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Abstract

Biodegradable metals have garnered considerable interest owing to their capacity for self-degradation following the repair of damaged
tissues. This review commences with their historical development and clarifies the essential prerequisites for their successful clinical translation.
Subsequently, a detailed review of magnesium-based materials is presented from five critical areas of alloying, fabrication techniques,
purification, surface modification, and structural design, systematically addressing their progress in biodegradation rate retardation, mechanical
reinforcement, and biocompatibility enhancement. Furthermore, recent breakthroughs in vivo animal experiments and clinical translation of
magnesium alloys are summarized. Finally, this review concludes with a critical assessment of the achievements and challenges encountered
in the clinical application of these materials, and proposes practical strategies to address current limitations and guide future research

perspectives.

© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

With increasing lifespan and accelerating population aging,
age-related skeletal and cardiovascular diseases have risen [1].
Implantable devices have emerged as a foundation of surgical
strategies to address these conditions, enabling partial or com-
plete substitution of impaired tissues and organs to achieve
clinical benefits. Consequently, the clinical demand for var-
ious implants continues to increase. Ideal implant materials
are characterized by a suite of critical properties including su-
perior biocompatibility, adequate mechanical robustness, sus-
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tant and Functional Materials, Jinan University, Guangzhou 510632, China.
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tained stability, and tailored functionality [2]. Among these,
biocompatibility, regarded as the capacity of a material to ex-
ecute its intended function within a specific application while
eliciting an appropriate host response [3], stands as the pri-
mary standard. Accordingly, the chemical composition of im-
plants must exhibit non-toxicity and prevent adverse cellular
or tissue reactions. Furthermore, mechanical strength must be
sufficient to withstand the dynamic stresses and strains exerted
by routine physiological activities, particularly when consid-
ering the effects of movement. Stability necessitates secure
anchorage within surrounding tissues to mitigate displacement
under external forces, while functionality mandates that im-
plants deliver biomechanical reinforcement to both defective
sites and regenerating tissues [4].

Implant materials employed in clinical applications are
broadly categorized into two types according to their

2213-9567/© 2025 Chongqing University. Publishing services provided 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/)
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biodegradation behavior: non-biodegradable and biodegrad-
able materials. Non-biodegradable implants, designed for per-
manent integration within the body as tissue substitutes, pre-
dominantly consist of titanium alloys, cobalt-chromium al-
loys, and stainless steel [5]. These materials are characterized
by outstanding biocompatibility, superior wear resistance, and
high corrosion resistance, ensuring long-term structural in-
tegrity in vivo [6]. Nevertheless, the concept of permanent
tissue replacement does not address conditions where tem-
porary assistance is sufficient until complete tissue regen-
eration is achieved. Such limitations lead to implant fail-
ures due to mechanical factors, including stress shielding,
migration, and wear debris, and biological complications,
such as foreign body responses and bacterial infection [7].
Currently, the dependence on secondary surgical procedures
for implant retrieval remains widespread, highlighting the
need for alternative strategies. To this end, the development
of biodegradable implant materials has attracted increasing
attention.

The underlying principle of biodegradable implants fo-
cuses on materials engineered to gradually degrade in vivo,
with biodegradation byproducts promoting tissue regenera-
tion while reducing immunogenic responses. Upon complet-
ing their function in supporting tissue repair, these implants
fully dissolve, eliminating the need for explantation proce-
dures [8]. Biodegradable implants include polymers, ceramics,
and metals. Biodegradable polymers, such as chitosan, silk fi-
broin, and fibrinogen, have been thoroughly investigated for
their significant biodegradability, bioactivity, and biocompati-
bility. However, there are also some challenges including high
solubility, insufficient mechanical properties, and potential de-
naturation during processing [9-11]. Conversely, biodegrad-
able ceramics such as tricalcium phosphate and dicalcium
phosphate undergo progressive dissolution through solution-
mediated and cell-driven mechanisms, eventually being re-
placed by newly formed lamellar bone tissue. While these
ceramics demonstrate outstanding biocompatibility and me-
chanical compatibility, their application is limited by reduced
fracture toughness, brittleness, and excessive rigidity [12].
Fortunately, biodegradable metals offer enhanced mechani-
cal properties, providing reliable temporary support capable
of enduring applied loads. Their regulated biodegradation in
the physiological environment effectively eliminates the risks
associated with prolonged retention of non-biodegradable im-
plants [13]. Currently, magnesium (Mg), zinc (Zn), iron (Fe),
and their alloys represent the most widely studied biodegrad-
able metals. As essential elements critical to physiological
balance, these metals have been confirmed through numerous
studies to exhibit favorable biocompatibility with human cells
and tissues [14—16].

1.1. Typical biodegradable metals

The characterization of biodegradable metals requires the
assessment of candidate materials based on two principal cri-
teria: biodegradability and biocompatibility [17]. Accordingly,
the key components of biodegradable metals must consist of

essential metallic elements that are metabolizable within the
human physiological environment. Mg, Zn, and Fe stand out
as prominent candidates for the development of biodegradable
metal implants, owing to their status as essential nutrients in-
tegral to human physiology [18-20]. Mg acts as a cofactor for
numerous enzymatic reactions and contributes to the stabiliza-
tion of DNA and RNA structures, Zn is crucial in mediating
biological functions especially its anti-inflammatory effects,
and Fe enables oxygen transport and supports metabolic pro-
cesses [21]. Presently, biodegradable metals are mainly cat-
egorized into three primary systems based on their metal-
lic elements: Mg-based biodegradable metals (e.g., Mg-Ca,
Mg-Zn, and Mg-Sr alloys) [22-24], Zn-based biodegradable
metals (e.g., Zn-Mg, Zn-Ca, and Zn-Cu alloys) [25-27], and
Fe-based biodegradable metals (e.g., Fe-Mn, Fe-W, and Fe-C
alloys) [28-30].

1.1.1. Mg-based biodegradable metals

Mg-based biodegradable metals have garnered significant
attention as biodegradable implant materials due to their ex-
cellent biocompatibility and favorable mechanical properties
(Fig. la). Previous studies have shown that Mg implants can
promote osteogenesis, accelerate the repair of bone defects,
and enhance angiogenesis, thus highlighting their potential for
addressing complex cardiovascular pathologies [31].

The inaugural clinical application of Mg was reported in
1878, when Dr. Huse successfully employed Mg wires for
hemostasis during surgery [32]. Subsequently, Heublein et al.
[33] investigated the use of Mg-based alloys in cardiovascular
stents in 1998, implanting them into the coronary arteries of
a porcine model. Histological evaluation revealed no evidence
of platelet aggregation or thrombus formation, confirming the
suitability of Mg for cardiovascular stent applications. Fur-
thermore, the mechanical properties of Mg, which closely re-
semble those of cortical bone, position it as an ideal material
for fracture fixation [34]. In 2012, Kraus et al. [35] implanted
Mg-based alloys into rat femurs, and micro-computed tomog-
raphy (micro-CT) analysis at 24 weeks post-implantation re-
vealed complete bone regeneration at the defect site. However,
these implants exhibited immediate corrosion upon implanta-
tion, with surface pitting observed as early as the first week.
This corrosion was characterized by progressive surface pit-
ting and a volumetric reduction of approximately 1.2% per
day, consistently accompanied by hydrogen gas release. The
central challenge impeding the widespread application of Mg-
based materials lies in their premature loss of mechanical in-
tegrity. While stable structural support is required throughout
the entire 24—36 weeks bone regeneration process, most exist-
ing Mg-based alloys are completely resorbed before this end-
point, typically within 6-12 weeks. Consequently, they fail to
provide the sustained support necessary for successful heal-
ing [36]. To improve clinical applicability, current research is
focused on regulating the biodegradation rate to align with tis-
sue regeneration timelines, minimizing hydrogen bubble for-
mation and ensuring that ion release concentrations remain
within physiologically tolerable limits.
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Fig. 1. Historical development of biodegradable metals: (a) Mg, (b) Zn, and (c) Fe; (d) key factors influencing the balance between tissue regeneration and

implant biodegradation.

1.1.2. Zn-based biodegradable metals

In contrast to Mg-based biodegradable metals, Zn-based
biodegradable metals have emerged as a relatively recent ad-
dition to the field (Fig. 1b). These materials are regarded
as promising candidates for biodegradable implants owing to
their outstanding biocompatibility, suitable biodegradation ki-
netics, and facile fabrication processes [37].

Initial investigations into Zn-based biodegradable metals
began in 2007, with early electrochemical polarization studies
demonstrating a distinct corrosion tendency compared to other
inert biomedical alloys [38]. Subsequent research has revealed
that Zn-based metals attenuate the progression of atheroscle-
rosis by modulating endothelial cell apoptosis, thereby estab-
lishing them as viable materials for biodegradable cardiovas-
cular stents [39]. In 2013, Bowen et al. [40] reported that, fol-
lowing four months of pure Zn implantation into the aorta of
rats, approximately 70% of the cross-sectional area remained
intact, after which the biodegradation rate significantly in-
creased, meeting the corrosion requirements essential for car-
diovascular stents.

In the field of orthopedics, Zn-based biodegradable met-
als have attracted considerable interest due to their capacity
to enhance osteoblast differentiation, while inhibiting osteo-
clast differentiation [41]. Jia et al. [42] implanted Zn-based

alloys into rat femurs in 2020, and both micro-CT and his-
tological evaluations demonstrated robust osteogenic activity.
Mechanical testing further indicated an elongation of 84% and
a tensile strength exceeding 200 MPa. Despite these improve-
ments compared to pure Zn, the mechanical properties of
Zn-based biodegradable metals are still insufficient for some
load-bearing skeletal applications [38]. Consequently, current
research efforts are primarily focused on enhancing their me-
chanical performance to broaden their applicability in medical
implant scenarios.

1.1.3. Fe-based biodegradable metals

Fe-based biodegradable metals have attracted significant
attention as biodegradable implant materials owing to their
exceptional mechanical properties and outstanding biocompat-
ibility (Fig. 1c). Compared with other biodegradable metals,
Fe-based alloys enable the fabrication of thinner clinical de-
vices, such as cardiovascular stents, and precisely engineered
porous scaffolds for bone regeneration.

The medical application of Fe dates back to its early use in
wound closure and fracture stabilization [43]. In 1775, Icart
et al. [44] pioneered the successful deployment of Fe wires
to facilitate fracture healing in human subjects. Subsequently,
Peuster et al. [45] implanted Fe stents into New Zealand white
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rabbits, documenting low thrombogenicity, minimal inflam-
matory responses, and evidence of in vivo biodegradation. In
2011, Liu et al. [30] reported enhanced endothelial cell vi-
ability compared to smooth muscle cells when cultured on
Fe-based biodegradable metals, underscoring their potential
for vascular stent applications. In 2024, Zhang et al. [460]
enhanced the mechanical robustness of Fe alloys by incor-
porating 0.05% nitrogen. This modification enabled a 76%
reduction in Fe content for a given stent length, thereby
shortening the stent’s degradation period. Kraus et al. [47]
implanted Fe-based alloys into rat femurs and, following a
comprehensive 52-weeks evaluation, observed robust bone tis-
sue regeneration accompanied by the formation of Fe oxide
biodegradation products on the implant surface. Nevertheless,
the biodegradation rate remains slow, primarily due to the im-
pediment of oxygen transport caused by these corrosion prod-
ucts. Consequently, contemporary research efforts are focused
on alloying strategies and surface modification techniques to
mitigate the passivating effects of biodegradation byproducts,
thereby accelerating biodegradation kinetics and enhancing
the clinical viability and efficacy of Fe-based biodegradable
metals.

1.2. Coupling of metal biodegradation and tissue
regeneration rates

Biodegradability refers to the characteristic corrosion of
biocompatible metals in the physiological environment. Dur-
ing this process, free ions are released from the metal sub-
strate, diffusing into the surrounding bodily fluids, which
consist of water, dissolved oxygen, proteins, and electrolyte
ions such as chlorides and hydroxides [48]. Concurrently,
the biodegradation byproducts in these fluids are expected
to have beneficial effects on tissue regeneration. For exam-
ple, Mg" has been shown to enhance osteoblast adhesion
and proliferation. Ideally, under the influence of various fac-
tors, the biodegradation rate should be coordinated with the
pace of tissue repair, while minimizing common adverse ef-
fects. Li et al. [49] have investigated the biodegradation be-
havior and osteogenic potential of Mg-2Zn-1Mn alloy in a
rat femoral fracture model. Immersion assays reveal a consis-
tent biodegradation profile for the alloy, while both in vitro
and in vivo assessments confirm its outstanding tissue com-
patibility and significant ability to stimulate the differentiation
of bone marrow mesenchymal stem cells (BMSCs) into pre-
osteoblasts, thereby promoting bone formation and mineral-
ization. Nevertheless, the biodegradation kinetics of materials
in the physiological environment depend not only on their
composition and microstructure but also on variables such as
host-specific factors, intended application, and implantation
site. This multifactorial dependency complicates the achieve-
ment of optimal alignment between the material’s biodegra-
dation rate and the dynamics of new tissue formation and
substitution, representing the persistent challenge and critical
barrier to the clinical translation of biodegradable metallic
materials.

1.3. Mechanical dynamic regulation of metal biodegradation
and tissue regeneration

Biodegradable metals are essential to provide continuous
mechanical support throughout the tissue remodeling process,
requiring their mechanical properties to evolve dynamically
over the implantation duration. Ideally, these implants must
maintain sufficient mechanical integrity until they are com-
pletely degraded and safely metabolized in the physiological
environment. As tissue regeneration progresses, the implant
gradually degrades, facilitating load transfer to the regener-
ating tissue and ensuring a seamless transition. For instance,
Bowen et al. [50] have implanted pure Mg specimens into
murine arteries. After 29 days post-implantation, the speci-
mens remain visually intact and maintain good mechanical
integrity. However, by day 32 post-implantation, the speci-
men fracture, likely due to the combined effects of uniform
and localized corrosion and the typical stresses exerted by
the arterial matrix. From a mechanical perspective, the spec-
imens at 32 days are considered functionally degraded, with
effective tensile strength and ductility reduced to zero. In the
context of biodegradable bone implants, prolonged retention
of mechanical integrity is crucial compared to bioresorbable
stents, given that bone implants typically endure continu-
ous loads and may encounter complex loading conditions.
Wu et al. [51] have implanted Mg-based bone implants into
the ulnae of New Zealand white rabbits, observing substan-
tial callus formation surrounding the implants by 8 weeks,
with most of the implant replaced by callus after implanta-
tion for 12 weeks. Newly formed bone bridges a 15 mm de-
fect at 8 weeks and exhibits further maturation by 12 weeks,
with three-point bending tests confirming adequate mechani-
cal strength of the regenerated bone. Collectively, it is crucial
to elucidate the dynamic biomechanical interplay between in
vivo implant biodegradation and tissue regeneration and to
leverage this understanding to guide the tuning of the mate-
rial’s initial microstructure and static mechanical properties.

1.4. Biocompatibility between metal biodegradation products
and tissues

Biocompatibility is defined as the capacity of a material
to integrate effectively with living tissues without triggering
negative responses. For biodegradable metals, it is imperative
that their biodegradation byproducts similarly prevent adverse
host responses [52]. During biodegradation, the formation of
solid metal salt precipitates, typically characterized by poor
solubility in aqueous environments, poses challenges to their
clearance from the body, potentially disrupting local home-
ostasis at the implantation site. For instance, compounds such
as MgCO3, Mg3(PO4)2, ZH(OH)Q, ZII3(PO4)2, and Cag(PO4)2,
despite exhibiting low solubility in water, exhibit excellent
biocompatibility in bone tissue. MgCO3 is used as a compo-
nent in bioglass, Mg3(PO4), and Ca3(POy), are key ingredi-
ents in bone cements, and Zn3(POy), functions as a dietary
supplement [53,54]. Furthermore, Mg(OH),, the predominant
biodegradation byproduct of Mg-based biodegradable metals,
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displays moderate solubility and can either gradually dissolve
or react with Cl~ to yield soluble MgCl,. In rabbit mod-
els, studies have confirmed that Mg?>* released from Mg-
based implants are effectively assimilated in vivo. Addition-
ally, an increase in the serum Ca’t level has been noted,
possibly due to localized Mg?* accumulation promoting bone
mineralization and thus stimulating osteogenesis while rais-
ing the systemic Ca®* level [55]. Although recent research
suggests that the biodegradation byproducts of biodegradable
metals demonstrate excellent biocompatibility at the implan-
tation site, further studies are needed to fully understand their
impacts on tissues, cellular responses, and the broader physi-
ological system. Achieving an optimal balance between tissue
regeneration and biodegradation necessitates not only metic-
ulous control over various material properties but also con-
sideration of patient-specific factors, such as age, weight, and
metabolic rate. This aspect is crucial in designing advanced
biodegradable metal systems with excellent mechanical prop-
erties, biodegradability, and biocompatibility (Fig. 1d).

2. Current status of research and development of
biomedical Mg-based biodegradation metals

2.1. Alloying

Alloying represents an effective strategy for enhancing the
overall performance of a metal matrix through the incorpora-
tion of additional alloying elements. This approach improves
the mechanical properties of the metal matrix by altering its
microstructure. For instance, the dissolution of alloying ele-
ments in a single-phase microstructure results in solid solution
strengthening, while the precipitation of a secondary phase
induces precipitation hardening [56]. Moreover, alloying ele-
ments can influence the corrosion mechanisms, thereby alter-
ing the nature of the biodegradation byproducts of biodegrad-
able metals. For example, the integration of alloying elements
can promote the formation of a compact corrosion product
layer on the surface of biodegradable metals, thereby inhibit-
ing further corrosion progression [57]. Table 1 summarizes the
research outcomes regarding the enhancement of mechanical
properties and corrosion resistance in Mg-based biodegrad-
able metals via alloying strategies.

Alloying substantially enhances both the mechanical prop-
erties and corrosion resistance of Mg-based biodegradable
metals. However, in clinical settings, the concurrent disso-
lution of alloying elements with the metal matrix may induce
harmful effects on the nervous system and osteoblast function.
For instance, an excessive release of Al ions has been asso-
ciated with the development of neurodegenerative disorders,
such as dementia and Alzheimer’s disease [58]. Meanwhile,
excessive alloying elements may trigger galvanic corrosion
between the Mg matrix and secondary phases, accelerating
degradation of the matrix. Moreover, the cytotoxicity, result-
ing from alloying elements released during biodegradation, is
closely related to the kinetics of the biodegradation process.
Therefore, a comprehensive modulation of biodegradation dy-
namics must consider these diverse factors, and extensive,

long-term in vivo studies may be necessary to fully assess
the biosafety profile of alloyed biodegradable metals.

2.2. Fabrication techniques

In the field of materials science, a key tenet is the complex
interplay between processing methodologies, microstructural
evolution, and resulting material properties. Fig. 2 presents
a comparative analysis of the microstructure, tensile fracture
morphology, and biodegradation performance of WE43 alloys
fabricated by traditional and advanced manufacturing pro-
cesses [59,60]. Different fabrication techniques give rise to
microstructures with unique attributes [57]. Employing dis-
tinct processing strategies to tailor/control material properties
is a well-justified approach, which has been demonstrated and
successfully implemented across a wide range of metallic sys-
tems.

2.2.1. Traditional manufacturing techniques

Amid ongoing advancements in materials processing, cast-
ing and powder metallurgy represent the most traditional tech-
niques for the fabrication of Mg-based biodegradable met-
als. Casting involves introducing molten Mg-based alloys
into molds, followed by cooling and solidification, making
it highly suitable for large-scale production of standardized
implants.

The incorporation of alloying elements such as Zn and
Ca during casting can enhance both mechanical properties
and biodegradation kinetics. However, this method is often
hampered by the formation of porosity and inclusions, which
compromise mechanical integrity and biodegradation unifor-
mity, while providing limited control over alloy composition
and microstructure.

Therefore, powder metallurgy has emerged as a favored ap-
proach due to its superior material utilization, precise control
over performance, and fabrication versatility. These attributes
are particularly beneficial for high-performance and patient-
specific implants. This technique allows for precise control
of composition and ensures microstructural homogeneity in
Mg-based biodegradable medical implants, thereby producing
outstanding mechanical properties and a tunable biodegrada-
tion rate that meets stringent biocompatibility criteria. Addi-
tionally, powder metallurgy enables the fabrication of intricate
geometries such as screws and scaffolds, improving material
efficiency and reducing production costs. The complete fab-
rication sequence typically includes powder atomization, me-
chanical alloying, isostatic pressing, sintering, and subsequent
post-processing [83].

Despite the inherent advantages of powder metallurgy in
optimizing efficiency and performance, the high reactivity of
Mg predisposes it to oxidation, and the complexity of the
process may impose practical limitations. Nevertheless, both
casting and powder metallurgy have been instrumental in
the development of Mg-based biodegradable metals, estab-
lishing a robust foundation for their use in medical implant
applications. Table 2 summarizes the selected performance
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Table 1

Mechanical properties, corrosion performance, and advantages of Mg-based biodegradable metals.

Materials Ultimate tensile In vitro corrosion  Advantages Ref.

strength (MPa)  rate (mm-y~1)

Mg-1Zr 270 0.65 Zr-induced grain refinement improves corrosion resistance, preserves mechanical [61]
integrity, and enhances osteogenic activity by promoting cell proliferation while
restricting osteoclast differentiation for modulated bone regeneration.

Mg-1Ca 239 N.A. Mg-1Ca pins demonstrate gradual in vivo degradation and significant osteogenesis [62]
by the third month.

Mg-3Zn 225 2.3 Zn promotes osteogenic differentiation by upregulating key proteins related to [63]
osteogenesis.

Mg-5Ca 202.72 N.A. Mg-5Ca demonstrates excellent yield strength and its extracts exhibit no [64]
cytotoxicity.

Mg-1Al-Cu 231 0.01 Cu doping enhances antibacterial properties. [65]

Mg-2Zn-1Mn 243.5 0.36 Zn and Mn alloying promotes the formation of a denser corrosion product layer [63]
compared to pure Mg, thus enhancing barrier integrity.

Mg-0.45Zn-0.45Ca N.A. 0.97 The alloy promotes bone healing and new bone formation in direct contact with [66]
corrosion products, while the alloy screw undergoes slow degradation and remains
present after 24 weeks of implantation.

Mg-1Zn-0.6Sc 231 0.09 The addition of Sc induces grain refinement, which increases strength, and the [67]
formation of nano-scale ScZn phases with low electrochemical potential acts as
micro-anodes, protecting the Mg matrix from corrosion.

Mg-1Ca-1Sr 230 N.A. Incorporating Ca retards degradation by stabilizing the phase constitution and [68]
suppressing precipitation of the cathodic Mg;7Sr, phase, thereby mitigating
micro-galvanic effects, and enhances BMSCs adhesion.

Mg-6Zn-0.5Zr 365 N.A. The combination of fine, oriented recrystallized grains, a strong basal texture, and  [69]
a high density of nano-scale precipitates imparts the alloy with an excellent
strength-ductility balance.

Mg-1.8Zn-0.2Gd 272.2 0.12 Consisting of a single «-Mg phase, the alloy exhibits no internal micro-galvanic [70]
corrosion, which is comparable to high purity Mg, and demonstrates
non-cytotoxicity to L929, MG63, and VSMC cells.

Mg-0.3Sr-0.5Y 111.53 0.82 The simultaneous solid solution of Y in both «-Mg and Mg;7Sr,> phases reduces [71]
micro-galvanic corrosion.

Mg-0.5Zn-0.5Nd-6Sc 180 N.A. The addition of Sc acts as a potent grain refiner to ensure appropriate mechanical [72]
properties in the cast alloy, while in-situ formed Sc,O3 provides a stable
passivation layer on the Mg matrix.

Mg-1Zn-0.2Ca-4Ag 267 8.74 Ag addition strengthens the alloy by inducing the precipitation of the reinforcing [73]
Agi7Mgs4 phase.

Mg-2.27Zn-3.7Ce- 192 6.9 Ca strengthens the Mg-2.2Zn-3.7Ce alloy by promoting precipitation of the [74]

1.5Ca CazMg,Zn;s. phase (4.6 < x < 12).

Mg-2Ca-0.5Mn-4Zn 189.2 N.A. Zn addition induces precipitation of the CaMgeZn3 phase at cathodic sites, [75]
enhancing mechanical strength but promoting localized galvanic corrosion. This
detrimental effect is mitigated through formation of a protective Mg oxide surface
layer.

Mg-4Zn-0.5Ca- 180 5.02 Dissolution of the eutectic CayMgeZn3 phase enhances plasticity, while concurrent  [76]

0.16Mn precipitation of strengthening Mg4Zn; phases at Mn particle/matrix interfaces
markedly increases yield strength.

Mg-Zn-RE-0.5Ca N.A. 2.82 Addition 0.5 wt.% Ca reduces the corrosion rate, while increasing Ca content to 6  [77]
wt.% significantly elevates corrosion rate due to galvanic coupling effects.

Mg-1Zn-1Sn-0.2Sr 245 0.55 Doping with 0.2 wt.% Sr improves mechanical and corrosion performance through  [78]
grain refinement and second-phase strengthening, while high hydrogen
overpotential of Sn simultaneously suppresses hydrogen evolution reaction.

Mg-0.5La-0.3Ca- N.A. 0.15 The significantly hindered degradation arises from a dense, protective GeO [79]

0.3Ge passivation layer.

Mg-3Sn-1Zn-0.5Mn 156 N.A. Hot extrusion profoundly refines the grain structure, enhancing mechanical [80]
properties, corrosion resistance, and biocompatibility.

Mg-0.5Zn-0.35Zr- 172 N.A. Sc and Tb solute additions refine grains while enhancing mechanical and corrosion  [81]

0.15Mn-1Sc-2Tb performance. Subsequent degradation generates Sc(OH)3 and Tb(OH)3; byproducts
that retard matrix degradation, while the released ions show no cytotoxicity.

Mg-6Zn-0.6Zr-0.4Ag- 389 N.A. Severe plastic deformation via equal channel angular pressing refines grain size, [82]

0.2Ca

imparting ultra-high strength. However, this process paradoxically induces
embrittlement with low elongation while accelerating degradation.

N.A.: not available.
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Fig. 2. Microstructure, tensile fracture surfaces, and corrosion behavior of WE43 alloy fabricated by casting and powder bed fusion (PBF) processes [59,60]:
EBSD maps of (a) cast and (b) PBF-fabricated WE43 alloy; tensile fracture surfaces of (c) cast and (d) PBF-fabricated WE43 alloy; electrochemical corrosion
results showing (e) corrosion current density and (f) corrosion rates for both cast and PBF-fabricated WE43 alloy. (Casting-1 and Casting-2 denote gravity
cast and squeeze cast WE43 alloy, respectively; PBF-1 and PBF-2 refer to PBF-fabricated WE43 alloy processed under different parameters).

Table 2
Mechanical and biodegradation properties of Mg-based biodegradable metals prepared by casting and powder metallurgy.
Materials Methods Mechanical properties Corrosion parameters Ref.
Yield tensile Tensile strength  Elongation (%)  Corrosion Corrosion current Corrosion rates
strength (MPa) (MPa) potential (V) density (LA-cm™2) (mm‘y_l)
Pure Mg As-cast N.A. N.A. N.A. —1.78 14.60 0.33 [90]
Mg-1Si As-cast N.A. N.A. N.A. —1.58 5.60 0.12 [90]
Mg-1Si-0.5Y As-cast N.A. N.A. N.A. —1.64 3.24 0.07 [90]
Mg-2Si As-cast N.A. N.A. N.A. —1.57 391 0.09 [90]
Mg-2Si-0.5Y As-cast N.A. N.A. N.A. —1.53 4.98 0.11 [90]
Mg-2Ca As-cast N.A. N.A. N.A. —1.64 10.54 N.A. [91]
Mg-3Ca As-cast N.A. N.A. N.A. —1.60 25.59 N.A. [91]
Mg-1Ca Powder 147.78 217.28 14.36 —1.65 15.82 N.A. [64]
metallurgy
Mg-5Ca Powder 183.32 202.72 9.03 —1.47 42.69 N.A. [64]
metallurgy
Mg-10Ca Powder 119.63 200.25 7.74 —1.45 74.87 N.A. [64]
metallurgy
Mg2Zn Powder N.A. 150 72 —1.57 48 52 [92]
metallurgy
Mg2Zn- Powder N.A. 160 9.8 —1.53 12 2.5 [92]
2A1,03 metallurgy
Mg2Zn- Powder N.A. 170 8.5 —1.55 30 4.1 [92]
4A1,03 metallurgy
Mg2Zn- Powder N.A. 191 4.4 —1.60 60 6.7 [92]

8A1,03 metallurgy
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parameters of Mg-based biodegradable metals fabricated by
casting and powder metallurgy.

2.2.2. Advanced manufacturing techniques

Additive manufacturing (AM) represents an advanced fab-
rication process for Mg-based biodegradable metals, offering
precise control over microstructural characteristics. This ca-
pability enables grain refinement and optimization of phase
composition, thereby enhancing both mechanical properties
and corrosion resistance. Moreover, AM facilitates the integra-
tion of functional architectures such as internal channels and
gradient materials into a single component, thereby promoting
bone tissue regeneration and improving implant biocompati-
bility. Consequently, AM is widely recognized as a robust
approach for fabricating metallic biomaterials. Common AM
techniques include powder bed fusion (PBF) (Fig. 3a), binder
jetting (BJ) (Fig. 3b), and directed energy deposition (DED)
(Fig. 3c and d) [84].

PBF utilizes lasers or electron beams to selectively fuse
metal powders layer by layer, thereby producing solid con-
structs [85]. The major approaches of PBF include selective
laser melting (SLM), selective laser sintering (SLS), and elec-
tron beam melting (EBM). SLM is renowned for its high
precision and energy efficiency. Li et al. [86] have reported
that WE43 alloy scaffolds fabricated via SLM exhibit a re-
fined grain structure and enhanced mechanical performance,
with microstructural analysis revealing elongated grains at the
top of the sample (denoted by dashed lines) (Fig. 3e) and
transgranular crack propagation (Fig. 3f). Liu et al. [87] have
achieved scaffolds with a relative density exceeding 99.5%,
a compressive strength of 23 MPa, and a Young’s modu-
lus of 873 MPa through optimized energy input. Xie et al.
[88] have demonstrated that SLM-processed Mg-Nd-Zn-Zr
neither altered MC3T3-E1 cell morphology (Fig. 3g) nor in-
hibited cell viability (Fig. 3h). SLS partially melts powder
particles, followed by re-solidification. Shuai et al. [89] have
found that poly-L-lactic acid (PLLA)/Mg scaffolds produced
via SLS exhibit a porous architecture with a Vickers hard-
ness of 118.4 MPa. Li et al. [93] have observed that PLA/Mg
scaffolds fabricated by SLS display a significantly increased
biodegradation rate compared to pure PLA, with compres-
sive strength reaching 5.6 MPa. EBM, performed under vac-
uum, reduces oxidation and compositional segregation. Zhang
et al. [94] have demonstrated that the EBM-fabricated AZ31
alloy exhibit a refined grain structure, with yield strength
and tensile strength increasing by 50% and 40%, respectively.
Although EBM’s energy efficiency and powder recyclability
boost productivity, precise control of heat input is essential to
prevent Mg evaporation.

BJ employs liquid binder deposition to bond powder parti-
cles. Cho et al. [95] have developed a full liquid-phase sinter-
ing process for WE43 alloy, yielding specimens with a poros-
ity of 2.5% and notably enhanced corrosion resistance. Kuah
et al. [96] have observed that the sintering temperature in BJ
affects the porosity and corrosion rate, with higher tempera-
tures reducing porosity yet increasing element evaporation.

DED utilizes focused thermal energy to deposit material
layer by layer, proving effective for fabricating heterogeneous
structures [97]. Wire arc additive manufacturing (WAAM), a
prominent DED technique, deposits Mg alloys via laser or arc
methods. Li et al. [98] have reported significant grain refine-
ment in the WAAM-fabricated AZ31 alloy. Yang et al. [99]
have demonstrated that AZ31 blocks produced by WAAM ex-
hibit superior mechanical properties compared to cast equiva-
lents. Guo et al. [100] have found that the WAAM-processed
AZ80M alloy displays mechanical properties comparable to
extruded materials, substantially outperforming cast counter-
parts. DED systems, characterized by operational simplicity,
can be integrated with complementary manufacturing tech-
niques, thereby broadening their applicability in Mg-based
biodegradable metal applications.

2.3. Purification

During casting processes, Mg inevitably absorbs excessive
gaseous and metallic impurities. Common metallic impuri-
ties in Mg alloys include Fe, Ni, and Cu. When the con-
centrations of these elements exceed their tolerance thresh-
olds typically 35-50 ppm for Fe, 20-50 ppm for Ni, and
100-300 ppm for Cu (wt.%) [101], they significantly ac-
celerate Mg corrosion. Metal purification involves removing
detrimental metallic inclusions, non-metallic particulates, and
dissolved gases from the metal melt using essential metal-
lurgical techniques to enhance their chemical purity. This
process is fundamental for mitigating corrosion, refining the
grain structure, and eliminating structural defects (porosity,
microcracks, etc.) [102]. Below these limits, impurity parti-
cles remain undetectable, thereby preventing the formation of
electrochemically active cathodic sites that would otherwise
intensify corrosion, leading to a marked reduction in the cor-
rosion rate. Notably, when the Fe content in Mg alloys is
maintained below 20 ppm, the corrosion resistance can ap-
proach that of aluminum alloys [103]. Furthermore, during
biodegradation, Mg?* released from high-purity Mg (HP Mg,
> 99.99 wt.%) can replace Ca’* in hydroxyapatite (HA),
forming Mg-substituted HA that enhances osteo-inductivity
and osseointegration [104]. Consequently, ongoing advance-
ments in HP Mg processing technologies are aimed at improv-
ing purification methods, with common approaches including
filtration purification, electromagnetic purification, and melt
self-purification [105].

2.3.1. Filtration purification

Filtration purification is fundamentally governed by three
principal mechanisms including mechanical filtration, precip-
itation, and adsorption. Mechanical filtration restricts the pas-
sage of inclusions through the medium’s pores, precipitation
facilitates the deposition of fine impurities within a serrated
channel, and adsorption enables the removal of residual solid
or liquid contaminants [102]. For instance, Wang et al. [106]
have applied this technique to a Mg-Gd-Y-Zr alloy, achieving
a reduction in average inclusion size from 12.7 to 4.3 pwm and
a decrease in inclusion volume fraction from 0.26% to 0.06%.
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alloy before and immersion in SBF [130].

This refinement concurrently improves mechanical properties,
with tensile strength increasing from 200 to 232 MPa, yield
strength from 156 to 167 MPa, and elongation from 3.4%
to 7.0%, while the corrosion rate declined from 38.8 to 2.5
g-m~2.d~!. Additionally, Le et al. [107] have evaluated the
purification efficiency of AZ91 alloy under varying mesh sizes
and filtration temperatures, determining that a stainless-steel
mesh of 20-30 mesh per inch at 650-700 °C markedly en-
hances purification outcomes. Excessively high temperature
intensifies oxidation, whereas overly fine meshes reduce filtra-
tion throughput, thereby establishing 650-700 °C and a 20-30
mesh sieve as the optimal processing parameters. Owing to its
operational simplicity, high impurity removal efficiency, and
absence of secondary contamination, filtration-based purifica-
tion is frequently employed as a post-treatment step following

other purification methodologies. Recent studies are increas-
ingly focused on developing self-cleaning and reusable filtra-
tion systems to further enhance the efficacy of this technique
in fabricating Mg-based biodegradable metals.

2.3.2. Electromagnetic purification

Electromagnetic purification leverages the differences in
electrical conductivity between metallic and non-metallic con-
stituents to separate inclusions from the melt via electro-
magnetic forces induced by an applied magnetic field. Feng
et al. [108] have addressed the challenge of eliminating per-
sistent fine inclusions in Mg alloys by employing an elec-
tric driving force, thereby achieving efficient purification. Un-
der an applied current of 80 A, the inclusion removal rate
reaches 63% within 10 min, while the pulsed current method
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generates a driving force 5.5 times greater than that of static
sedimentation. Li et al. [109] have investigated the effects of
various electromagnetic fields on the microstructure of AZ61
alloy, finding that a static magnetic field combined with di-
rect current completely eliminates the cellular grain boundary
structure. In this configuration, Mg-Al-Zn compounds become
polarized and migrate toward the melt periphery, resulting in
a more uniform dispersion and a reduced overall concentra-
tion. Due to its high efficacy, contamination-free operation,
and continuous processing, electromagnetic purification is of-
ten integrated with complementary techniques to enhance im-
purity removal during melt cooling and solidification. Recent
research has increasingly emphasized the synergistic integra-
tion of electromagnetic purification with other methodologies
to develop more efficient strategies for Mg melt purifica-
tion, ultimately enhancing the overall quality of Mg-based
biodegradable metals.

2.3.3. Melt self-purification

Melt self-purification, by avoiding the use of extraneous
impurity agents, enables the segregation of elements such as
Fe and Ni at the solid-liquid interface through the controlled
adjustment of cooling rates and temperature gradients. This
process drives impurities to accumulate at the ingot’s periph-
eries during crystal growth, thereby facilitating effective sep-
aration. Pan et al. [110] have developed a low-temperature
treatment that reduces the Fe content in AZ31 alloy from
65 to 15 ppm. Shaikh et al. [111] have applied a procedure
in which the Mg ingots were melted in a stir-casting fur-
nace at 750 °C, stirred at 650 °C for 10 min, and held for
15 min to produce Mg with 99.9% purity. Subsequent treat-
ment with HA further refines the grain structure and reduces
the biodegradation rate to 0. mm-y~', thereby promoting
bone formation without adverse effects. By eliminating chem-
ical additives, this method avoids secondary contamination,
thus preserving high purity. Its simplicity, cost-effectiveness,
and efficiency significantly improve production outcomes. Re-
cent research focuses on optimizing cooling rates and temper-
ature gradients, as well as integrating supplementary purifica-
tion techniques, to further enhance purification efficiency and
material performance.

2.4. Surface modification

The inherently high biodegradation rate and restricted
bioactivity of pure Mg substantially constrain its widespread
utilization as a surgical implant material. Consequently, sur-
face modification strategies aim at mitigating biodegradation,
while enhancing biocompatibility have emerged as pivotal ap-
proaches for optimizing the performance of Mg-based im-
plants (Table 3). For instance, laser surface treatment per-
mits precise regulation over parameters such as power den-
sity, scanning speed, and pulse frequency to induce the forma-
tion of metastable surface architectures. This process refines
the grain microstructure and mitigates galvanic corrosion,
thereby reducing the corrosion rate and improving biocompat-
ibility [112]. Similarly, ion implantation leverages the contrast

in electrical conductivity between metallic and non-metallic
phases by accelerating dopant ions under high voltage to pro-
duce a dense, corrosion-resistant surface layer on Mg alloys,
while preserving structural homogeneity [113]. Electrochemi-
cal methods, including electrodeposition (ED), electrophoretic
deposition (EPD), and micro-arc oxidation (MAO), facilitate
the formation of uniform, compact coatings that markedly
enhance corrosion resistance, mechanical robustness, surface
hardness, and bioactivity [114]. The hydrothermal technique,
prized for its cost-efficiency and simplicity, permits the de-
position of organic and inorganic coatings at moderate tem-
peratures, thereby preserving the structural integrity of Mg
alloys, while augmenting their biofunctional properties [115].
Electrostatic spraying utilizes a high-voltage field to atom-
ize a precursor solution into charged droplets, which are then
electrostatically guided to form a uniform coating, making the
technique particularly effective for implants with complex ge-
ometries [116]. Moreover, sol-gel-based dip coating and high-
speed spin coating provide versatile methods for depositing
homogeneous organic or inorganic coatings. These coatings
not only reduce the biodegradation rate and enhance bioactiv-
ity but also facilitate the creation of multifunctional surfaces
endowed with capabilities such as controlled drug release and
antibacterial activity [117].

Despite these advances, challenges related to coating ad-
hesion, long-term stability, and scalability persist (Table 4).
To address these limitations, recent research has focused on
integrating multiple surface modification techniques to further
optimize the clinical performance of Mg-based biodegradable
metals. To enhance coating adhesion, Li et al. [118] have
employed femtosecond laser texturing to construct multiscale
conical microstructures on AZ31B Mg alloy. This pretreat-
ment significantly increases surface area and roughness, creat-
ing robust mechanical interlocking that substantially enhances
the binding strength of subsequently deposited protective
coatings, thereby improving long-term corrosion resistance.
Chen et al. [119] have developed a PCL/Collagen/Cerium-
doped HA composite coating on AZ31 Mg alloy via electro-
spinning. The intrinsic porosity and fibrous nature of the elec-
trospun layer promotes mechanical locking with the Mg alloy
substrate, while the presence of -NH; in collagen and —OH in
HA enhances electrostatic interactions between the polymer
coating and Mg alloy substrate, significantly reducing corro-
sion current density and enhancing long-term stability in vitro.
Importantly, both femtosecond laser processing and electro-
spinning are highly controllable and scalable techniques. The
ability to precisely adjust parameters (e.g., laser fluence, pulse
duration, electrospinning voltage, and flow rate) enables re-
producible and standardized production, paving the way for
large-scale manufacturing of advanced Mg-based implants.

2.5. Structural design

Porous, fine-grained, and composite structures represent
pivotal strategies in the design of advanced materials, funda-
mentally modulating their chemical, physical, mechanical, and
biological properties to confer tailored functionalities. Recent
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Table 3
Preparation techniques and typical performance comparison of coatings on the Mg-based biodegradable metal surfaces.
Substrate Preparation Coatings Main findings Ref.
techniques
Mg-Zn Laser surface Honeycomb structure The hardness of the alloy exhibits an increase of 24 %—27 %, and [120]
treatment the corrosion rate demonstrates a reduction of 21 %—37 %.
Mg-Zn-Ca Laser surface More uniform surface The hardness of Mg-Zn-Ca alloy increases by 24 %—27 %, and the [121]
treatment microstructure(Fig. 3a) corrosion rate is reduced by 21 %-37 %.
Mg-AZ31B Laser surface Aplitic texture The Mgj7Alj2 phase volume fraction increases to 4.2 %, the contact [122]
treatment angle decreases to 48.5°, and the surface energy increases by 26 %.
Pure Mg Ion implantation Mn-O layer The Mn ion implantation reduces the surface roughness from 96.2 [123]
(Mn ion)(Fig. 4b) to 48.9 nm (Fig. 4c¢).
WE43 Ion implantation Si-O layer The WE43surface becomes smoother (Fig. 4d) and the corrosion [124]
(Si ion) current density decreases from 642 + 125 to 27 & 32 pA-cm™2
Mg-1Ca Ion implantation Y-O layer The corrosion rate decreases from 2.10 £ 0.21 to [125]
(Y ion) 0.69 & 0.18 mm-y~'.
Pure Mg Ion implantation Ca-rich layer The corrosion current density of Ca-implanted Mg decreases to [126]
(Ca ion) 100 pA-cm~2, exhibiting the least localized biodegradation
(Fig. 4e).
Mg-Zn-Ca ED Ca-deficient HA coating The corrosion potential increases from —1645 to —1414 mV, and [127]
the corrosion current density decreases from 110 to 25 wA-cm™2.
ZE21B ED MTA/Mg(OH), coating The coating significantly inhibits the adsorption of plasma fibrin and [128]
activation of platelets, and reduces the hemolysis rate to
0.97 + 0.18 %.
Mg-Ca EPD(Fig. 4f) Alginate/bioglass The corrosion current density decreases by 51.3% to 23.1 wA-cm™2. [129]
composite coating
Mg-Zn-Mn EPD HA coating The coating composition is homogeneous before and after [130]
immersion in the simulated body fluid (SBF) (Fig. 4g and h)
AZ31B MAO Zn-doped phosphate The weight loss of the coated sample in SBF for 56 days is only [131]
coating 5.22%.
ZK60 Hydrothermal Sr-doped HA coating The corrosion current density decreases from 5.09x107% to [132]
treatment 1.65%107% A.cm~2, and Sr promotes cell adhesion and proliferation.
AZ31 Hydrothermal Zn-supported The coating reduces the corrosion current density of AZ31 alloy [133]
treatment montmorillonite coating from 2.8 x 107> t0 2.8 x 1077 A cm™2.
AZ31 Hydrothermal HA and ZnO The bactericidal rates against Staphylococcus aureus and [134]
treatment double-layer nanoarray Escherichia coli are 96.5 % and 94.3 %, respectively.
coating
ZE21B Electrostatic Schiff base/NP@S-HA The composite coating confers superior overall properties to the Mg [116]
spraying composite coating alloy, including reduced corrosion, enhanced cell proliferation and
migration, and strong anti-inflammatory function.
Pure Mg Dip coating Polyurethane polymer The corrosion current density decreases from 353.8 + 14.5 to [135]
coating 1.422 + 0.07 pA-cm™2.
AZ31 and MgdY Dip coating PLGA coating The biocompatibility of the coated sample is better than that of [136]
AZ31 and Mg4Y alloys.
Mg-Nd-Zn-Zr Dip coating Polydopamine The coating achieves continuous release of copper ions, promotes [137]
(PDA)/Cu(Il) coating the growth of endothelial cells, and inhibits the proliferation of
smooth muscle cells.
Mg-2Zn Chemical Mg-phenol network The coating significantly promotes the adhesion and proliferation of [138]
conversion rat BMSCs.
coating
AZ31 Dip coating Chitosan/polylactic acid The PLA seals the pores of the chitosan layer, and the corrosion [139]
(PLA) composite coating current density of AZ31 alloy is reduced by 4 orders of magnitude.
AZ31B Dip coating Ce,0,/8i0, coatings The coating retards the degradation rate after immersion in SBF for [140]
21 days.

AZ91D Sol-gel method Silicon-based coating The corrosion current density drops from 6.23 to 0.15 pA-cm™2. [141]
WEA43 Spin coating Hyaluronic acid and The coating has a fast and cyclic self-healing ability that restores [142]
branched polyvinylidene the original structure and function.

double-layer coating
Mg-1Ca Spin coating Silk protein-HNT/PA The coatings respond quickly and self-repair effectively, thereby [143]

coating

significantly improving corrosion resistance.

advances have exploited these structural modifications to op-
timize biodegradation kinetics, mechanical stability, and bio-
compatibility of Mg-based biodegradable metals. Specifically,
porous structures enable the modulation of biodegradation
rates and promote cell adhesion and proliferation, primarily

through adjustments in porosity. Fine-grained microstructures,
achieved through grain refinement and an increased density of
grain boundaries retard biodegradation rates, while enhancing
mechanical performance. Meanwhile, composite materials, in-
tegrating biodegradable Mg alloys with polymers or ceramics,
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Table 4

Advantages and disadvantages of preparation techniques for coatings on the Mg-based biodegradable metal surfaces.

Preparation techniques Advantages

Disadvantages

Laser surface treatment
Ion implantation

Precise control of surface properties

Hydrothermal method
Dip coating

Spin coating Superior uniformity for coating

Enhanced corrosion resistance and increased surface hardness
Electrochemical treatment Cost-effectiveness and uniform coating deposition

Formation of dense coatings and enhanced biocompatibility
Operational simplicity and scalability for large-area applications Variability in coating thickness

Induction of heat-affected zones

Introduction of residual internal stresses

Insufficient coating adhesion

Prolonged reaction times and solution composition sensitivity

Limited applicability to small sample

synergistically reduce biodegradation kinetics, improve me-
chanical strength, and enhance biocompatibility by leveraging
complementary material properties. Collectively, these strate-
gies underscore the potential of structural design to overcome
the intrinsic limitations of Mg-based implants for clinical ap-
plicability.

2.5.1. Porous structures

Porous scaffolds are integral to bone tissue engineering,
utilizing interconnected pore networks to promote in vivo tis-
sue ingrowth, cell proliferation, and osteogenic differentia-
tion. Dong et al. [145] have demonstrated that Mg-Zn scaf-
folds exhibit a significant reduction in corrosion rate (from
2.3 4+ 0.9 mm-y~! to 0.7 & 0.1 mm-y~!) and maintain their
structural integrity after soaking in SBF for 28 days (Fig. 5a).
Concurrently, their yield strength and Young’s modulus re-
main within the range of trabecular bone, and extracts show
favorable cytocompatibility with MC3T3-E1l pre-osteoblasts.
Wang et al. [146] have revealed superior compressive strength
and stiffness in WE43 Mg alloy scaffolds with 500 pm-
diameter pores (P500) (Fig. 5b-c). Biodegradation products
accumulate predominantly in the scaffold’s central region
(Fig. 5d) and the scaffolds support osteogenic differentiation
(Fig. 5e and f).

Crucially, the overall porosity profoundly dictates both me-
chanical integrity and degradation kinetics. Rezaei-Baravati
et al. [147] have found that Mg-3Al-1Zn-0.5Ca alloy scaf-
folds with 30% porosity exhibit superior compressive strength
(72 MPa) and a slower corrosion rate (3.5 mm-y~!) compared
to those with 50% porosity (21 MPa and 4.3 mm-y~!, re-
spectively). This is attributed to the larger load-bearing solid
volume and reduced specific surface area at lower porosi-
ties, which limits exposure to corrosive environments and en-
hances structural robustness. Saad et al. [148] have demon-
strated that increased porosity directly accelerates degrada-
tion rates, consequently impairing porous Mg scaffold struc-
tural properties and fracture resistance. This highlights a crit-
ical design trade-off: while higher porosity enhances cellular
infiltration and nutrient transport, it simultaneously acceler-
ates material loss, potentially compromising mechanical sup-
port during bone healing. Although the mechanical properties
of porous Mg scaffolds during early-stage implantation (e.g.,
compressive strength: 0.2-80 MPa, Young’s modulus: 0.01—
2 GPa) remain comparable to those of native bone [149],
their inherently large surface area and enhanced fluid dynam-
ics accelerate corrosion. To mitigate this, coating processes
are commonly employed to optimize performance. For ex-

ample, Kang et al. [150] have engineered porous Mg scaf-
folds that mimicking natural bone architecture and applied an
HA/(PEI-SiO;) coating to significantly reduce corrosion rate
and improve osteogenesis in vivo (Fig. 5g).

2.5.2. Fine-grained structures

Fine-grained structures enhance the corrosion resistance of
Mg-based materials by increasing the density of grain bound-
aries, which mitigates the interfacial mismatch between the
oxide layer and Mg substrate, thereby minimizing the forma-
tion of oxide cracks. Qu et al. [151] have reported that finer
grain structures in pure Mg correlate with slower biodegra-
dation rate owing to reduced biodegradation kinetics. Hof-
stetter et al. [152] have engineered ZX10 alloy to achieve a
2 wm grain size, resulting in high strength, excellent ductil-
ity, and reduced mechanical anisotropy, and uniform, gradual
biodegradation without hydrogen accumulation.

Roche et al. [153] found that smaller microstructure sizes
increased the corrosion potential to nobler values and de-
creased the corrosion current densities for Mg-Zn-Ca crys-
talline alloys.

Similarly, Ge et al. [154] have employed equal channel
angular pressing (ECAP) on ZM21 alloy, refining its grains
to 500 nm and enhancing its yield strength from 180 to
340 MPa, while maintaining ductility. However, excessive
grain refinement may impair plasticity and destabilize the
biodegradation behavior. To address these challenges, com-
posite structures that integrate Mg-based materials with ce-
ramics or polymers have emerged as a versatile strategy, of-
fering enhanced mechanical performance and corrosion resis-
tance, while enabling the tuning of biodegradation kinetics to
meet diverse clinical requirements.

2.5.3. Composite structures

Composite structure design has emerged as a widely
adopted and effective strategy to achieve integrated perfor-
mance enhancement and functional optimization in Mg-based
biodegradable metals. In these composites, the performance
is determined by the content, spatial distribution, and par-
ticle size of the reinforcing phases. Phosphate-based bio-
ceramics such as HA and beta-tricalcium phosphate (8-TCP)
are commonly employed as reinforcing materials in Mg-based
biodegradable metals due to their excellent biocompatibility
[155].

HA, renowned for its favorable bioactivity and corrosion
resistance, serves as an effective reinforcing phase in Mg-
based composites, despite its limited load-bearing capacity
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[156]. Jaiswal et al. [157] have found that cylindrical HA
reinforcement increases compressive strength of Mg-3Zn by
40% compared to spherical HA reinforcement (Fig. 6a and b),
despite both types fracturing into two distinct segments. This
strength enhancement is attributed to the Hall-Petch strength-

ening mechanism, which enhances resistance to plastic de-
formation by impeding dislocation movement and promoting
grain refinement [158]. Moreover, Mehdizade et al. have em-
ployed friction stir processing (FSP) to achieve a uniform
dispersion of the HA nanoparticles in the WE43 alloy ma-
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referred to the web version of this article).
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trix (Fig. 6c). This technique elevates the yield strength to
226 MPa, while significantly reducing the biodegradation rate.
This strength improvement and retarded degradation result
from nano-HA particles acting as effective dislocation barri-
ers and contributing to the formation of a more compact and
stable passive layer, respectively [159]. Specifically, Ca’* and
PO43~ reach local supersaturation in the physiological envi-
ronment, which promotes heterogeneous nucleation and pre-
cipitation of amorphous calcium phosphate and HA on the Mg
alloy surface, forming a dense, bioactive coating that acts as
a physical barrier [160].

B-TCP is widely utilized owing to its recognized bioac-
tivity and osteo-conductivity [161]. Its release of Ca’* and
PO4*~ ions in physiological fluids can promote the formation
of a protective calcium phosphate layer, thereby mitigating
corrosion. Dong et al. [162] have developed Mg-Zn/B-TCP
scaffolds using additive manufacturing, achieving a controlled
biodegradation rate of 0.5 mm-y~!' along with enhanced cell
adhesion and proliferation. Spindle-shaped pre-osteoblasts ad-
here to both the Mg-Zn/58-TCP (Fig. 6e) and Mg-Zn/108-
TCP (Fig. 6d) scaffolds, whereas predominantly rounded, red-
stained cells are observed on the unreinforced Mg-Zn scaf-
fold (Fig. 6f), further confirmed by SEM analysis (Fig. 6g-i).
These benefits are primarily attributed to Ca®* released dur-
ing B-TCP degradation, which directly participate in cellular
signaling pathways, induce osteoblast differentiation, and pro-
motes extracellular matrix mineralization, thereby creating a
more favorable microenvironment for osseointegration [163].
Additionally, He et al. [164] have incorporated nano-sized §-
TCP particles in Mg-3Zn-0.8Zr alloy, demonstrating that the
resulting composite exhibits markedly superior corrosion re-
sistance compared to the unreinforced alloy.

3. Status of animal experiments and clinical application
research on Mg alloys

In addition to in vitro assessments, in vivo investigations
are essential for validating the safety and efficacy of high-
risk medical device candidates prior to clinical trials [165].
Biological safety evaluations are typically conducted using
small animal models such as mice, rats, or rabbits in accor-
dance with ISO standards. These evaluations include a range
of standardized assays such as irritation and skin sensitiza-
tion tests, systemic toxicity studies, local implantation anal-
yses, and pharmacokinetic assessments, which are designed
to systematically identify potential health risks to patients
[166]. For evaluating biological efficacy, large animal models
such as sheep, goats, pigs, monkeys, or dogs are employed
in indication-specific studies to assess the therapeutic effi-
cacy of novel Mg-based devices against established bench-
marks. Despite the physiological similarities among mam-
malian species, significant differences between small animals,
large animals, and humans must be considered. For instance,
variations in skeletal dimensions and load-bearing conditions
across species can influence the required mass and in-service
mechanical environment of Mg-based implants undergoing
biodegradation or absorption, potentially leading to discrepan-

cies between preclinical outcomes and clinical performance.
Consequently, systematic comparative studies focusing on the
clinical translation of Mg alloy materials in orthopedic, den-
tal, and vascular applications should be a key focus in the
future research and development of Mg-based medical de-
vices. Fig. 7 presents a timeline summarizing the progression
of Mg alloy development from animal experiments to clini-
cal translation. Building on these essential preclinical assess-
ments, Mg-based biodegradable metals now demonstrate sig-
nificant potential across multiple clinical applications, includ-
ing orthopedic implants, vascular intervention devices, and
GBR membranes.

3.1. Orthopedic implants

Mg-based biomedical metals are poised to be central to
the development of biodegradable orthopedic devices. During
active biodegradation via a rapid ionization process, these im-
plants contribute to the healing of surrounding hard tissues,
while surplus Mg is efficiently cleared via renal metabolism.
Their elastic modulus closely approximates that of human
bone, thereby facilitating natural load transfer, stimulating
bone remodeling, and mitigating stress shielding that is a lim-
itation commonly associated with conventional metallic im-
plants. To date, more than 20 Mg-based biodegradable alloys
have been systematically evaluated for bone repair in preclin-
ical models, spanning both small animal species (e.g., rats,
rabbits, guinea pigs) and large animal models (e.g., sheep)
[184]. For example, Lee et al. [168] have assessed the perfor-
mance of Mg-5Ca-1Zn alloy in New Zealand rabbits. Energy-
dispersive X-ray (EDX) analysis demonstrates a gradual atten-
uation of Mg and O peak intensities with increasing distance
from the implant surface (Fig. 8b). Over time, the interface
between the Mg alloy and bone migrated toward the implant
center, with displacement reaching approximately 15% at 8
weeks, 30% at 16 weeks, and 45% at 24 weeks (Fig. 8c). An-
toniac et al. [169] have implanted Mg-1Ca alloy into rabbit
bone and muscle tissues (Fig. 8d), with histological evalua-
tion confirming its biodegradation occurred without local tox-
icity, and showing that surrounding tissues maintained mor-
phology comparable to controls. Similarly, Li et al. [49] have
implanted Mg-2Zn-1Mn alloy into rat femora, with patho-
logical assessments revealing no evidence of cytotoxicity or
systemic toxicity in the rats (Fig. 8e). Further, alkaline phos-
phatase (ALP) and alizarin red staining indicate enhanced tis-
sue regeneration and Ca nodule formation over time (Fig. 8f),
while increased expression of osteogenic marker proteins un-
derscores the promotion of osteogenic differentiation by the
Mg-2Zn-1Mn implant (Fig. 8g).

In the clinical translation arena, pure Mg, Mg-Y-RE-Zr
alloy, and Mg-Ca-Zn alloy have attained regulatory approval
for orthopedic applications in China, Germany, and South Ko-
rea, respectively. In China, Zhao et al. [170] have evaluated
biodegradable pure Mg screws in patients with femoral head
necrosis. At 12 months post-implantation, the screw diameter
decreased by approximately 25%, with no signs of screw de-
formation or pericapsular tissue necrosis, and serum levels of
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Fig. 7. Timeline of animal studies and clinical research on Mg alloys for orthopedic implants [49,168—171], vascular intervention devices [172—178], and

GBR membranes [179-183].

Ca, Mg, and P remain within normal limits. This landmark
study, the first clinical trial of its kind in China, facilitated
the registration process of pure Mg screws, culminating in the
2015 China Food and Drug Administration (CFDA) Innova-
tion Medical Device Award [171]. In Germany, Mg-Y-RE-Zr
alloy screws have been used for hallux valgus correction, and
6-month follow-up data shows no significant differences in
hallux pain or metatarsophalangeal (MTP) joint range of mo-
tion compared to the titanium control group, and these screws
received CE product registration certification in 2013 [171].
Furthermore, in South Korea, Mg-Ca-Zn alloy screws have
been utilized for distal radius fracture fixation (Fig. 8a) [168].
Follow-up assessments after 6 and 12 months reveal that 53
patients achieve return to normal life, reporting minimal pain
(visual analog scale: 1.38 £ 1.1), normal joint mobility and

grip strength, and a Disabilities of the Arm, Shoulder, and
Hand (DASH) score of 29.82 + 4.4. This study supported
the approval of Mg-Ca-Zn screws by the South Korean Food
and Drug Administration (KFDA) in 2015, marking the sec-
ond globally endorsed Mg-based orthopedic device and ad-
vancing the clinical translation of novel Mg implants. This
progress has significantly encouraged clinicians and scientists
to accelerate the translation of new Mg implants designed for
emerging indications.

3.2. Vascular intervention materials

Design criteria for vascular stents primarily encompass me-
chanical performance, controlled biodegradation, and vascular
biocompatibility. Mechanically, these stents must resist elastic
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recoil and post-expansion shrinkage, while maintaining struc-
tural integrity for 3—6 months to ensure vessel patency. Fur-
thermore, the stent surface should promote endothelial cell ad-
hesion and concurrently suppress excessive intimal hyperpla-
sia to avert restenosis. From a biodegradation perspective, an
optimal biodegradation rate should not exceed 0.02 mm-y~',
with complete biodegradation occurring within 12-24 months
to enable timely vessel remodeling. Biocompatibility man-
dates that the implant does not induce toxicity or adverse
inflammatory responses, and that its biodegradation products
are harmless [185].

Chen et al. [172] have evaluated an Mg-Nd-Zn-Zr alloy
stent with an optimized coating implanted into the iliac ar-
teries of New Zealand white rabbits. Micro-CT and optical
coherence tomography (OCT) analyses at 5 months confirm
no signs of thrombosis or early restenosis, demonstrating that
the stent effectively supports the vessel before biodegradation
and allows for arterial healing afterwards (Fig. 8h-j). Zhang
et al. [173] have conducted a 20-month study of Mg-Nd-Zn-
Zr alloy stents implanted in rabbit common carotid arteries,
demonstrating good biosafety. Metabolic clearance of the Mg
and Zn elements is confirmed to be safe, with no accumula-
tion of the Nd or Zr elements in vital organs. The volume of
biodegradation products and Ca concentrations diminish over
the long term, mitigating the risk of vascular calcification.
Bornapour et al. [174] have implanted an Mg-0.3Sr-0.3Ca al-
loy stent in canine arteries for 5 weeks, noting the absence
of thrombosis and maintenance of normal blood flow. The
development of a protective Sr-HA layer on the stent surface
significantly enhances the alloy’s stability.

To date, Mg-based biodegradable metals constitute the
largest number of studies related to the clinical translation
of cardiovascular stents. Erbel et al. [175] have deployed
71 Mg-based stents in 63 patients, reporting a target lesion
revascularization (TLR) rate of 23.8% after implantation for
4 months, rising to 45% at 1 year, with no occurrences of
myocardial infarction, thrombosis, or mortality. Angiographic
evaluation at 4 months reveals a 48.4% increase in stenosis
diameter, while intravascular ultrasound (IVUS) detects mini-
mal residual stent material integrated into the intima. Zartner
et al. [176] have implanted a 3 mm Mg-based biodegrad-
able stent in patients with congenital heart disease, achiev-
ing complete biodegradation within 4 months and sustained
left pulmonary artery re-perfusion. Among Mg-based stents,
the Drug-Eluting Absorbable Metal Scaffold (DREAMS) se-
ries stands out. The BIOSOLVE-I trial validates the safety
of the DREAMS stent [177], while the BIOSOLVE-II trial
demonstrates that the DREAMS-2 G variant achieves TLR
and target lesion failure (TLF) rates comparable to conven-
tional stents after implantation for 6-12 months, earning CE
approval in 2016 [178]. Garcia et al. [186] have found that
the DREAMS-2 G restores vascular geometry and completes
biological absorption within 12 months. Haude et al. [187]
have reported a six-month study of DREAMS-3 G stents in
116 patients, observing a late lumen loss of 0.21 mm, rep-
resenting a 52% improvement compared to DREAMS-2 G.
IVUS confirms stable stent dimensions and minimal neoin-

timal formation, positioning DREAMS-3 G as a promising
alternative to permanent metallic implants.

3.3. Guided bone regeneration membranes

Guided bone regeneration (GBR) membranes serve as bar-
rier materials, isolating bone defect sites from surrounding
soft tissues to prevent the infiltration of epithelial and fibrob-
last cells into the regenerative zone. This occlusion allows suf-
ficient time for stem cells and osteoblasts to repair and regen-
erate bone tissue in situ. An ideal GBR membrane must ex-
hibit excellent biocompatibility to avoid detrimental effects on
surrounding tissues during the healing process. For resorbable
variants, the membrane should degrade autonomously or in-
tegrate seamlessly with the host tissue. Additionally, it must
possess adequate mechanical strength and dimensional sta-
bility to resist collapse within the defect, thereby preserving
space for osteogenesis. The membrane should balance its oc-
clusive properties, preventing unwanted cell migration while
permitting oxygen and nutrient diffusion, with clinical man-
ageability, avoiding excessive rigidity that could compromise
adjacent tissues or induce soft tissue dehiscence. Last, supe-
rior bioactivity is essential to enhance bone tissue prolifera-
tion and differentiation [188].

Mg-based biodegradable GBR membranes have emerged
as promising alternatives to traditional materials, such as col-
lagen membranes and titanium meshes, due to their enhanced
mechanical properties, biodegradability, biocompatibility, and
osteogenic potential. Upon implantation, these membranes ef-
fectively segregate regenerating bone from rapidly proliferat-
ing soft tissues, fulfilling both barrier and space-maintenance
roles in the initial healing phase. As Mg degrades, the re-
leased Mg?* stimulates osteoblast proliferation and differenti-
ation, while the formation of a surface oxide layer moderates
further corrosion. Over time, the membrane is gradually sup-
planted by healthy tissue [189]. This dynamic biodegradation
profile positions Mg-based GBR membranes as particularly
beneficial for addressing oral and maxillofacial bone deficien-
cies, including alveolar bone defects and peri-implant bone
loss.

Preclinical studies have confirmed the efficacy and safety
of Mg-based GBR membranes. Shan et al. [179] have im-
planted MAO-treated pure Mg membranes into New Zealand
white rabbits, reporting no infection or mortality within 3-
day post-implantation. At 2 weeks, the MAO-Mg membranes
demonstrate superior bioactivity and bone regeneration com-
pared to the pure titanium controls, and both materials ex-
hibit comparable osteogenic outcomes after 8 weeks. Zhao
et al. [180] have evaluated an Mg-Zn-RE alloy membrane
(6 wt.% Zn, 2.7 wt.% rare earth elements) in a rat calvar-
ial defect model, observing enhanced early osteogenesis and
near-complete defect closure by 8 weeks. Zhang et al. [181]
have compared Mg-Sr alloy membranes to mineralized col-
lagen membranes in canine mandibular defect repairs, with
the Mg-Sr group showing a significantly higher bone volume
fraction and superior woven bone quality, indicative of en-
hanced regenerative capacity.
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In clinical settings, Mg-based biodegradable GBR mem-
branes have shown significant promise, particularly in den-
tistry. Since receiving CE approval in 2021, the pure Mg NO-
VAMag® membrane (botiss biomaterials GmbH, Germany)
has been commercialized across Europe [182]. Elad et al.
[190] have pioneered its use for reconstructing buccal or
palatal walls of extraction sockets, with 4-month follow-up
data confirming satisfactory bone regeneration and soft tissue
healing across all cases. Blaskovic’ et al. [183] have reported
that two cases of Mg-based GBR membranes secured with
Mg screws show robust soft tissue regeneration at 3 months,
with no evidence of membrane exposure or material leakage.

To advance the clinical translation of Mg-based biodegrad-
able metals, material innovation is imperative. Future work
should focus on developing advanced alloys with controlled
degradation, optimized mechanical properties, and enhanced
long-term biocompatibility to ensure predictable in vivo per-
formance and overcome the translational gap of Mg-based
GBR membranes.

4. New technologies and breakthroughs from biomedical
Mg raw materials to biomedical device products

Achieving integrated innovation across the entire pro-
duction chain from biomedical-grade Mg raw materials to
biomedical devices is crucial for facilitating the clinical trans-
lation and implementation of Mg-based biodegradable metals
in healthcare. In recent years, the authors’ group has ad-
dressed the specific requirements of Mg-based medical de-
vices, realizing significant technological progress in biomed-
ical HP Mg and its alloy materials. By integrating design,
research and development (R&D), production, and evalua-
tion into a unified workflow, the authors have established
a patented, end-to-end processing technology and standard-
ized protocol for HP Mg (99.99%) raw materials, representa-
tive medical device prototypes, and their associated protective
coatings. The key contributions encompass three domains as
follows.

(1) Development of HP Mg raw materials: The authors
have developed seven distinct series of industrial-grade
HP Mg products, including ingots, wires, plates, strips,
and fine-diameter thin-walled tubes, etc. These materi-
als demonstrate superior specific strength, a low elas-
tic modulus, and broad applicability, with mechanical
properties exceeding those of conventional Mg alloys.
By employing proprietary Mg metal toughening regu-
lation technology and an advanced design framework,
the authors’ group has also developed novel Mg-Zn al-
loys and composite materials optimized for biomedical
applications.

(2) Advanced protective coatings: The authors have de-
signed two advanced categories of multifunctional,
durable coatings including physical barrier coatings and
self-healing coatings for the surface protection of HP
Mg and its alloys. These include four polymer-based,
five ceramic-based, and one self-healing coatings, which

demonstrate excellent biocompatibility and precisely
controlled biodegradation kinetics. These coatings sig-
nificantly enhance corrosion resistance and prolong the
functional lifespan of Mg-based implants.

(3) Medical device applications: The HP Mg materials have
been effectively integrated into five distinct categories of
bone screws for the restoration of various bone injuries
and defects. Additionally, the authors have developed
a novel WAAM technology, yielding printed Mg alloy
medical devices with performance metrics such as ten-
sile strength and biodegradation behavior comparable to
those of conventionally cast and forged counterparts.

These advancements have been disseminated via a series
of review articles in the Journal of Magnesium and Alloys, a
leading international publication in the field of metallic ma-
terials, culminating in the 2023 Journal of Magnesium and
Alloys Contribution Award. This recognition underscores the
importance of the integrated approach in advancing Mg-based
biodegradable medical devices toward clinical translation.

4.1. Processing of biomedical Mg raw materials

4.1.1. Strength and toughness enhancement design methods
and processing techniques for HP Mg raw materials

Although Mg demonstrates promising attributes including
in vivo biodegradation, its excessively rapid initial biodegra-
dation undermines mechanical integrity, thereby significantly
limiting its clinical applicability. Alloying remains a widely
employed strategy to modulate Mg biodegradation kinetics.
However, the addition of specific alloying elements can trig-
ger galvanic corrosion, resulting in heterogeneous biodegra-
dation patterns. Such uneven corrosion exacerbates stress
concentrations, potentially impairing structural stability and
may introduce cytotoxic risks owing to the release of toxic
ions. HP Mg, free from alloying constituents, provides en-
hanced biodegradation and biocompatibility. However, its lim-
ited strength and propensity for deformation under load render
it unsuitable for load-bearing biomedical applications. Grain
refinement coupled with the introduction of stacking faults
(SFs) into the hexagonal close-packed (HCP) crystal lattice
to hinder dislocation motion represents well-established ap-
proaches to improve strength of pure Mg. Nevertheless, the
high stacking fault energy of Mg poses considerable chal-
lenges for introducing SFs in HP Mg.

To address the intrinsic limitations of HP Mg, namely
insufficient strength and toughness, suboptimal room-
temperature formability, and pronounced springback, which
hinder its biomedical and industrial applications, the au-
thors’ group has developed an innovative, cost-effective pro-
cessing technique that integrates warm extrusion with room-
temperature rotary swaging (the Chinese Invention Patent
number is Z1.202210243188.7). This method subjects HP
Mg to uniform plastic deformation under triaxial compres-
sive stress at moderate (100-300 °C) and ambient tempera-
tures, utilizing a small-strain-per-pass approach that accumu-
lates large deformations. Fig. 9a-b show that although the
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Table 5

Comparison of room-temperature tensile mechanical properties of HP Mg and commercial Mg alloys.

Product types Tensile strength  Yield strength Elongation Reduction of area  Notes

(MPa) (MPa) (%) (%)

HP Mg extruded bars > 130 > 60 > 10 N.A. China Nonferrous Metals Industry
Standard YS/T 1313-2019

HP Mg extruded bars > 130 > 50 > 10 > 10 Group Standard of Chinese Society

> 180 > 100 > 10 > 10 for Biomaterials T/CSBM0041-2023

HP Mg extruded bars > 130 > 60 > 10 N.A. Chinese National Standard

AZ31B sheets > 220 > 110 > 50 N.A. GB/T5156-2022

M2M sheets > 180 > 100 > 50 N.A Chinese National Standard

AZ31 sheets > 225 > 140 > 50 N.A GB/T5154-2022

HP Mg rods (18 mm) 190 80 18 22 The authors’ group

HP Mg rods (8 mm) 217 159 12 10 The authors’ group

HP Mg rods ($6 mm) 190 124 11 10 The authors’ group

HP Mg plates and strips (4 mm) 186 110 8.5 N.A The authors’ group

HP Mg plates and strips (2 mm) 176 104 6 N.A The authors’ group

HP Mg plates and strips (0.5 mm) 160 104 6 N.A The authors’ group

HP Mg tubes (9 x 1.5 mm) 180 73 14 N.A The authors’ group

HP Mg tubes (6 x 0.3 mm) 132-135 82-84 34 N.A The authors’ group

J18 (extruded HP Mg bars) exhibits a relatively low YS
(~66.2 MPa), it possesses high UTS (~180.0 MPa) and elon-
gation (~23.8%). After rotary swaging, the YS and UTS
of X10 (rotary-forged HP Mg bars) substantially increase to
~127.6 MPa and ~200.1 MPa, respectively, while elonga-
tion decreases to ~12.2%. Following further annealing, the
T10 (annealed HP Mg bars) surprisingly shows that UTS
can improve further to ~212.0 MPa, while YS and elon-
gation slightly reduce to ~103.3 MPa and ~6.5%, respec-
tively [191]. In comparison to conventional high-temperature
extrusion (300-500 °C) followed by room-temperature rolling
or drawing, this technique significantly improves formability,
yield efficiency, and product consistency, thereby facilitating
batch production. Utilizing this strengthening and toughening
approach, the authors have fabricated a series of HP Mg raw
materials, including sheets and strips (thickness ranging from
4 to 0.5 mm) and thin-walled tubes (e.g., ® 9 x 1.5 mm and
® 6 x 0.25 mm). The typical mechanical properties of these
sheets, strips, and tubes (Table 5) exhibit superior strength,
ductility, biocompatibility, and biodegradation behavior rela-
tive to several commercial Mg alloys. The authors’ group has
spearheaded the development of the Chinese Society of Bio-
materials standard T/CSBMO0041-2023, entitled “Medical HP
Mg Extruded Round Bar,” thereby establishing a benchmark
for quality and performance in this field.

Electrochemical testing and long-term immersion experi-
ments are applied to assess the biodegradation performance
of HP Mg across various processing states, revealing corro-
sion rates consistently below 0.6 mm-y~!, substantially lower
than those observed in cast and extruded Mg alloys. Recog-
nizing that the biodegradation behavior of Mg-based materials
markedly differs from that of conventional inert biomedical al-
loys (e.g., titanium and cobalt-chromium alloys), the authors’
group have been invited to contribute to the revision of Chap-
ter 15, “Qualitative and Quantitative Analysis of Degradation
Products of Metals and Alloys,” in the 2012 edition of China’s
Biological Evaluation of Medical Devices (GB/T16886.15-

2003). This contribution underscores the authors’ expertise in
addressing the unique biodegradation challenges of Mg-based
materials and their implications for clinical translation.

4.1.2. Strength and toughness regulation and microscopic
mechanisms of HP Mg raw materials

Mg alloys are typically fabricated as hot-worked cast-
ings or extruded components owing to their restricted room-
temperature formability, significant springback (attributable to
a lower elastic modulus), diminished yield rates, and an in-
herent susceptibility to microcracking relative to metals with
cubic crystal structures such as aluminum and steel. HP Mg
demonstrates markedly inferior cold workability compared
to its alloyed counterparts, being characterized by coarse
grains and microdefects inherent in hot-working processes.
These structural imperfections not only compromise mechan-
ical properties including tensile strength and ductility but also
impede uniform and controlled in vivo biodegradation, which
is critical for biomedical applications. To address these chal-
lenges and enhance the formability, toughness, and strength-
toughness synergy of HP Mg, the authors’ group has de-
veloped a strategy centered on grain refinement and coor-
dinated activation of microscopic plastic deformation mecha-
nisms, including slip, twinning, and stacking faults (SFs), as
illustrated in Fig. 9c and e. Fig. 9c shows that J18 consists
of equiaxed «-Mg grains, indicating complete recrystalliza-
tion during warm extrusion. In X10 (Fig. 9d), fine grains
appear along coarse grain boundaries, with the uniform color
suggesting low-angle grain boundaries formed via dislocation
accumulation. After annealing, T10 (Fig. 9e) exhibits coarser
equiaxed grains due to recrystallization and grain growth. Pole
figures (Fig. 9c and e) show weak textures in all samples due
to high-temperature processing and symmetric deformation.
Grain size analysis reveals an upward trend of X10, J18, and
T10, confirming that rotary swaging refines grains, while an-
nealing induces coarsening [191].
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At the macroscopic scale, as-cast HP Mg ingots typi-
cally exhibit a coarse-grained microstructure (500 pm-5 mm).
By applying triaxial compressive stress, unlike conventional
rolling and drawing, which impose biaxial compression and
uniaxial tension, uniform plastic deformation is achieved. This
process effectively fragments and refines the coarse grain
structure, while minimizing the formation of microdefects, re-
sulting in a minimum grain size below 10 pm and an average
grain size of grade 8 to 10. At the microscopic level, despite
the inherently high SF energy of pure Mg, the authors’ ap-
proach induces the formation of high-density, broad SFs via
sequential grain refinement and tempering. These SFs aug-
ment both the strengthening effect and the plastic deforma-
tion capacity, thereby mitigating the loss of ductility typically
associated with grain coarsening. During deformation, these
SFs act as barriers to dislocation motion, enhancing mechan-
ical strength, while maintaining toughness. This integrated
methodology overcomes the conventional strength-toughness
trade-off, achieving yield rates surpassing 80% and markedly
enhancing product quality.

4.2. Performance evaluation of typical orthopedic repair
products from additive manufactured HP Mg and matching
welding wires

WAAM presents significant advantages over laser and elec-
tron beam forming techniques, notably reduced operational
costs and improved forming efficiency. For highly reactive
Mg products, wire-based additive manufacturing offers en-
hanced safety and practicality compared to powder-based
methods, thereby mitigating risks associated with tendency
of Mg for combustion and explosion. Nonetheless, achieving
a uniform microstructure and consistent mechanical proper-
ties in WAAM-fabricated Mg components remains challeng-
ing primarily due to the metal’s elevated thermal conductivity
and substantial heat capacity. To address these limitations, the
authors’ group have collaborated with the Welding Institute
of Guangdong Academy of Sciences to develop an econom-
ical WAAM system specifically designed for Mg and other
metal wire-based additive manufacturing processes. This sys-
tem supports both the development and batch production of
Mg-based components, integrating advanced features to opti-
mize forming conditions. A temperature sensor, strategically
positioned at the apex of the workspace, dynamically regu-
lates the forming temperature of Mg, minimizing thermally
induced defects and ensuring quality consistency. Addition-
ally, a dedicated inert gas channel combined with a trans-
parent protective shield facilitates real-time visual monitoring
of processing under a controlled inert atmosphere, effectively
reducing porosity in Mg prints produced in air. To comple-
ment the WAAM process, a patented “rotary swaging and
drawing” technique has been developed, enabling the produc-
tion of high-quality, cost-effective, HP Mg and its alloy fine
wires with a diameter of less than 2 mm at temperatures
ranging from ambient to 200 °C. In contrast to the spherical
Mg powders required for powder-based laser printing, this
proprietary wire offers substantial cost savings, while fully

Table 6
Mechanical properties of AZ31 alloy WAAM printed parts.

Mechanical properties WAAM-AZ31 As-cast AZ31 As-extruded AZ31
Yield strength (MPa) 113 80 150

Tensile strength (MPa) 235 170 230

Elongation (%) 27 4-10 18-25

Hardness (HV) 53 48 53

meeting the requirements of 3D wire printing, repair of large
Mg alloy castings, and diverse industrial applications. Uti-
lizing HP Mg wires, printing experiments were conducted
to evaluate the microstructure and mechanical properties of
the resulting components. A scientifically optimized process-
ing window was established, achieving an effective deposition
rate of up to 89% and a relative density of 98%. Chemical
composition analysis reveals negligible deviations between the
original wire and printed Mg. The printed sample exhibits a
tensile strength of 245 MPa, comparable to that of human
cortical bone and more than double that of as-cast AZ31 al-
loy (~115 MPa). This mechanical performance aligns closely
with that of AZ31B wrought Mg alloy plates specified in the
GB/T 5154-2010 standard (Fig. 9g). This work represents a
pioneering breakthrough in the fabrication of high-quality sur-
gical implants using low-cost wire-based arc printing. For ex-
ample, the WAAM-fabricated AZ31 alloy components demon-
strated tensile strength superior to that of the commercial
AZ31 forgings and extrusions, along with reduced gaseous
impurity content (Table 6).

Microstructural analysis of the printed material revealed a
uniform morphology characterized by isotropic crystal grains,
with an average grain size ranging from 6.9 to 12 pwm, accom-
panied by trace precipitates of the Mg;7Al;; and AlgsMny
phases. Although the corrosion performance of the WAAM-
processed AZ31 was slightly inferior to that of traditionally
cast counterparts, it exhibited enhanced stability. This behav-
ior is attributed to a transition in the corrosion mechanism
from micro-galvanic corrosion, common in cast materials, to
intergranular corrosion driven by the refined grain structure
[98]. These findings underscore the potential of the developed
WAAM system and wire production technique to advance the
clinical translation of Mg-based biodegradable implants, of-
fering an optimal balance of cost-efficiency, mechanical ro-
bustness, and microstructural uniformity for biomedical ap-
plications.

4.3. Surface coatings on Mg alloys

4.3.1. Inorganic coatings

Inorganic coatings significantly enhance the corrosion re-
sistance and mechanical integrity of Mg-based biodegradable
metals, making them highly suitable for the complex physio-
logical environments encountered in biomedical applications.
To this end, the authors’ group has developed an innovative
Mg;(POy), pretreatment layer to augment the corrosion resis-
tance of a Ca3(PO4), coating on WE43 alloy. This approach
results in a uniform and dense Ca3;(PO,), coating, reducing
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the corrosion rate by 77% [192]. Additionally, an HA coat-
ing has been fabricated via chemical solution deposition, with
optimized concentrations of EDTA-Ca and KH,PO,4 promot-
ing the formation of a robust bilayer structure comprising a
thicker Mg(OH), inner layer and a thinner HA outer layer,
thereby improving both corrosion resistance and biocompat-
ibility [193]. A composite coating of titania-Zn phosphate
and nanocrystalline Zn has also been developed, reducing
the corrosion current density of WE43 alloy from 151.1 to
4.1 wA-cm™2, significantly enhancing its corrosion resistance
[194]. Furthermore, a Ca-Zn-P composite coating, synthesized
via hydrothermal treatment on Zn-pretreated WE43 alloy,
lowers the corrosion current density to 3.49 x 107> A.cm~2,
while increasing the charge transfer resistance to 1.22 x 10°
Q-cm? [195]. Using radio-frequency magnetron sputtering, a
composite film of SnO, and SnO was deposited on Mg-Y-
RE alloy, achieving a 345-fold reduction in corrosion current
density and a 1000-fold increase in charge transfer resistance.
This coating also enhanced the adhesion and proliferation of
MC3T3-El pre-osteoblasts, as evidenced by cellular assays
(Fig. 10a) [196]. Similarly, a Zr-based nanostructured coat-
ing, fabricated by magnetron sputtering on Mg, Y-3RE alloy,
significantly reduced the corrosion current density, increased
charge transfer resistance, inhibited corrosion propagation,
and slowed the dissolution rate of the Mg alloy in simulated
body fluids [197]. An in situ Sr-Zn based phosphate coating
applied to the Zn-electroplated WE43 alloy further reduced
the corrosion current density to 0.21 wA-cm~2 and raised the
charge transfer resistance to 1.22 x 10° ©-cm?2, while achiev-
ing cell viability exceeding 100% [198]. These advancements
collectively demonstrate effective strategies to mitigate corro-
sion of Mg-based biodegradable metals, establishing a robust
foundation for integrating complementary coating technolo-
gies to optimize their mechanical properties, biodegradation
kinetics, and biocompatibility for clinical translation.

4.3.2. Organic coatings

Organic coatings facilitate precise control over biodegrada-
tion kinetics by employing tunable polymers, thereby extend-
ing the functional lifespan of Mg-based biodegradable metals.
These coatings exhibit excellent biocompatibility, promoting
cell adhesion and proliferation, and can be engineered for
drug delivery to impart multifunctionality that addresses di-
verse clinical requirements. To enhance the performance of
these polymer-based systems, a PDA/alginate (ALG) com-
posite coating has been developed on HP Mg. The fabrica-
tion process entails the initial deposition of a PDA intermedi-
ate layer, followed by spin-coating with ALG, resulting in
a uniform composite coating with a thickness of approxi-
mately 8.6 pwm. Electrochemical analysis demonstrated that
the PDA interlayer markedly improved the adhesion of the
ALG coating to the Mg substrate, reducing the corrosion cur-
rent density by over one order of magnitude and increasing
the charge transfer resistance by 12-fold, thereby substantially
enhancing corrosion resistance. Immersion tests further con-
firmed that the PDA/ALG coating effectively modulated the
biodegradation rate of the Mg alloy, established a mildly al-

kaline microenvironment favorable for cell proliferation and
bone tissue regeneration, while concurrently improving wear
resistance [199]. These findings establish the deposition of a
PDA intermediate layer as an effective strategy for tailoring
the corrosion behavior of ALG-coated Mg substrates, under-
scoring its significant potential for orthopedic implant appli-
cations. Consequently, the PDA/ALG composite coating not
only markedly enhances the corrosion resistance and mechan-
ical integrity of Mg-based materials but also fosters favorable
conditions for cellular growth and tissue repair, thereby pro-
viding a robust foundation for the clinical translation of Mg-
based biodegradable metals.

4.3.3. Composite coatings

Composite coatings synergistically integrate the advantages
of both organic and inorganic systems, delivering robust cor-
rosion protection and enhanced bio-integration, while opti-
mizing the performance of Mg alloys in the complex physio-
logical environment. Through a series of advanced coating
strategies, the corrosion resistance and biocompatibility of
Mg-based biodegradable metals have been substantially im-
proved. Initially, B-TCP/ALG composite microspheres were
investigated for multi-drug release and bone regeneration ap-
plications (Fig. 10b). A negative correlation between micro-
sphere size and drug-loading capacity was observed, with
the system demonstrating excellent cytocompatibility and sig-
nificantly promoting bone regeneration. However, further re-
finement of drug release kinetics remains necessary [200].
Additionally, a silane-containing transition layer/sodium al-
ginate composite coating, applied via spin-coating onto al-
kalized HP Mg, reduced the corrosion current density from
1309 to 1.3 uA~cm’2, increased the charge transfer resis-
tance by 190-fold, and decreased the biodegradation rate from
3.47 to 0.80 mm-y~!' [201]. Additionally, the PLA coating
with a (3-aminopropyl)triethoxysilane (ATS) transition layer
on AZ31B alloy pre-treated with Mg-Al layered double hy-
droxide (LDH) further reduced the corrosion current density
to 0.6 wA-cm™2 and elevated the charge transfer resistance to
1.05 x 10° Q-.cm?, effectively suppressing corrosion prop-
agation and hydrogen evolution (Fig. 10b) [202]. Moreover,
a poly(1,3-trimethylene carbonate) (PTMC) composite coat-
ing, developed by MAO for vascular stents, sealed the porous
MAO layer, significantly reducing Mg?* release and local pH
elevation, thereby enhancing corrosion resistance and cyto-
compatibility [203]. Further advancements involve the integra-
tion of nanostructured materials into polymer matrices. PDA-
modified zeolitic imidazolate framework-8 (PZIF-8) nanopar-
ticles were incorporated into a polycaprolactone (PCL) coat-
ing to enhance the coating density and biomineralization
capacity. This modification significantly improved the cor-
rosion resistance, upregulated osteogenesis-related gene ex-
pression, and demonstrated superior bone reconstruction in a
rabbit bone defect model (Fig. 10c and d) [204]. Addition-
ally, a composite coating comprising hydroxide nanosheets,
ATS, and PLLA reduced the corrosion current density from
1.3 x 107* to 1.8 x 10~ A.cm~2, while exhibiting excellent
cytocompatibility with MC3T3-E1 osteoblasts [205]. Through



3588 J. Ren, Z. Jiang, J. He et al./Journal of Magnesium and Alloys 13 (2025) 3564-3595

o~ 2x10°
£ MAL
o
< =
en 2 & 1x10°
<+ 3 =
m = E py
= o ™
5 (
~ 0
20 -1.8 -1.6 -14 12 -1.0 0.0 1.0x10° 2.0x10°
Potential (V vs. SCE) Zy. (2-em?)
3% 10%
3x10 200 <
= " — Fin
= i — ~
P 52x10% . E 150
& = S 100
= N 1x 104 I
o0 w';:m;iq.«—-«.‘
s / k ~ 0 4
= 0 ¢
I X100 q 5 0 3 0
S 0.0 1x10 2x10% 310 0.0 50 100 150 200
b Zp (Qrem?) Zge (Q2:cm?)
106
80
e ) > 60
Mg-PZIF-8@PCL =)
g 40
b3
= 20
0§
00 10" 10t 10t 10" 10t 108 100 10" 100 107 108 100 107
Frequency (117) Frequency (Hz)

Mg-PCL Mg-PZIF-8(@PCL

Nucleus

New bone

F-action

Merge

Merge

|| AZ31B Mg alloy
Anodized coating \

>4 LDH-NO, coating AZ

" LDII-SiO, coating

Self-healing

Cl H,O
0 N 0.05 mol L-! Na,SiO,
me. vl -
r‘*k i Inhibitor releasc (“* Biodegradation .rA“i' 1)
- | Tobid = | \ =
\ \\\ \ : T ! \\ \ \ lon exchange

LDHS

Fig. 10. (a) Fluorescence images of MC3T3-E1 pre-osteoblast cells after 6-hour incubation on bare and coated-WE43 Mg alloy; (b) electrochemical test results
of MA (AZ31B Mg alloy), MA/L, MA/L/S and MA/L/S/P; (c) micro-CT images of in vivo implants and (d) in vitro cellular fluorescence morphology for
Mg, Mg-PCL, and Mg-PZIF-8@PCL,; (e) schematic diagram showing the fabrication and self-healing mechanism of the smart LDH-SiO3 coating on AZ31B
Mg alloy.
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the systematic development and optimization of these com-
posite coating technologies, the corrosion resistance, mechan-
ical integrity, and biocompatibility of Mg-based biodegrad-
able metals have been significantly enhanced. These innova-
tions establish a solid foundation for the clinical translation
of Mg-based materials, showcasing their broad potential in
biomedical implant applications.

4.3.4. Self-healing coatings

Self-healing coatings possess the ability to autonomously
repair damage, substantially extending the functional lifespan
of Mg-based biodegradable metals. By restoring coating in-
tegrity through intelligently designed structures in response to
mechanical or chemical insult, these coatings enhance mate-
rial stability and reliability in the dynamic physiological en-
vironment, thereby reducing maintenance needs and making
them ideal for long-term implant applications. To this end,
a Mg-Al layered double hydroxide coating intercalated with
silicate ions (LDH-SiO3) has been developed on the anodized
AZ31B alloy. Utilizing hydrothermal treatment and anion ex-
change, a bilayer architecture was formed, comprising a dense
inner layer and a porous outer layer. The dense inner layer
effectively impedes the ingress of corrosive media, while the
porous outer layer facilitates ion exchange and imparts self-
healing functionality. Experimental analysis demonstrated that
the LDH-SiO; coating significantly reduced the biodegrada-
tion rate of AZ31B alloy and enabled self-healing of localized
corrosion sites through the release of Si032~, which reacted
with dissolved Mg?* to form MgSiOj; precipitates (Fig. 10e).
Furthermore, the coating promoted adhesion and prolifera-
tion of MC3T3-El pre-osteoblast cells, exhibiting excellent
biocompatibility [206]. This intelligent coating strategy ad-
dresses critical limitations of conventional coatings, such as
the absence of self-healing capacity and potential biotoxic-
ity, while offering a novel approach to the development of
Mg-based biomedical implants. Consequently, the LDH-Si03
functional coating, with its distinctive bilayer design, signifi-
cantly enhances the corrosion resistance and biocompatibility
of Mg-based materials, demonstrating exceptional self-healing
capacity and great potential for bone tissue regeneration. This
advancement provides robust assurance for the safety and effi-
cacy of Mg-based biodegradable metals in clinical translation.

4.4. Development of typical Mg alloy orthopedic and dental
biomedical devices

4.4.1. Bone plates

Bone plates represent one of the most widely used sur-
gical implants for the treatment of bone defects, providing
robust mechanical support to stabilize fracture ends or defect
sites, thereby preventing displacement and promoting optimal
bone healing. A stable fixation environment further enhances
osteoblast proliferation and new bone formation, accelerat-
ing the regeneration and repair of bone tissue. Currently, tita-
nium alloys dominate clinical applications for bone plates due
to their outstanding mechanical properties and excellent bio-
compatibility. However, their application is limited by chal-

lenges such as stress shielding and need for secondary surgi-
cal intervention for removal. To address these issues, a novel
degradable Mg-3Zn alloy bone plate has been designed and
fabricated, including both raw and finished forms, using an
in-house developed WAAM process. Systematic evaluations
of its mechanical properties, biodegradation behavior, and an-
tibacterial performance were conducted compared to AZ31 al-
loy. Mechanical testing revealed that the tensile strength and
elastic modulus of Mg-3Zn alloy closely matched the me-
chanical properties of human cortical bone. Biodegradation
assessments indicated that the corrosion current density of the
WAAM-fabricated Mg-3Zn was comparable to that of as-cast
AZ31. Additionally, antibacterial assays demonstrated the su-
perior performance of the WAAM-fabricated Mg-3Zn, achiev-
ing an antibacterial rate of 99.41 £ 0.13%, which substan-
tially outperformed as-cast AZ31 with an antibacterial rate of
91.15 £ 1.10%. These findings highlight the potential of the
Mg-3Zn alloy bone plate as a biodegradable alternative, of-
fering a balance of mechanical integrity, controlled biodegra-
dation, and enhanced antibacterial efficacy, making it highly
suitable for clinical applications.

4.4.2. Porous bone scaffolds

Porous ceramic scaffolds for bone repair are inherently
limited by poor toughness, brittleness, and significant chal-
lenges in fabricating large-scale, personalized constructs tai-
lored to specific bone defects. Biodegradable metal-based bio-
ceramic porous scaffolds address these limitations by enhanc-
ing the strength and toughness of ceramic frameworks, while
generating a mildly alkaline microenvironment through the
biodegradation of elements such as Mg and Zn, which pro-
motes osteogenic activity at bone defect sites. Furthermore,
their interconnected three-dimensional porous architecture fa-
cilitates both osteo-induction and osteo-conduction, position-
ing them as a critical focus for the future development of so-
lutions aiming at repairing large bone defects. Conventional
fabrication techniques such as powder metallurgy and powder-
based additive manufacturing heavily rely on biodegradable
metal powders. However, the production of these powders
is limited by high reactivity, technical complexity, and pro-
tracted preparation cycles, which hinder rapid performance
evaluation, product development, and industrial-scale imple-
mentation of these innovative scaffolds. To overcome these
challenges, composite wires consisting of biodegradable met-
als such as Mg alloys incorporated with bio-ceramics and
pore-forming agents have been employed as raw materi-
als. Utilizing wire-based 3D printing equipment, personalized
preforms of various geometries are initially fabricated, fol-
lowed by sintering and pore-forming processes, with ultra-
sonic cleaning applied as a post-treatment to introduce inter-
nal porosity. This approach enables the rapid, efficient, and
cost-effective production of biodegradable metal-based bio-
ceramic porous bone scaffolds (the Chinese Invention Patent
number is Z1.202110089285.0), meeting the stringent require-
ments of biomedical engineering for the development and ap-
plication of advanced porous constructs for bone repair.
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4.4.3. GBR membranes

GBR membranes have gained prominence in periodontal
and bone regeneration therapies due to their proven efficacy,
prompting the development of a new generation of biodegrad-
able Mg alloy GBR membranes in Europe. These advanced
membranes offer significant advantages over traditional non-
biodegradable GBR products. Current research efforts focus
on the innovative design and advanced processing of Mg-
based GBR membranes, with an emphasis on material selec-
tion, structural optimization, surface modification, and poros-
ity engineering. These strategies aim to overcome the limita-
tions of existing Mg-based GBR membranes, particularly in
terms of biodegradation kinetics, biocompatibility, and me-
chanical performance. A biodegradable pure Mg dental screw,
designed for integration with GBR applications, has been sub-
mitted for a Chinese Invention Patent (CN202310721814.3).
The design and development concepts for this novel Mg-based
GBR membrane are detailed as follows.

(1) Material selection and design
The self-developed high-strength-to-weight ratio, HP
Mg sheet and strip materials are selected as the
primary material. Research focuses on optimizing
the balance between strength and toughness, along-
side formability, with comparative analyses conducted
against clinically approved pure Mg materials utilized
internationally.

(2) Product structural design
Two structural configurations, dense and porous, will
be engineered for comparative evaluation. The porous
structure will be fabricated using advanced techniques
such as laser etching and chemical milling to create
a hierarchical pore size distribution at nanoscale and
microscale levels. This design enhances cell infiltration
and tissue mineralization, which are critical for effective
bone regeneration.

(3) Surface modification and functionalization
Single- and double-sided surface treatments will be ap-
plied to functionalize the GBR membranes. Beyond de-
veloping bioactive surface layers to enhance biocom-
patibility and mineralization capacity, antibacterial ele-
ments will be incorporated to improve the membrane’s
antibacterial efficacy, addressing clinical infection risks.

(4) In vitro and in vivo validation
In vitro assessments and animal experiments will be
conducted to refine the mechanical properties, forma-
bility, and biodegradation behavior of the membranes.
These evaluations will ensure that the GBR mem-
branes maintain structural integrity and biological safety
throughout the bone regeneration process, aligning with
clinical requirements.

These advancements collectively position the Mg-based
GBR membrane as a promising candidate for next-generation
periodontal and bone regeneration therapies, offering im-
proved biodegradation control, biocompatibility, and mechan-
ical stability over existing solutions.

5. Summary and outlook

Mg and its alloys are emerging as compelling candidates
for next-generation biodegradable implantable medical de-
vices, particularly in orthopedic, dental, and cardiovascular
applications. This prominence stems from their advantageous
intrinsic properties, including low density, an elastic modulus
closely approximating that of bone tissue, inherent biodegrad-
ability in vivo, and beneficial biological functionalities such
as osteo-induction and antimicrobial effects. This review syn-
thesizes recent advancements in the field, critically evaluat-
ing novel Mg-based materials, processing technologies, and
device development strategies. Key areas including alloying,
fabrication techniques, purification, surface modification, and
structural design are comprehensively discussed to provide
insights into the current research landscape and guide fu-
ture investigations into biodegradable metallic biomaterials.
Salient considerations and forward-looking recommendations
are subsequently outlined.

(1) Alloying
Alloying strategies are pivotal for enhancing the me-
chanical performance of Mg, primarily by modulating
microstructural evolution within the matrix and activat-
ing pertinent strengthening mechanisms (e.g., solid so-
Iution strengthening, precipitation hardening). Concur-
rently, manipulating corrosion mechanisms can alter the
properties of biodegradation products and moderate the
overall biodegradation rate. A critical translational chal-
lenge, however, arises from the concurrent dissolution
of alloying elements with the Mg matrix in vivo. Ex-
cessive localized concentrations of certain elements may
pose risks to human health. Consequently, careful con-
sideration of alloying element selection, precise control
over their concentrations, and rigorous assessment of
their biocompatibility are paramount for clinical suc-
cess.

(2) Fabrication techniques
Fabrication techniques like casting and powder metal-
lurgy along with emerging methods like AM, are piv-
otal for fabricating Mg-based alloys and devices. Each
methodology possesses distinct advantages and inherent
limitations. Notably, AM technologies offer exceptional
versatility for creating patient-specific implants with in-
tricate architectures tailored to complex anatomical de-
fects, thereby addressing specific patient needs.

(3) Purification
Advanced purification processes, including filtration,
electromagnetic purification, and melt self-purification,
enable the production of HP Mg-based biodegradable
metals. These techniques significantly reduce biodegra-
dation rates and improve the biocompatibility of cor-
rosion products, thereby enhancing the safety and
longevity of surgical implants.

(4) Surface modification
Surface modification strategies effectively regulate
biodegradation kinetics and improve the biocompatibil-
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ity of Mg-based metals. By enhancing corrosion resis-
tance and stability in physiological conditions, these
strategies promote cell proliferation and tissue regen-
eration, thereby broadening the clinical applicability of
Mg-based implants.

(5) Structural design

Porous structures increase surface area and facilitate
nutrient transport, thereby enhancing biocompatibility
and osseointegration. Additionally, fine-grained struc-
tures improve strength and ductility, thereby delaying
biodegradation, whereas composite structures with bio-
ceramic reinforcements permit the tailoring of mechan-
ical and corrosion properties, supporting the develop-
ment of a wide range of orthopedic and dental devices.

to cost-effective, high-throughput secondary processing
such as extrusion and wire drawing, which are criti-
cal for manufacturing medical devices like orthopedic
screws, GBR membranes, and cardiovascular stents.

(3) Controlling biodegradation and ensuring host compati-

bility

The in vivo biodegradation profile is inextricably linked
not only to the material’s intrinsic composition and
microstructure but also critically depends on extrin-
sic host factors, the specific implantation microenvi-
ronment, and the intended clinical application. Con-
sequently, research must transcend material character-
ization per se to encompass a deeper understanding
of tissue healing dynamics across different anatomical
sites and establish relevant tissue resorption tolerance

Despite these advancements, further exploration remains
warranted. Five key opportunities and challenges are identified
for the future development of biomedical Mg and its alloys
as follows.

rates. This knowledge is essential for accurately bench-
marking biodegradation data, tailoring material corro-
sion profiles to diverse clinical scenarios, optimizing

(1) Harnessing the potential of biomedical Mg alloy mate-

rials

China possesses abundant Mg resources and leads
global production of primary Mg, yet its exports remain
dominated by low-value commodity ingots. Although
China’s fundamental research in novel medical Mg al-
loys is progressing concurrently with international ef-
forts, the development pipeline and clinical adoption of
high-specification raw materials and derivative medical
devices exhibit a relative lag. Leveraging China’s strate-
gic national focus on advanced biomaterials, high-end
medical devices, and advanced manufacturing presents
a critical opportunity and strategic imperative to con-
vert resource advantage into technological and eco-
nomic leadership through accelerated R&D and applica-
tion translation in the medical Mg sector, which holds
considerable promise. A pivotal hurdle in this pursuit
is developing scalable, high-purity alloy production and
precision manufacturing techniques that meet biomed-
ical devices’ stringent quality standards, essential for
producing high-value implants rather than raw materi-
als.

(2) Prioritizing performance-cost synergy in material design

Future design criteria for next-generation biodegradable
metals must prioritize enhancing properties such as cold
workability while achieving an optimal balance between
strength and toughness for Mg and its alloys. Simulta-
neously, a holistic design philosophy is required, in-
tegrating considerations of the product’s form, intrin-
sic properties, functional performance, clinical efficacy,
and overall value/cost-effectiveness. This necessitates a
forward-looking yet pragmatic approach that addresses
critical lifecycle factors including operational reliabil-
ity, manufacturing accessibility, low cost, processabil-
ity, user-friendliness, traceability, and regulatory compli-
ance. Consequently, a key research gap lies in designing
alloys that are biocompatible yet inherently amenable

cellular responses, and minimizing potential adverse ef-
fects such as cytotoxicity and excessive inflammation.
To address material-host complexity, a critical future
direction involves developing multivariate models that
correlate initial alloy microstructure and surface prop-
erties with local in vivo degradation dynamics (e.g., H
evolution, Mg2+ release, pH fluctuations, etc.) and sub-
sequent cellular responses, advancing beyond simplistic
mass loss metrics.

(4) Establishing standardized international protocols

The development and global adoption of consensus-
based, standardized protocols are indispensable for rig-
orously evaluating the in vitro and in vivo biodegrada-
tion behavior of novel biodegradable metallic materials
and implant systems. Such standards are crucial pre-
requisites for providing reliable guidance for material
evaluation and subsequent clinical translation efforts.
The current lack of standardized assessment method-
ologies poses a significant impediment to navigating
diverse international regulatory landscapes and achiev-
ing successful market entry. Furthermore, internation-
ally harmonized standards will serve a vital role in guid-
ing research priorities, enabling robust cross-study com-
parisons, facilitating the identification of critical knowl-
edge gaps and technical hurdles, and ultimately accel-
erating the innovation cycle, clinical translation, and
broader dissemination of biodegradable metal technolo-
gies. A critical step toward establishing robust standards
involves creating advanced in vitro test solutions that
physiologically replicate specific implantation sites such
as a simulated bone fracture environment with dynamic
flow and relevant cell types, which would significantly
improve currently poor in vitro and in vivo correlation.

(5) Fostering interdisciplinary collaboration across the value

chain

Biodegradable metals constitute a unique class of bio-
materials engineered for integrated structural and bi-
ological functionality. However, numerous scientific
questions remain unanswered, and significant hurdles
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impede their seamless clinical translation and commer-
cialization. Successfully bridging the gap from funda-
mental discovery to widespread clinical impact necessi-
tates synergistic, multidisciplinary collaboration among
diverse stakeholders spanning the entire translational
continuum (industry, academia, research institutions,
clinical medicine, and regulatory/testing bodies). This
integrated approach, encompassing R&D, manufactur-
ing, quality control, clinical evaluation, and post-market
surveillance, is essential to expedite the development of
these advanced materials, positioning them to eventu-
ally augment or supplant conventional metallic implants
(e.g., titanium, cobalt-chromium alloys), thereby deliv-
ering substantial benefits to patients and contributing
positively to public health outcomes. To make such col-
laboration effective, a concrete objective should be the
co-development of “bio-instructive” surfaces on existing
Mg alloy material platforms. This specific challenge re-
quires that materials scientists create stable functional-
ization, biologists identify optimal signaling molecules,
among other critical tasks, while engineers ensure the
final product is manufacturable and cost-effective.
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