance the
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corrosion resistance of AZ91D [172]. Zeng et al. and Shi et al. further
coated PLA on MAO-treated Mg alloys to improve the corrosive resis-
tance significantly [173]. Poly (lactic-co-glycolic) acid (PLGA) can
degrade into glycolic acid (GA) and lactic acid (LA). The material
properties of PLGA can be easily modified by adjusting the ratio of GA
and LA [174,175]. Ostrowaski et al. reported the corrosion rate
decreased with the increasing PLGA coating thickness after testing
different thickness of PLGA coating on AZ31 and MgY4 [176]. Chen et al.
furtherly loaded inhibitor benzotriazole with PLGA. The benzotriazole
could be released when PLGA particles reacted with water and pH
changing to prevent successive corrosion [177]. Like PLA and PLGA,
Polycaprolactone (PCL) also controls the corrosion rate by increasing
coating thickness. Degner et al. observed that the corrosion resistance
reached tenfold with the PCL concentration from 2.5 to 7.5%w/v [178].
The advantages of natural polymeric coating are their bioactivities and
non-immunogenic properties. Chitosan derives from the exoskeletons of
crustaceans and the cell walls of fungi [179]. It could decrease the
corrosion rate and provide an adhesion basal matrix for cell proliferation
[180,181]. Alginate can be extracted from the cell walls of bacteria and
brow algae [182]. The structure of alginate allowed cell adhesion on the
chemically modified coating [183,184]. Cellulose is rich in the
biosphere of various species [185]. Roshan et al. reported cellulose
could enhance the mechanical strength of PLA coating [186]. Neacsu
et al. reported cellulose could promote cell adhesion, proliferation, and
osteogenic differentiation [187]. Hyaluronic acid is one of the compo-
nents of an extracellular matrix with a poly repeating disaccharide
structure [188]. The hyaluronic acid/Ce coating and hyaluronic acid/-
carboxymethyl cellulose coating were developed to enhance corrosion
resistance [189,190]. Chitin is distributed in the inner cells of arthro-
pods. Chitin coating was initially developed for Zn and Ti implants
[191]. Fooladi et al. reported it also could delay the AZ91 degradation
[192]. As an anticoagulant, heparin coating or fibroin-blended heparin
coating could control metal corrosion and inhibit platelet adhesion
[193]. The heparin/carboxymethyl chitosan coating presented good
antibacterial activity [194]. Type I collagen coating could promote
osteoblast activities around implants through a protein-binding effect
[195]. Electrochemical methods could develop serum albumin coating.
It could control the corrosion rate by lowering the cathodic current and
increasing corrosion resistance [196]. Gelatin is widely dispersed in
human tissues. Chan et al. reported that the gelatin coating on
Mge7Zn25Cs alloy could present different corrosion resistance behaviors
among the degradation products [197]. Mixing with PLGA, the gelatin
coating was used to protect the MAO film on WE42 alloys, which
formatted a multi-layered defense system [198]. Silk fibrin can present
an epithelial state, spun silk state and assembled interfacial silk state to
fit different functional demands [199]. The silk fibrin coating could
effectively control the release of hydrogen [200]. Since its spun silk state
consists of B sheet structure, the silk fibrin coating was designed as a
drug delivery system for WE43 stent [201]. Like other natural polymers,
the fibrin silk hybrid coating could effectively control the corrosion rate
[202]. Phytic acid could chelate the Mg?* to protect the Mg substrate
and Mg(OH), layer [203,204]. Yang et al. developed a phytic acid/Ce
coating that could release carried Ce3* to form a transition film [205].
Stearic acid was also studied to control corrosion resistance due to hy-
drophobicity [206,207].

5. Biological potential of Mg-based implantation

With the complicated degradation process, biological factors
involving Mg?", calcium phosphate salts, and alkaline environment
were produced. These degradation products contributed to bone
regeneration via multiple dimensions (Fig. 4).

5.1. Bone-nerve-bone circuit

Zhang et al. found that the Mg?" released from intramedullary nail
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cavities and fractures move backward along the nerve fibers to the
dorsal root ganglion. Mg?" was transported into the dorsal root ganglion
through Mg transporter 1 and transient receptor potential cation chan-
nel 7, further stimulating the secretion of calcitonin gene-related peptide
(CGRP) to activate periosteal stem cells. Therefore, this bone-nerve-
bone circuit promoted the formation of new bone at the wound site
[208]. This discovery partially explained why Mg?" could not directly
promote bone formation in vitro, while Mg-based implants could pro-
mote bone formation in vivo. Tian et al. developed a Mg-Ti metal
composite intramedullary fixation system to validate the CGRP osteo-
genesis theory in a fracture repair model [209]. Zheng et al. used the
same intramedullary nail to treat atypical fractures caused by
bisphosphonates. They used single-cell sequencing technology to deeply
explain that Mg promoted the release of a large amount of CGRP, which
effectively inhibits the excessive fibrosis process at the fracture healing
site, thereby improving the healing rate of atypical fractures caused by
bisphosphonates [210]. In the field of bone defects, Li et al. found that
Mg implants can be combined with distraction osteogenesis technology

to enhance critical bone defect repair. The primary mechanism is the
activation of the CGRP-FAK-VEGEF signal axis connecting sensory nerves
and endothelial cells by Mg implants [113]. In terms of anterior cruciate
ligament reconstruction, Wang et al. reported that secondary suturing of
the periosteum around the implanted Mg rod to the tendon graft could
significantly promote tendon-bone healing [211].

5.2. Angiogenesis

Mg?* could activate receptors through hypoxia-inducible factor 2a
(HIF2a) and peroxisome proliferators in promoting angiogenesisy
(PPAR). The coupling regulation stimulated the secretion of vascular
endothelial growth factor (VEGF) [212]. Increased vascular endothelial
growth factor (VEGF) could promote the H-type capillaries required for
bone formation [213]. Research has reported that high-dose Mg+ could
also directly stimulate endothelial cell proliferation and induce angio-
genesis [214,215]. Wang et al. reported that inserting the Mg rod into
bone marrow could elevate the local platelet-derived growth factor
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(PDGF-BB) expression. Yet the derivation of PDGF-BB was not clearly
identified. Zhai et al. reported Mg2* could interfere with the activity of
osteoclast precursors [216]. Xie et al. reported PDGF-BB was produced
by pre-osteoclasts to cD31MEmen™ cell to couple angiogenesis and
osteogenesis [217]. Further study is required to provide direct evidence
to confirm this pathway.

5.3. Osteogenesis

After liquid dilution and refreshment, a moderate alkaline environ-
ment could accelerate mineral deposition and weaken osteoclast activity
[95,96]. Hamushan et al. found Mg2+ activate Gli/Wnt5b/YAP pathway
during the bone detraction process [218]. Wang et al. reported that
high-purity Mg interference screws enhanced transforming growth fac-
tor beta (TGFp) expression level in anterior cruciate ligament (ACL)
reconstruction model [219]. Similarly, Cheng et al. found that Mg
interference screws enhanced the secretion of local proteins of bone
morphogenetic protein 2 (BMP2) [220]. The local osteogenic effect of
Mg had also been extensively studied. Hung et al. found that low con-
centrations of Mg2™ (1 mmol) can activate the Wnt signaling pathway in
bone marrow-derived stem cells (BMSCs), thereby improving the
expression of beta-catenin, LEF1, and Dkk1 [221]. Mg2+ (1 mmol) could
also upregulate adhesion o581 [219] and adhesion kinase pathway
[222] to improve the local adhesion ability of BMSCs. On the contrary,
some studies reported that Mg+ could not promote in vitro osteogenesis
[223,224], while metal extracts could stimulate the formation of Ca
nodules [209]. To investigate the potential mechanism behind this
divergence, He et al. observed the Mg was replaced by calcium phos-
phate progressively by Scanning Electron Microscope and Energy
Dispersive Spectroscopy (SEM/EDS). The accumulated calcium phos-
phate promoted local endochondral ossification via upregulating Wnt3a
expression. Similarly, this key finding was confirmed in vitro experiment
by comparing the osteogenic potential among Mg?*, Mg metal extrac-
tion, and Mg?* mixed with calcium phosphate [62].

Table 2
Preclinical test of Mg-based implants in trauma.
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6. Preclinical test of Mg-based implants

Animal experiments played an important role in assessing the safety
and biological activity of Mg implants. The animal model of Mg-based
implants mainly involved fracture repair and anterior cruciate liga-
ment reconstruction (Table 2). Zhang et al. elucidate the Mg2+ derived
from intramedullary nail could trigger dorsal root ganglion releasing
CGRP to mediate fracture healing [208] (Fig. 5A). Han et al. used pure
Mg screws to fix femoral intra-articular fractures and found that
compared to PLA screws, more bone tissue can grow at the fracture site
[225] (Fig. 5B). Chaya et al. used Mg screws and metal plates to fix ulnar
fractures in a rabbit model. Since the rabbit’s upper limbs did not bear
weight, researchers observed better healing and more bone formation
with the Mg-based plates degraded [226] (Fig. 5C). To avoid early in-
ternal implant fracture, Jahn et al. reported that using Mg-Ag alloy
intramedullary nails to fix femoral shaft fractures found that the intra-
medullary nails still showed a complete internal fixation structure and
strength in the early stage of degradation. A larger callus was found at
the fracture site in the Mg implantation group, and mechanical tests also
confirmed that the Mg implantation group had better compressive
strength [227] (Fig. 5D). To slow down the mechanical corrosion of the
screw plate interface, Tian et al. sprayed PLA coating on the tail of the
Mg screw. In the Z-shaped fracture model, the Mg screw protected by the
coating stably degraded, prolonging the integrity of the mechanical
structure to some extent, and the slower degradation rate also reduced
the accumulation of hydrogen gas [209] (Fig. 5E). Bisphosphate salts
were taken to treat osteoporosis, which might occur atypical fracture.
Over-fibrosis at the fracture site could interfere bone growth. Zheng
et al. developed a Mg-stainless steel hybrid IMN to promote CGRP
release, which could suppress the fibrosis via targeting on the sorting
gene by single cell sequence analysis [210] (Fig. 5F).

In the field of sports medicine, Cheng et al. reported that Mg inter-
ference screws could increase the levels of BMP2 and VEGF at the
tendon-bone healing interface [220] (Fig. 6A). Meanwhile, they also
reported that Mg screw degradation could inhibit bone resorption and

Materials Implants Control Models Animals  Main findings and mechanism
HP Mg [208] IMN screw SS Femur shaft fracture Rat Mg?* promoted CGRP-mediated osteogenic differentiation
HP Mg [225] Screw PLA Distal femur fracture Rabbit Promote OPN and Runx2 expression to stimulate new bone formation
HP Mg [226] Screw/plate Ti Ulna fracture Rabbit New bone formation at non-weight bearing site
Mg-Ag [227] IMN screw SS Femur shaft fracture Mice Larger callus and higher ultimate loading
Coating Mg Screw Ti Femur shaft fracture Rabbit More controllable degradation continuously stimulated CGRP release to form larger
[209] callus
HP Mg [210] IMN screw Ti Bisphosphonate Rat Mg*" activated downregulated CGRP releasing to block extracellular fibrosis at fracture
fracture site
HP Mg [228] Interference Ti ACL reconstruction Rabbit Downregulated MMP13 to reduce bone and tendon graft resorption
screw
HP Mg [220] Interference Ti ACL reconstruction Rabbit Modulated VEGF and BMP2 expression to benefit fibrocartilages regeneration
screw
HP Mg [229] Interference Ti ACL reconstruction Rabbit Mg degradation mineralized bone tendon attachment as Sharpy like fiber
screw
HP Mg [219] Interference Ti ACL reconstruction Rabbit Mg degradation promoted tunnel bone MAR by elevating TGFp1 and PDGF BB
screw expression
Mg-Zn-Sr Interference PLA ACL reconstruction Rabbit Mg degradation stimulated bone growth into tunnel
[102] screw
HP Mg [230] Ring Suture ACL Repair Goat Better knee function
Mg-Zn-Gd [62] Wire Suture ACL reconstruction Rabbit Mg wire degradation balanced bone growth and fibrocartilage formation via
dynamically regulating Wnt3a, VEGF, BMP2
HP Mg [231] Wire Suture Rotator cuff repair Rat Fibrocartilage bone tendon junction formed at suture site
HP Mg [232] Wire Suture Meniscus repair Rabbit Promote synovial derived stem cells presenting chondrogenesis to form cartilage and
fibrocartilage
HP Mg [233] Suture anchor Bio- Rotator cuff repair Sheep Good anchoring function with better intra-tunnel healing
composite
HP Mg [113] IMN SS pin Bone distraction Rat Blood vessel growth and bone growth with detraction via CGRP-FAK-VEGF pathway
HP Mg [234] IMN SS pin Bone distraction Rat More bone growth with detraction via Gli/Wnt5b/YAP pathway
HP Mg [235] IMM SS pin Bone distraction Rat Mg>" suppress VHL and secondarily elevated VEGF expression to enhance angiogenesis

and osteogenesis

HP: high purity; IMN: intramedullary nail; Ti: Titanium; PLA: polylactic acid; SS: stainless steel; MAR: mineralized rate; ACL: anterior cruciate ligament.
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Fig. 5. Mg implants application in fracture fixation, A. Mg®* from IMN trig-
gered CGRP releasing to promote osteogenesis, Zhang et al. [208], copyright
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copyright 2015, ELSVIER; C. Mg screw and plate fixed ulna fracture, Chaya
et al. [226], copyright 2015, ELSVIER; D. Mg-Ag alloy IMN fixed femur shaft
fracture, Jahn et al. [227], copyright 2016, ELSVISER; E. coated Mg screw fixed
femur shaft fracture, Tian et al. [209], copyright 2018, ELSVISER; F. Mg2 " form
IMN triggered CGRP releasing to suppress local fibrosis to promote atypical
fracture healing, Zheng et al. [210], copyright 2022, ELSEVIER.

tendon graft atrophy via suppressing MMP13 expression, which effec-
tively enhanced the mechanical strength of bone tendon junction at the
earlier healing stage [228]. Wang et al. found that Mg alloy interference
screws can improve TGFB1l and PDGF-BB level in the early stages to
improve the bone formation around the tunnel [219] (Fig. 6B). He et al.
demonstrated Mg wire degradation regulate and balance osteogenesis
and chondrogenesis to reconstruct fibrocartilage connection between
tendon and bone [62] (Fig. 6C). In addition to promoting bone forma-
tion, Ferraro et al. used Mg metal rings to repair ruptured anterior
cruciate ligament and reported that Mg degradation can promote tendon
and ligament healing [230] (Fig. 6D). Besides, Zhang et al. embedded
U-shaped Mg wire at tibia platform to activate stem cells potential to
promote meniscus regeneration [232] (Fig. 6E). In shoulder surgery,
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Chen et al. developed an Mg suture anchor to fix the tendon through the
bone tunnel and assessed its biological effects and safety in large animal
[233] (Fig. 6F). Zhang et al. applied Mg wire to repair the rotator cuff
and reported a layered fibrocartilage bone tendon healing, which could
potentially reduce the re-tear rate [231] (Fig. 6G).

In bone defect repairing, Li et al. used Mg intramedullary nail to
promote healing effect of bone extraction via CGRP-FAK-VEGF axis
(Fig. 7A). Compared to CGRP-FAK-VEGF pathway, Hamushan et al.
demonstrated Mg?" could suppress VHL expression and indirectly trig-
gered HIF-1a-VEGF pathway [235] (Fig. 7B). They also reported Mg
could upregulate Wnt5b to promote local bone formation with same
animal model [234] (Fig. 7C). These three key studies comprehensively
indicated the potential synergetic effect between angiogenesis and
osteogenesis during bone detraction process. In this process, Mg
degradation played a crucial role.

7. Clinical study of Mg implants

Advance to animal assessments, some clinical studies have been
processed. Zhao et al. and Sun et al. applied Mg screw to fix the bone
graft in femur head necrosis [236,237] (Fig. 8A and B). Since the pa-
thology of femur head necrosis potentially attribute lacking blood sup-
ply and bone resorption were key points in disease progress, the Mg
degradation triggering angiogenic and osteogenic potential successfully
retarded femur head collapse to leave time and space for tissue regen-
eration. Windhagen et al. developed the MAGNEZIX® screw to treat
hallux valgus [238] (Fig. 8C). Due to no obvious gas emission and
implant fracture were observed in clinical follow-up, this screw honored
as the first approved Mg-based implant in orthopaedics. Following this
fundamental medical translation, Lee et al. observed the process of new
bone tissue replacing Mg screw when fixing distal radius fracture [63]
(Fig. 8D). Xie et al. developed Mg-Nd-Zn-Zr alloy (JDBM) screw to fix
medial ankle fracture. Compared to pure Mg screw, JDBM screw pre-
sented a more controllable degradation speed without gas accumulation
[239] (Fig. 8E). These clinical studies demonstrated the promising
future of Mg implants, which might encourage colleagues to accelerate
the translational work. Still, this review highlighted that all the clinical
studies must be based on sufficient evidence from lab side and must pass
the ethical review.

8. Prospects for biological matching spine fusion cage
development

8.1. Background of lumber intervertebral fusion

More than 1 billion people worldwide are suffering from lumbar
spondylosis, and approximately 600,000 patients in the United States
require lumbar spine surgery each year [240]. In China, according to
incomplete statistics from healthcare institutions, the number of pa-
tients with lumbar spine diseases has exceeded 200 million, and there
are over 1 million cases of lumbar spine surgery each year. In the sur-
gical treatment of lumbar spine diseases, lumbar fusion surgery is
mainly suitable for cases of lumbar spondylolisthesis, lumbar disc dis-
ease combined with segment instability, segment instability after nerve
decompression, lumbar spinal stenosis combined with degenerative
scoliosis or kyphosis, as well as recurrent lumbar disc herniation or
lumbar spinal stenosis requiring reoperation [241].

Posterior spinal fusion can be divided into posterior lateral and
intervertebral fusion [242]. Summarizing the clinical experience of two
fusion strategies, posterior lateral fusion is relatively simple to operate
and can be directly reinforced on the lateral side of the decompression
segment. However, for cases where nerve root outlet decompression is
relatively thorough, there is often insufficient space for posterior lateral
bone grafting. In addition, due to the relatively small operating space
between the nail cap of the pedicle screw and the paraspinal muscle
tissue, cortical removal is often relatively difficult, which induces bone
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grafting interface may not be fully exposed. Compared to posterior
lateral fusion, intervertebral fusion has a larger fusion interface area,
and using an endplate scraper can effectively remove lumbar discs and
cartilage that can hinder bone fusion. intervertebral fusion can also
maintain the anterior column height for patients after removing inter-
vertebral discs [243]. The commonly used clinical method for inter-
vertebral fusion is to implant a spinal fusion cage containing fragmented
bone blocks into the intervertebral space. Although the vast majority of
cases can achieve satisfactory intervertebral fusion, there is still a
considerable proportion of cases with unsatisfactory intervertebral
fusion [244].

The ideal bone fusion requires an active osteogenic environment,
space for new bone growth, and stable mechanical support. If the sur-
gical segment cannot form effective bone fusion, pseudoarthrosis will
form between segments, and repeated movement can lead to internal
fixation failure and symptom recurrence [245]. Many reasons lead to
unsatisfactory fusion, and one of the main reasons is the defect in the
material characteristics of the fusion device [246]. Therefore, the ma-
terials of spinal fusion devices have been continuously developed in
recent years, from initially considering only the osteogenic activity or
mechanical properties of the materials to proposing a design concept
that balances osteogenic activity and mechanical matching, and finally
incorporating biodegradable metals into the research and development
of fusion devices. In today’s rapidly advancing field of materials science
and medical cognition, the design ideas, research, and development
niche for biological matching spinal fusion devices that truly balance
biomechanical matching, biodegradation matching, and biological
osteogenesis matching are gradually becoming clear.
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8.2. Different lumbar fusion cages in clinical application

Although spinal fusion cages have been widely used in spinal surgery
for years, the fusion rate was not satisfactory since the limitations of
different cages [244] (Table 3). Traditional Ti-based fusion cages pre-
sented a relatively satisfactory fusion rate after surgery. Still, due to the
substantial mechanical strength of hard metals, the incidence of fusion
cage subsidence remained high [11,247] (Fig. 9A and J). PEEK-based
fusion cages could significantly reduce the cage subsidence incidence
because its mechanical properties were close to bone. However, PEEK
material presented poorer bone induction and a lower fusion rate than
Ti-based fusion cages (Fig. 9B and J). Wrangel et al. reported the fusion
rate of cases using Ti cage was 53 % while cases using PEEK cage was
only 32 % in a 2-year-follow-up study [248]. Implanting with bone
grafts, Cabraja et al. reported the fusion rate between Ti cage group and
PEEK cage group was 79.6 %-62.9 % [249]. Seaman et al. concluded the
point that PEEK cage presented lower cage subsidence rate while it also
presented a lower fusion rate compared to Ti cage by a meta-analysis
[11]. To combine the good mechanical properties of PEEK and the
active biological potential of Ti together, the hybrid cage that con-
structed by PEEK interface and Ti subject was developed [250]. How-
ever, the fusion rate of Ti-PEEK cage was still not exceeding the Ti cage
or PEEK cage [251]. It was attributed that the PEEK particles from wear
interface could lead bone resorption [252]. Other than Ti and PEEK, Ta
was applied as the material of fusion cage (Fig. 9C). Hgy et al. and Kelft
et al. reported an over 90 % fusion rate by RCT studies [253,254].
However, Lebhar et al. concerned that the artifacts induced by Ta under
CT scanning were significantly stronger than Ti, which might be difficult
to identify the fusion level [255]. Recent years, Carbon-Fibere
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Table 3
Representative spine fusion cages in Chinese market.

Registration certificate name Materials  Global/ Brand name
Native
INNESIS CAGE Ti alloys global BK
Spine Interbody fusion cages PEEK global BRICON
Spine Interbody fusion cages PEEK global Ulrich
Multi porous metal spine Interbody Ti alloys native AKEC
fusion cages
Prospace PLIF System Ti alloys global B. Braun
PROSPACE PEEK PLIF System PEEK
TSPACE PEEK Facelift Transforaminal =~ PEEK
Lumbar Interbody Fusion System
Spine Interbody fusion cages PEEK native Trauson
Spine Interbody fusion cages PEEK native Fule
Spine Interbody fusion cages Ti alloys
Spine Interbody fusion cages PEEK native Waston
Anterior Lumbar Cage PEEK global Zimmer
Spine fusion cages, TM Ardis Ta
Lateral Lumbar Cage PEEK
Zyston Interbody Spacer System PEEK
Spine Interbody fusion cages Ti native KANGLI
Spine Interbody fusion cages PEEK
Spine Interbody fusion cages PEEK native Liberer
Spine Interbody fusion cages Ti alloys
CRESCENT Spinal System PEEK global Medtronic
Capstone Spinal System PEEK
Clydesdale Spinal System PEEK
Pulse Cage System PEEK global Johnson &
Minimal Invasive Surgery Cage CFRP Johnson
Spine Interbody fusion cages, OPAL PEEK
Cage System CFRP
Spine Interbody fusion cages, T-PAL PEEK
Spine Interbody fusion cages PEEK native Sanyou
Spine Interbody fusion cages, AVS PEEK global Stryker
Navigator PEEK Spacer
OIC System Implants PEEK
Spine Interbody fusion cages PEEK global Spineway
Spine Interbody fusion cages PEEK global GS
Spine Interbody fusion cages PEEK native WEGO
Spine Interbody fusion cages Ti alloys native Walkman
Spine Interbody fusion cages PEEK
Spine Interbody fusion cages PEEK native XInrong Boerte
Spine fixation device Ti alloys native YOUBETTER
Spine Interbody fusion cages PEEK native ZhengTian

Brands involved in the table registered at least two types of spine fusion cage in
Chinese Market

Reinforced Polyether Ether Ketone (CFRP) was applied as a replace
material of PEEK for cervical, thoracic and lumber intervertebral fusion
[256] (Fig. 9D). A multicenter study reported that CFRP-based cage
presented good biocompatibility and low loosening rate. However, the
fusion rate of CFRP-based cage was still lower than 50 % [257].
Hydrosorb cage was proved to process clinical trial based on excellent
lab data. Unfortunately, the clinical translation was finally aborted
because the severe bone resorption induced by cage degradation [258]
(Fig. 9E and J). Liu et al. developed a polycaprolactone/beta-tricalcium
phosphate cage and reported a 14.3 % grade I fusion rate after 6 months
and 52.3 % grade I fusion rate after 1 year [259] (Fig. 9F). The major
concerning of this cage is if the distributed particles can induce bone
resorption, similar to the situation of Ti-PEEK cage and hydrosorb cage.
More studies and multi-center RCT are required.

8.3. Development of mechanical matching and biological matching cage

The beginning of biological matching cage development merely
focused on morphological matching. Using 3D printing techniques, Liu
et al. achieved the first printed tumor prothesis implantation in spine in
2014 [260]. Besides macro structure 3D printing, microstructure 3D
printing is also constantly developing. The bonding strength and
biocompatibility of the implant-bone interface have long been a concern
for orthopedic doctors. Smooth metal interfaces cannot provide suffi-
cient bonding force, and there is no space for bone tissue growth. The
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porous interface structure forms a mutually embedded structure and
ensures the space for tissue growth [261]. As 3D printing technology
matured, combining surface treatment technology with 3D printing,
cages with integrated macro-microstructures can be printed directly.
With this technique, Liu et al. developed a Ti6Al4V-based cage with a
trabecular structure to improve spine fusion compared to pure Ti metal
and PEEK material [262,263].

In the traditional concept, implant materials with higher mechanical
strength should be used to maintain local mechanical strength stability.
With an understanding of the relationship between mechanical stimu-
lation and bone metabolism, the drawbacks of the traditional concepts
are gradually emerging [264,265]. In the early healing stages of healing,
high-strength material implants may directly cause local iatrogenic
fractures such as endplate fracture and pedicle fracture, affecting post-
operative tissue healing. In the later healing stage, the stress shielding
effect caused by high-strength internal implant materials weakens the
mechanical stimulation, which induce cage subsidence and non-fusion
[266]. Northcutt et al. developed a fusion cage to reduce the negative
effects caused by high strength material by matching material density to
bone density (US 10779954 B1). However, bone density was not related
to mechanical properties, which meant this cage only presented similar
bone density [267]. In 2019, through interdisciplinary research with
materials science, biomechanics, and machine learning, Li et al. pro-
posed the "Structure-Density-Strength" (SDS) theory and initiated the
project of developing biomechanical matching and bio-osteogenic
matching spinal fusion cage (the first funding shown in declaration of
competing interest). Based on this novel theory, Li et al. applied the
patent of biomechanical matching and bio-osteogenic matching spine
fusion cage in 2020 (CN 112353530 A) and developed the
first-generation of biomechanical matching spine fusion cage (Ti6Al4V)
(Fig. 9G). Furthermore, Li et al. integrated artificial intelligence plan-
ning and 3D printing technology to optimize the macro and micro-
structure of the material which could match the bone density
distribution of the patient’s bony endplate to achieve individualized
optimal mechanical strength of the fusion cage [267]. This technology
dramatically reduced the material modulus by optimizing the structural
design while retaining the osteogenic potential of the Ti alloy prosthesis.
Using Al technology, the structure with the highest strength was selected
as the final structure among all possible structures with the same
modulus [266]. After long-term preclinical testing, the new generation
of biomechanical matching lumbar fusion cage, Osteo Match (Ti6Al4V),
was approved by CFDA and applied in the clinical scenario (Fig. 9H). In
2022, Wang et al. design a morphological-mechanical matching cage
that could distribute the body weight on a larger area [268]. One major
concern of this cage was that anterior cervical fusion model in sheep
made this large-size cage be implanted into vertebral space. It needs
re-design for posterior intervertebral implantation to avoid dual and
nerve root injury.

8.4. The prospect Mg-based spine fusion cage R&D

Based on mechanical matched cage, development of biological
matching spine fusion cages involving biomechanically matching,
biodegradation matching, and bio-osteogenic matching become the next
target. Considering the perspectives of mechanical strength and osteo-
genesis, Mg presents promising translational potential. Moreover, Mg
has potential in biomechanical matching in the time dimension because
the elastic modulus of fusion bone mass usually changes after surgery.
Unlike the area of fracture, sports medicine and bone defects, only
limited number of teams developed biodegradable Mg alloy fusion cages
to enhance osteogenic potential [269-271]. Although animal experi-
ments reported that Mg-based fusion cages could improve bone forma-
tion with a certain mechanical supporting, there is still a long way to go
in the process of clinical translation [55] (Fig. 91 and J). Firstly, Mg and
its alloy presented low compressive yield strength which can hardly
withstand the high pressure between vertebrae. Implants fracturing at
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Fig. 9. Development and limitation of lumbar interbody fusion cages, A. Ti cage; B. PEEK cage; C. Ta cage, Lebhar et al. [255], copyright 2020, ELSEVIER, Elsevier
user license; D. Carbon-Fibere Reinforced Polyether Ether Ketone (CFRP) cage, Burkhardt et al. [256], copyright 2021, ELSEVIER; E. Hydrosorb cage, Laubach et al.
[258], copyright 2022, ELSEVIER; F. Polycaprolactone/p-tricalcium phosphate cage, Liu et al. [259], copyright 2023, WILEY, Creative Commons Attribution License;
G. first generation of biomechanical matching cage (Ti6A14V); H. Osteo Match cage (Ti6Al4V); I. Mg cage, Guo et al. [271]. copyright 2020, ATM, Creative Commons
Attribution License; J. the disadvantages of different cages potentially failing in spine fusion.
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the early healing phase seriously jeopardize clinical safety. Secondly,
larger Mg metal implants may accumulate more degradation byproducts
in the body (such as hydrogen and alkaline environments), which, to
some extent, can also jeopardize clinical safety. In addition, Yang et al.
reported that Mg may be more inclined to regulate bone resorption in
the late degradation stage, thus long-term degradation may not benefit
local osteogenesis [272].

Balancing the biological characteristic and limitations of Mg-based
implants, the Mg hybrid cage was considered as a reasonable direction
of spinal fusion cage design. Our team has developed the first-generation
of Mg-PEEK fusion cage and the second-generation product develop-
ment is in progress. The PEEK main body support the mechanical
loading constantly, while embedded Mg wire activate the osteogenic
potential to improve bone fusion. The embedding design also protect
nerve root from degradation products and Mg particles, which can also
prevent the ectopic ossification to compress nerve root and cauda equina
(Fig. 10A and B). Zhang et al. [208] and Zheng et al. [210] developed a
Mg-Ti hybrid intramedullary nail to fix long bone fracture. Similar
design may be applied in Mg-PEEK cage or Mg-Ti cage. According to the
requirement of FDA, in vivo assessments play crucial role in translation
process. Our first-generation Mg-PEEK cage has completed cadaver
implantation test (Fig. 10C). The Mg-PEEK cage can be implanted into
the cervical intervertebral space without Mg wire breakage. Although
some studies used rats and rabbits as the spine fusion model, the
goat/sheep cervical spine fusion model is better for intervertebral
fusion. The most advantage of goat/sheep model is the cervical align-
ment is relatively vertical to the ground, which is similar to the me-
chanical environment of human spine.

When designing the Mg-PEEK cage, different forms of Mg were tested
and compared. Using Mg particles embedding into PEEK presented high
corrosion rate with large volume of hydrogen emission. While an intact
Mg slice covering the PEEK hindered the new bone growth into the cage.
Considering all the facts, Mg wire is the optimal and feasible choice. Mg
wire presented high formability to fit the morphology of the cage with
sufficient strength to keep intact during cage implantation. More
importantly, our previous research found that compared to larger im-
plants, Mg wire degraded and promoted endochondral osteogenesis in
the early healing stages. Regarding safety, due to the lower amount of
wire used than screws or other implants, the amount of hydrogen
accumulation was low. In history, Mg-based metal wire was first used in
ovarian resection and anastomosis surgery [273]. Although there are
some positive effects, Mg-based metal wires exhibit poor mechanical
properties even before degradation [273,274]. With improved industrial
technology, Mg-based wire materials could be manufactured through
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the cold drawing process. Compared with the extrusion method, their
mechanical properties were significantly enhanced [275]. These Mg
wires were further processed into hemostatic clips or stents and were
widely used in the fields of cardiac surgery [276] (Fig. 11A), general
surgery [277-279] (Fig. 11E-G), neurosurgery [280] (Fig. 11B), urology
[281,282] (Fig. 11C and D) and orthopaedics [62,283] (Fig. 11H and I).
In the future, using coating modifications and 3D printing, more and
more Mg hybrid cages will be developed. We believe the optimal Mg
hybrid biological matching spine fusion cage can be developed and
benefit patients in the foreseeable future.

9. Summary

Mg’s mechanical properties, degradation behaviors, and osteogenic
activities indicate that Mg and its alloys are promising biological
matching materials for muscular-skeleton system repair and regenera-
tion. However, the collapse of mechanical strength and gas accumula-
tion significantly limited the clinical application of Mg-based implants
during the past decades. Novel alloy designs, new processing techniques,
and surface modifications improved these implants’ mechanical prop-
erties and corrosion resistance. Meanwhile, the complicated biological
mechanisms of Mg have been extensively unmasked. Based on these new
theoretical and practical breakthroughs, more and more pre-clinical
studies and clinical trials are being conducted in fracture fixation, soft
tissue repair, bone defect regeneration, and femur head necrosis treat-
ment. Considering the mechanical loading of intervertebral space and
the risk of spine surgery, the Mg-based cage in spine fusion is still
challenging. The authors proposed an Mg-PEEK hybrid design to inte-
grate high mechanical loading and biological activity. Overall, the
clinical translation of Mg-based implants is a multidisciplinary task. The
primary motivation for composing this review is to promote magnesium-
based implants to readers from different professions. This review aims to
increase interest in charmful metal and share knowledge and techniques
to solve challenges together.
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Fig. 10. The first generation of Mg-PEEK spine fusion cage, A. PEEK-based cage with processed embedding canals; B. PEEK-based cage embedding with Mg wire; C.

the goat cadaver test for Mg-PEEK cage.
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Fig. 11. A. Mg based coronary artery stent, Zong et al. [276], copyright 2022, ELSVIER, Creative Commons Attribution License; B. Mg wire induced nerve
regeneration, Vennemeyer et al. [280], copyright 2015, SAGE; C. Mg wire ligated bladder, Okamura et al. [281], copyright 2021, Springer; D. Mg wire ligated urinary
tract, Chang et al. [282], copyright 2020, MDPI, Creative Commons Attribution License; E. Mg wire used for hepatectomy, Urade et al. [279], copyright 2019, BMC,
Creative Commons Attribution 4.0 International License; F. Mg wire anastomosed intestine, Zhang et al. [277], copyright 2023, Ke Ai, Creative Commons Attribution
License; G. Mg wire used for cholecystectomy, Yoshida et al. [278], copyright, 2017, ELSEVIER; H. Mg wire weaving ACL tendon graft in reconstruction surgery, He
et al. [62,91], copyright 2022, MDPI, Creative Commons Attribution License and 2024, Ke Ai, Creative Commons Attribution License; I. Mg based scaffold based on
Mg wire to treat defect, Xue et al. [283], copyright 2022, IOP, Creative Commons Attribution License.
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