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Abstract

Biodegradable magnesium alloys have emerged as promising alternatives to permanent
metallic implants due to their unique combination of mechanical compatibility with bone
and complete resorption, addressing the persistent issues of stress shielding and sec-
ondary removal surgeries. This review critically examines the historical development of
magnesium-based biomaterials, highlighting advances in alloy design, manufacturing
processes, and surface engineering that now enable tailored degradation and improved
clinical performance. Drawing on recent clinical and preclinical studies, we summarize
improvements in corrosion resistance, mechanical properties, and biocompatibility that
have supported the clinical translation of magnesium alloys across a variety of orthopedic
and emerging medical applications. However, challenges remain, including unpredictable
in vivo degradation kinetics, limited long-term safety data, lack of standardized testing
protocols, and ongoing regulatory uncertainties. We conclude that while magnesium-
based biomaterials have advanced from experimental concepts to clinically validated
solutions, further progress in personalized degradation control, real-time monitoring,
and harmonized regulatory frameworks is needed to fully realize their transformative
clinical potential.
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1. Introduction

Medical implants made from titanium and stainless steel have saved countless lives,
but they create a fundamental problem: these permanent metals are much stiffer than human
bone. This mismatch causes “stress shielding”—where the implant bears most mechanical
loads, causing the surrounding bone to weaken and deteriorate over time [1,2]. Additionally,
these foreign materials trigger chronic inflammation, infection risks, and require surgical
removal in 30% of patients, particularly in growing children [3,4]. These limitations have
motivated researchers to develop implants that temporarily support healing tissue and then
safely dissolve away—eliminating the need for removal surgery [5,6].

Magnesium emerges as an ideal candidate for such “biodegradable” implants. As the
human body’s fourth most abundant mineral, magnesium naturally comprises 50-60% of
bone content and participates in over 300 biological processes [7-9]. Its mechanical stiffness
closely matches that of bone—unlike titanium, which is 4-29 times stiffer—reducing stress
shielding while maintaining adequate strength [4,10]. Most importantly, when magnesium
implants degrade, the body can safely process and excrete the byproducts through normal
kidney function, avoiding permanent foreign material accumulation [11].

The concept is not new. In 1878, surgeon Edward Huse used magnesium wire for
blood vessel surgery [12,13], and in 1906, Albin Lambotte implanted magnesium plates to
fix broken bones [4,14]. However, these early attempts failed spectacularly—the implants
dissolved completely within 8 days, producing hydrogen gas bubbles that interfered with
healing [15,16]. For perspective, these early materials corroded at rates exceeding 400 mm
per year, while successful bone healing requires implants to maintain strength for at least
3-6 months [7,17]. These failures discouraged clinical use for nearly a century.

Recent advances in alloy development and clinical practice have contributed to the
increasing clinical application of magnesium implants, such as MAGNEZIX® screws,
which have now been used in over 25,000 patients with degradation times that approximate
bone healing timelines [18,19]. Advanced alloy compositions like Mg-2Zn-1Mn achieve
degradation rates of just 0.36 mm per year, representing a 100-1000 fold improvement over
historical materials [20]. Manufacturing innovations using laser-based 3D printing can
now create implants with microscopic grain structures (1-3 pm), which may contribute to
improved strength and corrosion resistance [21,22].

Despite these advances, significant scientific debates persist. Researchers disagree
about using rare-earth elements (like neodymium or yttrium) in alloy compositions—some
argue these elements enhance performance and remain safe at low concentrations [23,24],
while others advocate complete avoidance due to potential accumulation in organs over
time [25]. Another major challenge involves testing reliability: the same material can
show degradation rates varying by 10-fold depending on whether it is tested in laboratory
dishes or living tissue [26,27]. Furthermore, the lack of standardized testing methods and
inconsistent regulatory requirements across countries hampers global adoption—only eight
magnesium implant designs have received regulatory approval worldwide as of 2023 [22].

This review critically examines how biodegradable magnesium implants evolved
from repeated failures to emerging clinical success while identifying remaining barriers to
widespread adoption. We systematically analyze (1) historical lessons from early failures
that informed modern solutions; (2) recent innovations including new alloys achieving
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bone-like strength (>315 MPa) [28], “smart” protective coatings that self-repair damage [29],
and manufacturing precision with less than 2% variation between batches [30]; (3) unre-
solved challenges including the absence of patient safety data beyond 5 years, unpredictable
patient-to-patient variations in degradation, and lack of international standards; and (4)
future opportunities for “intelligent” implants containing sensors to monitor healing or re-
lease therapeutic drugs on demand. Our analysis indicates that biodegradable magnesium
is progressing from experimental research toward broader clinical application. Remaining
challenges are largely engineering- and regulation-related, rather than purely scientific.
Continued collaborative efforts in personalized medicine, real-time monitoring, and regula-
tory harmonization may further expand the potential applications of magnesium-based
implants in orthopedics and other medical fields.

2. Historical Context and Challenges of Biodegradable Magnesium
Alloys in Medical Implants

The vision of magnesium as the ideal biodegradable implant material emerged over a
century ago when pioneering surgeons recognized its unique potential: a metal that could
provide structural support during healing and then gracefully disappear as natural tissue
took over. Yet, this compelling concept remained frustratingly elusive for generations, with
early attempts resulting in spectacular failures—implants that dissolved within days and
generated alarming gas bubbles. Only after decades of persistent scientific advancement
has magnesium evolved from an experimental material to one with increasing clinical
acceptance and improved control over its properties. This chapter discusses the historical
evolution from Lambotte’s pioneering work to modern commercial success, the fundamen-
tal advantages of magnesium’s biological compatibility, and the critical lessons learned
from early failures that enabled today’s breakthrough achievements.

2.1. Clinical Need for Biodegradable Implants

The development of biodegradable implants is driven by the need to overcome the
mechanical incompatibility between traditional metallic implants and bone tissue, a mis-
match that often leads to stress shielding and subsequent bone loss [1,2]. Magnesium
alloys achieve a more balanced clinical performance than titanium alloys, stainless steel,
polymers, or biocomposites, particularly excelling in modulus match, density compatibility,
and biodegradability.

Magnesium alloys rate highest for matching the mechanical properties and density of
bone [3,5-8,10,31,32] while also offering good strength, biocompatibility, and full biodegrad-
ability (see Table 1). In contrast, titanium and stainless steel exhibit poor compatibility in
these areas and lack biodegradability, often requiring secondary removal surgery [3,7,8].

Table 1. Comparison of common orthopedic implant materials.

Property Magnesium Alloys Titanium Alloys Stainless Steel
Elastic Modulus Good Fair Poor
Density Match Excellent Poor Poor
to Bone

Moderate (sufficient for

Strength many indications) High High
Biocompatibility Good (no major Good (no major Good (no major
toxicity, favorable) toxicity) toxicity)
Biodegradability Complete resorption Non-biodegradable Non-biodegradable
No Removal Yes No No

Surgery

Note: Mechanical property values are given in Section 3.2. References: [3-6,8-14,33—41].
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Body Distribution

Bone Tissue:

55%

Soft Tissues:

27%

Muscle:

Key Requirements

Total Body Storage: 21-30 g
Daily Requirement: 250-420 mg 0 Clrmemie inilEmmefemn mak foreign body

Beyond mechanical problems such as stress shielding, permanent implants are associ-
ated with chronic complications, including inflammation, infection, allergic reactions, and
imaging artifacts [3,4,6]. The capacity of magnesium alloys for complete biodegradation
eliminates the need for removal surgery and addresses a major limitation of conventional
implant materials [3,4].

2.2. Magnesium’s Biological Foundation

Figure 1 illustrates magnesium’s unique position as the body’s fourth most abundant
cation, providing fundamental advantages over inert metals detailed in Table 2. The body
distribution analysis shows that 55% of total magnesium resides in bone tissue (11.5-16.5 g),
with additional stores in soft tissues (27%, 5.7-8.1 g) and muscle (18%, 3.8-5.4 g). This
natural abundance, combined with magnesium’s role as cofactor for 300-325 enzymatic
reactions, enables safe renal excretion of degradation products unlike permanent foreign
materials [7-9,11].

Magnesium: The Body's Fourth Most Abundant Cation

115165g
57-81g

38548

Traditional Metals Magnesium Alloys

¢ Permanent foreign body presence ¢ Essential metabolic element vs. inert

Enzymatic Reactions: 300-325 » Allergic reactions (Ni/Cr/Co) ¢ Safe renal excretion of degradation

» 30% require secondary surgery products

* Imaging artifacts ¢ Cofactor for 300+ enzymatic

reactions

¢ Natural presence in bone tissue (50—
60% of total Mg)

Biocompatibility: Magnesium degradation products are safely processed through normal physiological pathways, unlike inert metals that

remain as permanent foreign bodies.

Figure 1. Magnesium distribution in the human body and clinical advantages comparison, highlight-
ing its essential metabolic role versus traditional metals’ permanent foreign body presence.

Table 2. Clinical advantages comparison.

Feature Traditional Metals Magnesium Alloys Clinical Impact
Post-healing presence Permanent Complete resorption Eliminates removal
surgery
30% (general), Reduced
Secondary surgery rate 10-20% (pediatric) Rare/Never morbidity/cost
Biological role Inert foreign body Essential metabolic Enhanced integration
element
Stress shieldin Severe Minimal Preserved bone
& (4-29 x stiffness) (1.3-6x stiffness) density

References: [3,4,7,10,11,33-36].
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The clinical advantages comparison in Figure 1 emphasizes key benefits outlined in
Table 2: magnesium serves as an essential metabolic element versus inert foreign body
presence, enables safe renal excretion of degradation products, acts as a cofactor for 300+
enzymatic reactions, maintains natural presence in bone tissue (50-60% of total body
magnesium), and eliminates the 30% secondary surgery rate associated with traditional
metals [3-5,8,34,37-40].

2.3. Historical Development: From Early Pioneers to Modern Success

Magnesium’s clinical history began with Edward C. Huse’s 1878 use of magnesium
wire ligatures for vascular control [12,13,41]. Lambotte’s landmark 1906 application of
magnesium plates for tibial fractures marked the first orthopedic use, though complete
degradation within 8 days revealed the fundamental challenge of degradation control that
would persist for over a century [4,11,14,15].

Historical applications consistently demonstrated excessive degradation rates that
undermined clinical utility. Pure magnesium exhibited complete dissolution in 10-14 days
in muscle tissue, with some cases showing total resorption in 3-5 weeks under acidic
conditions [4,41]. The fundamental degradation mechanism produces both ionic and
gaseous byproducts through the reaction: Mg + 2H,O — Mg(OH), + H,*, generating
approximately 1 mL of hydrogen gas per 1 mg of degraded magnesium [5,7,16,17].

The historical progress timeline in Section 2.3 illustrates a substantial extension in
degradation times, from 8 days in early 20th-century applications to controlled degradation
periods of 3-24 months in more recent studies. Despite frequent gas cavity formation and
inflammatory responses in early applications, infection rates remained surprisingly low
even under pre-antibiotic conditions, suggesting inherent “biotolerance” properties [4,42].

2.4. Early Clinical Failures and Critical Lessons

Early magnesium alloys failed due to excessively rapid degradation that preceded
tissue healing. Pure magnesium demonstrated degradation rates of 407 mm/year and
corrosion currents reaching 86.06 LA /cm? in simulated body fluid—far exceeding the target
<0.5 mm/year for orthopedic applications [4,7,43]. Clinical studies showed 50% strength
loss within 4 weeks, compromising structural integrity before sufficient healing [2,3,43].

Hydrogen gas production created significant complications, with acceptable evolu-
tion rates below 0.01 mL/cm?/day to prevent subcutaneous gas pockets [38,44]. X-ray
imaging revealed gas accumulation at bone-implant interfaces persisting up to 8 weeks
post-implantation [45]. Concurrent alkalization raised local pH above 11.5, while pH values
reached 8.70 in culture media under high-Mg conditions—substantially above physiological
levels [46,47].

High early release of Mg?* ions reduced cell viability by >30% according to ISO 10993-
5:2009 [48] thresholds, with human mesenchymal stem cells tolerating concentrations only
up to 8.0 x 10~* M before ATP production declined [47,49]. Some experimental conditions
reached 4.1 x 1072 M—well above physiological tolerance [47]. These unpredictable
responses, combined with lack of standardized evaluation protocols, created substantial
regulatory hurdles that delayed market entry for decades [2,4,8].

2.5. Modern Commercial Achievements

Contemporary success demonstrates the validity of historical lessons learned, with dra-
matic improvements shown in Table 3. MAGN EZIX® procedures now exceed 25,000 cases
with 36-month follow-up data showing successful bone integration. The bone-implant
contact measurements of 0.42-0.61 versus 0.24-0.35 for titanium represent quantifiable
improvements in osseointegration [38,50].
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Table 3. Historical vs. modern performance comparison.
Parameter Historical Modern Improvement
(Pre-1950) (2013-Present) Factor
. Complete in
Degradation Rate 8 days-5 weeks 0.02-0.31 mm/year 100-1000x control
Tensile Strength Insufficient data Up to 365 MPa Bone-compatible
Clinical Cases Anecdotal reports 25,000+ documented Systematic validation
Gas Evolution Uncontrolled cavities <0.01 mL/cm?/ day Managed evolution
Multiple CE marks, IR
Regulatory Status No approvals FDA IDEs Commercial viability

References: [4,7,14,33,38,44].

MAGNEZIX® screws (Syntellix AG, Hannover, Germany) became the first CE-certified
resorbable metallic orthopedic implants in 2013, demonstrating controlled resorption and
bone replacement [3-5,33,38,51]. K-MET screws (K-MET Co., Ltd., Seoul, Republic of
Korea) achieved complete healing and resorption at 6-12 months in 53 patients, while
cardiovascular applications like AMS stents demonstrated safe 4-month degradation [3,37].

MAGNEZIX® is highlighted here as an illustrative example of a clinically success-
ful magnesium-based implant. Direct comparison with alternative biomaterials such as
titanium alloys or polymers is not the primary focus of this review as magnesium-based
materials are fundamentally distinct in their combination of biodegradability, osteocon-
ductivity, and mechanical compatibility with bone. A comparative evaluation among
different magnesium alloys and products would provide valuable insights but would
require comprehensive data collection across manufacturers and clinical studies—a sub-
stantial undertaking that could be the subject of future dedicated reports.

2.6. Key Takeaways: Foundation for Modern Development

The historical journey from 1878 to the present, illustrated through the performance
evolution shown in Section 2, demonstrates that transformative biomaterial innovation
requires persistent effort across multiple decades. Magnesium alloys are approaching
a favorable balance between degradation rate (3—24 months), mechanical compatibility
(1.3-6 x better modulus match), and reduced need for secondary surgery (see Figure 2).

Magnesium Alloys: Clinical Advantages at a Glance

% Excellent modulus match to bone % Near-perfect density match
(1.3-6x better than other metals) (1.7-2.1 g/cm?)
Essential metabolic element Complete biodegradation
(involved in 300+ enzymes) (3-24 months)

® Eliminates removal surgery % Good biocompatibility
(~30% rate for metals) (no major toxicity)

Moderate strength

(suitable for many indications)

Clinical Impact Data

Bone Integration: Commercial Success:
Bone-implant contact: 0.42-0.61 (Mg) vs 25,000+ Magnezix® procedures,
0.24-0.35 (Ti) 36-month follow-up

Historical Progress:
From 8-day (1906) to 3-24 month
controlled degradation

Figure 2. Clinical advantages and impact of magnesium alloys in orthopedic implants [3,4,7-9,14,18,19,38,50].

Modern magnesium implants achieve controlled degradation rates (0.02-0.31 mm/year),
predictable mechanical properties (up to 365 MPa tensile strength), and excellent clinical
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outcomes (>25,000 successful procedures), as documented in the clinical impact data. How-
ever, the transition from experimental promise to widespread clinical adoption continues
to require addressing challenges in degradation predictability, manufacturing consistency,
regulatory standardization, and application expansion.

These historical foundations, quantified through the comprehensive performance
comparisons, establish the scientific and clinical basis for examining persistent challenges
(Section 3), major recent advances (Section 4), and future directions that will guide the field
toward widespread clinical adoption (Section 5).

3. Persistent and Emerging Challenges

The development of biodegradable magnesium implants has advanced beyond proof-
of-concept to reveal complex interconnected challenges spanning materials science, manu-
facturing, and regulatory domains that must be addressed for clinical translation.

This chapter examines representative obstacles limiting magnesium-based biodegrad-
able implant development, though these examples do not encompass the full scope of
challenges in this evolving field. Key barriers are organized into five domains: material
degradation control and environmental sensitivity; mechanical property limitations; safety
and biocompatibility concerns; manufacturing constraints; and regulatory complexities.
Understanding these interconnected technical barriers is essential for identifying viable
pathways toward clinical implementation.

3.1. Material-Related Challenges

As established in Section 2, magnesium alloys offer superior compatibility with bone
and key advantages over traditional metallic implants. However, their clinical adoption
is limited by significant material-related challenges—chief among them, unpredictable
degradation kinetics.

Precisely controlling the degradation rates of magnesium implants remains difficult,
with aggressive corrosion observed especially in additively manufactured magnesium
scaffolds. These scaffolds can reach Mg?* ion concentrations incompatible with typical
bone healing timelines [52].

Degradation rates vary dramatically across testing methodologies and alloy systems,
as shown in Figure 3. For instance, rates can differ by nearly an order of magnitude between
immersion and electrochemical tests [26,27]. Clinical studies show extreme variability:
AZ31 (1.17 mm/year), AZ91D (1.38 mm/year), LAE442 (1.01 mm/year), and Mg-6Zn
(2.32 mm/year) in animal models, often exceeding optimal healing windows [8].

Moreover, scaffold geometry plays a decisive role in early degradation behavior.
Certain architectures, such as diamond-structured scaffolds, exhibit more rapid initial
corrosion compared to biomimetic or gyroid designs, although degradation rates tend to
converge over time. This geometry-dependent variability complicates the development of
patient-specific implants, where design optimization is critical.

Environmental factors also play a significant role in magnesium degradation. Phys-
iological temperatures (37 °C) double degradation rates compared to room temperature
(20 °C), and increased chloride concentrations—common in the body—accelerate corrosion
by converting protective Mg(OH); layers to MgCl, [50,53]. Additionally, hydrogen gas
generated during magnesium corrosion can persist for weeks and may interfere with tissue
integration [5,8,54].
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Critical Finding: Up to 10-fold variation in degradation rates depending on testing method
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Figure 3. Degradation rate variability showing up to 10-fold variation in degradation rates depending
on testing method, from immersion tests to electrochemical evaluations across different alloy systems.

3.2. Mechanical Limitations and Structural Integrity

Although Section 2 established that magnesium alloys have a modulus closer to bone
than traditional metals, their absolute mechanical strength remains a limiting factor for
many applications.

Pure magnesium has an elastic modulus of ~45 GPa and a yield strength of about
130 MPa. Even improved magnesium alloys display tensile strengths ranging from 150
to 400 MPa and elastic modulus values of 41-45 GPa, with elongation capacities of
2-20%. In contrast, stainless steel and titanium alloys have much higher tensile strengths
(480-834 MPa and 550-1400 MPa, respectively) and moduli (200230 GPa for steel and
110-114 GPa for titanium) [4] (see Table 4).

Table 4. Mechanical properties comparison of magnesium alloys vs. traditional materials [3,4,7,10,11,33-36].

Density Elastic Tensile
Material (g/cm®) Modulus Strength Elongation (%)
(GPa) (MPa)
Pure Mg 1.74 45 130-220 6.4
Mg Alloys 1.74-2.0 41-45 150-365 2-20
Stainless Steel 7.9-8.1 200-230 480-834 12-50
Ti Alloys 44-45 110-114 550-1400 8-15
Cortical Bone 1.8-2.1 15-30 130-180 1-3

The mechanical performance of AM magnesium scaffolds is highly dependent on their
architecture. For example, with 75% porosity and 800 um pore size, gyroid designs achieve
a plateau stress of 32.34 & 1.36 MPa and a modulus of 0.760 % 0.020 GPa, while biomimetic
designs achieve only 7.47 & 0.56 MPa and 0.207 + 0.018 GPa (see Table 5). These values,
while promising for certain applications (porous, bone-mimicking structures), remain well
below the strength of dense metals and only approach the lower range of cancellous bone,
highlighting the ongoing challenge for load-bearing orthopedic sites.
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Table 5. Mechanical properties of AM magnesium scaffolds by architecture [4].

. Plateau Stress Young’s Modulus . 1o
Architecture (MPa) (GPa) Porosity (%)
Gyroid 32.34 +1.36 0.760 £ 0.020 75
Diamond 16.20 & 0.66 0.466 £ 0.035 75
Biomimetic 7.47 £ 0.56 0.207 £ 0.018 75

3.3. Safety and Biocompatibility Concerns

Material Availability and Toxicity Constraints: Only pure magnesium and WE43
powders are widely available for additive manufacturing, reflecting regulatory restrictions
due to toxicity. AZ91D is discouraged for clinical use because its 9 wt% aluminum content
is linked to neurotoxicity and Alzheimer’s disease concerns [4,50,55].

Rare-Earth Element Toxicity: Alloys like WE43 contain rare-earth elements (REEs)
such as neodymium and yttrium, raising biocompatibility questions due to limited long-
term safety data [23,25]. Natural background levels of REEs are below 47 nug in humans,
but full implant degradation can lead to accumulation in bone and liver [23]. To stay within
safety guidelines (daily intake below 4.2 mg), neodymium and yttrium in a 6.9 g implant
should not exceed 5 wt% if fully degraded in three months. Short-term studies show low
cytotoxicity at these levels, but long-term monitoring remains essential (see Table 6) [5,56].

Table 6. Toxicity Thresholds for common alloying elements [23-25,53,57,58].

Element TDsp (mol/L) Classification Daily Limit (mg/day) Impl;;gfn])“lmlt Clinical Concern
Aluminum - Moderate-Severe 1.0 - Neurotoxicity, Alzheimer’s
Yttrium 254 x 1074 Moderate 0.016 - Bone/liver accumulation

Zinc 9.28 x 107° Severe 15-40 - Essential but toxic at high levels
Nickel 415 x 107° Severe - 20-50 Cytotoxicity, allergenic
Copper 459 x 107° Severe 2-3 100-300 Corrosion acceleration
Iron - Moderate - 35-50 Cathodic acceleration
Manganese - Moderate 2-5 - Neur(ﬁf)glcal effects at
igh doses
Lithium - Moderate 0.5-2.0 - Therapeu.tlc but
narrow window
Total REE - Moderate 42 - Accumulation in bone/liver

Impurity Control Requirements: Iron (35-50 ppm), nickel (20-50 ppm), and copper
(100-300 ppm) must be tightly controlled as these impurities can increase cytotoxicity
and accelerate corrosion [59] (see Table 6). Advanced refining methods, like carbon-based
filters, help reduce impurities [60], but consistently achieving these low levels is technically
demanding and energy-intensive [5,53,61].

3.4. Manufacturing and Processing Challenges
3.4.1. Production and Reproducibility Limitations

Gas Atomization Hazards: Producing magnesium powder is hazardous due to its
high reactivity with oxygen and moisture, creating explosion risks. This limits supplier
availability and results in low yields. From the wide particle size range produced, only
the 20-70 um fraction is suitable for additive manufacturing, increasing costs and limiting
scalability [5]

Process Instability: Magnesium’s low vapor temperature and high vapor pressure
cause powder splash during processing, leading to defects such as porosity, inclusions,
and microstructural irregularities. These defects reduce mechanical strength and corrosion
resistance [5]. As an alternative, advanced forging techniques—such as upsetting of large
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ingots with ledges—have been investigated to enhance internal uniformity and mitigate
typical casting-related defects [62].

Coating Process Variability: Micro-arc oxidation coatings show uneven thickness
(18-22 pm) due to sensitivity to substrate microstructure, with corrosion current reductions
varying by 1-6 orders of magnitude based on processing conditions [33]. PLA coatings also
exhibit significant thickness variation (1.6-41.8 um) depending on application technique
and cycle number [63].

Since many of these inconsistencies are thermally driven, the implementation
of dynamic temperature control systems—like those applied in precision drawing
technologies—could significantly improve process stability and coating uniformity [64].

3.4.2. Customization and Complex Geometry Constraints

Traditional Manufacturing Limitations: Conventional casting and machining cannot
achieve precision required for complex, interconnected porous architectures essential
for bone-mimetic scaffolds. While selective laser melting enables the creation of these
complex structures, reproducibility and quality control for such intricate geometries remain
unresolved [4].

Surface Treatment Limitations: Most coating development focuses on simple geome-
tries, with effectiveness on complex, patient-specific shapes largely untested [55]. Surface
treatments lack validated protocols for irregular surfaces common in personalized implants.
Insights from superplastic forming simulations and surface deformation analyses, partic-
ularly in shell-type geometries, contribute to addressing this limitation and optimizing
treatment uniformity [65-67].

3.5. Clinical Translation and Regulatory Challenges
3.5.1. Inconsistent Experimental and Clinical Outcomes

Environmental Testing Variability: Pure magnesium shows degradation rates from
0.26 mm/year (immersion) to 2.52 mm/year (electrochemical)—a ten-fold difference based
solely on methodology [26,27]. Invivo variability spans from 0.33 mm/year subcuta-
neously to 0.86 mm/year in femoral implantation [50].

Cell Viability Inconsistencies: Mg-1Zn-Mn extruded alloy achieved 100% viability,
while Mg-1Sr as-rolled showed 50-84% viability [43]. Corrosion current density reductions
span three orders of magnitude between studies (107*to 1077 A/cm?) [68-71].

3.5.2. Insufficient Long-Term Biocompatibility Data

Limited Study Duration: Most biocompatibility assessments of biodegradable mag-
nesium alloys are based on short- to mid-term animal studies, typically ranging from 4
to 24 weeks [72-75], with only a few studies extending up to one year or beyond [76].
Human clinical data remain scarce. As a result, there is a lack of comprehensive data on the
complete long-term degradation profile and the full spectrum of tissue responses, including
potential systemic effects and accumulation of alloying elements, especially for periods
exceeding one year post-implantation [76].

Coating System Longevity: The protective effect of common surface coatings on
magnesium alloys remains limited in duration. MgF, coatings offer short-term corrosion
resistance but are reported to degrade completely within 4 weeks, after which long-term
biological responses remain unclear [33]. Hydroxyapatite (HA) coatings typically provide
in vivo protection for about 8 weeks before rapid substrate degradation resumes [55].
Similarly, calcium phosphate (CaP) coatings on ZK60 alloy maintain corrosion resistance
for approximately 29 days, after which their protective effect is lost [6].

Rare-Earth Safety Gaps: Clinical impact of rare-earth elements in alloys such as WE43
and JDBM alloys remains under-studied in long-term human applications [23,25,33].
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3.5.3. Regulatory Ambiguity and Approval Barriers

Classification Ambiguities: Regulatory classification of magnesium devices remains
unclear—drugs, devices, or combination products—complicating market entry path-
ways [6]. Lack of harmonized standards for preclinical testing methodologies and animal
model relevance further complicates submissions [77].

Coating System Gaps: Novel coating strategies lack clear regulatory precedent.
Chromate-based coatings are prohibited due to toxicity, creating gaps for alternatives.
No consensus exists on preclinical endpoints or test duration requirements for regulatory
approval [33].

3.6. Critical Bottlenecks: Prioritizing Challenges for Clinical Translation

Analysis of these multifaceted challenges reveals three fundamental bottlenecks that
emerge as primary barriers requiring immediate attention, as synthesized in Figure 4:

¢  Primary Clinical Barrier—Degradation Unpredictability: Extreme variability in degra-
dation rates—spanning ten-fold differences between testing methodologies—combined
with environmental sensitivity makes reliable clinical outcome prediction impossible
with current technology. This unpredictability represents the most immediate threat
to patient safety as implants degrading too rapidly fail before healing completion,
while slow degradation causes chronic inflammatory responses.

*  Secondary Clinical Barrier—Mechanical Insufficiency: The inability to reliably achieve
yield strengths above 200 MPa eliminates consideration for high-load orthopedic
applications including femoral fracture fixation and spinal instrumentation, limiting
clinical utility to low-load or temporary support roles.

*  Regulatory and Economic Barrier—Approval Pathway Uncertainty: Lack of clear
regulatory guidance combined with limited approved alloy compositions creates
substantial commercial risk discouraging clinical development investment. Regulatory
timelines and costs cannot be reliably predicted.

CRITICAL BARRIERS TARGETED ACTION FRAMEWORK

Primary Clinical Barrier Predictable Degradation
Degradation Unpredictability Ensure consistent and clinically safe degradation
rates

¢ Highly variable degradation rates across test:
methods ¢ Apply advanced surface modification techniques

¢ Extreme sensitivity to environmental factors * Optimize alloy composition and design
* Unreliable clinical outcome prediction ¢ Adapt to clinical environmental conditions

* Major patient safety risk from rapid or slow
degradation

Secondary Clinical Barrier / Enhanced Mechanical Performance
ﬁt Mechanical Insufficiency Increase alloy strength and reliability for broader
« Yield strength rarely exceeds 200 MPa dlimnealloee

¢ Unsuitable for high-load orthopedic applications * Leverage advanced manufacturing processes
¢ Implement architectural structure optimization
¢ Develop novel, biocompatible alloy systems

* Restricts use to temporary or low-load implants

Figure 4. Critical bottlenecks and solution pathways for magnesium implant clinical translation.
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3.7. Key Takeaways

The challenges facing biodegradable magnesium implants represent significant but
addressable obstacles requiring coordinated technical and regulatory advances. Critical
priorities include developing predictable degradation control through surface modification
and alloy design; enhancing mechanical properties through advanced manufacturing and
architectural optimization; and establishing regulatory clarity through standardized testing
protocols and comprehensive safety data development.

These interconnected challenges necessitate systematic approaches addressing multi-
ple limitations simultaneously. Surface modifications providing controlled degradation
must maintain mechanical properties while using biocompatible materials meeting regula-
tory requirements. Manufacturing processes must achieve precision for complex geometries
and reproducibility demanded by regulatory agencies.

Understanding these specific technical barriers provides the foundation for evalu-
ating potential solutions and identifying promising approaches for overcoming current
limitations. The advances in surface modification, alloy development, and manufactur-
ing processes represent targeted responses to these comprehensively assessed challenges,
which will be discussed in the next chapter.

4. Major Advances and Innovations (2020-2025): Addressing
Core Challenges

Recent years have seen significant progress in addressing four major barriers: un-
predictable degradation, mechanical inconsistency, suboptimal biological integration, and
unclear regulatory pathways. Advances in alloy systems, processing technologies, surface
engineering, and clinical validation have substantially improved the predictability and
clinical viability of magnesium as a biomaterial, although some challenges remain.

4.1. Alloy Development: Achieving Predictable Performance
4.1.1. Rare-Earth-Free Systems Breakthrough

The development of rare-earth-free magnesium alloys represents the most critical
advance in addressing unpredictable degradation and toxicity concerns. Systematic op-
timization has yielded remarkable performance improvements, as demonstrated by the
breakthrough achievements summarized in Table 7.

Table 7. Breakthrough rare-earth-free alloy performance.

Tensile Strength Degradation Rate

Alloy System (MPa) (mmlyear) Key Achievement Reference
Mg-1Ca 315.6 +20.7 0.291 £ 0.06 Exceptional performance [28]
Mg-2Zn-1Mn 243.5 0.36 Lowest degradation rate [20]
Mg-2Sr 253.3 + 23 0.281 £+ 0.06 Optimal Sr content [28]
Mg-27n-0.05Ca 280 (extruded) - Clinical optimization [78]
MgZn1Ca0.5 210 - Ternary composition [79]
MgZn4Ca0.2 297 - High strength profile [80]
High-purity Mg ) 3% mass loss/ - )

(99.99%) 30 days Clinical efficacy proven [79,81]

As evident from Table 7, the Mg-1Ca system achieves the highest tensile strength
(315.6 £ 20.7 MPa) among binary alloys, demonstrating that minimal calcium additions
provide optimal performance. Calcium and barium modification offers a cost-effective
approach for property enhancement, with evidence showing substantial gains in mechani-
cal and heat resistance performance due to increased intermetallic phase formation and
structural refinement [82]. This finding has been validated through systematic investigation
revealing critical composition windows: calcium content below 1 wt% provides optimal
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corrosion resistance as higher concentrations accelerate degradation through increased
galvanic coupling [83]. However, this guideline remains controversial—while Mg-1Ca
achieves 330 MPa ultimate tensile strength, some studies suggest higher calcium concen-
trations may benefit specific applications requiring faster degradation, such as temporary
cardiovascular stents [83].

The innovative Mg-2Zn-1Mn alloy presents a compelling alternative approach, achiev-
ing the lowest degradation rate (0.36 mm/year) while maintaining 25% elongation—a
combination previously thought impossible [20]. This composition demonstrates that
manganese additions can effectively control degradation without compromising ductility,
though the underlying mechanism remains debated. Some researchers attribute this to
Mn substitution in the protective hydroxide layer, while others suggest grain boundary
modification as the primary factor [84].

4.1.2. Strategic Microalloying: Balancing Performance and Biocompatibility

While rare-earth-free systems dominate current development, targeted microalloying
continues to deliver exceptional performance enhancements for specialized applications. As
shown in Table 8, carefully selected alloying elements can dramatically improve mechanical
and corrosion properties—even at very low concentrations.

Table 8. Microalloying performance enhancement.

. Performance Biocompatibility/Toxicity
Alloying Strategy Base System Improvement Notes Reference
No acute cytotoxicity at
low concentrations;
Neodymium oxide Mg-HA 14.7% UTS increase, Nd shows moderate [23,57]
(1.5% Nd,O3) composites 85.2% wear reduction in vivo toxicity, o
but alloyed forms are
less concerning

Mang'a‘nese Mg-1Zn-1Mn Yi‘é;o/znzéirelja Mangfmese is biocompatible 78]

addition . . . in small amounts

mainly via extrusion)

Manganese Corrosion rate: 0.59 — No significant

(0.5 wt%) Mg-0.5Bi-0.55n 0.22mm/a biocompatibility issues [85]

’ (63% reduction)

Zirconium Me + Zr + ZnO Grain size: 71 — 39 um = w1dely1\1415edum biomedical [83]

addition & (45% reduction) & aroys,

good safety
Zirconium Various 50% microhardness
o . See above [83]
(1 wt%) systems increase
No cytotoxicity observed
Maintained high cell over 5 days;
Gd (up to 2.32 wt%) GDY-Mg alloys proliferation and Gd is moderately toxic in [23-25]

ionic form but safe
in controlled alloy release

osteogenic activity

The dramatic 459% yield strength improvement achieved through manganese microal-
loying illustrates the transformative potential of trace additions, though this enhancement
was achieved through extrusion processing in addition to alloying [78]. This highlights a
key consideration from [23]: microalloying effects are often interconnected with processing
conditions, complicating direct comparisons between studies.

Rare-earth element (REE) alloying remains controversial due to historical concerns
over toxicity and long-term accumulation. However, recent comprehensive reviews [23,25]
indicate that cytotoxicity and adverse effects are highly dose-dependent and context-
specific. For example, the GDY-Mg alloy series, with moderate REE content (up to 2.32 wt%
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Gd), showed no cytotoxicity over 5 days while maximizing cell proliferation and osteogenic
activity [24]. This is consistent with literature showing that certain REEs (notably Gd and
Nd) can support cellular proliferation and bone integration at low, controlled levels [23].
While REEs are not essential for human biology and can accumulate with chronic exposure,
their use in medical alloys at microalloying levels and with controlled release rates appears
acceptable—especially where performance requirements justify potential risks.

Both [23,25] emphasize that rational alloy design, strict dose control, and ongoing
biomonitoring are essential to balance performance with safety. Not all REEs are equal in
their biological impact, making element-specific selection crucial [86]. Furthermore, the
dominant use of REEs in many clinically applied Mg alloys underscores that complete
elimination is not always necessary or optimal [23].

4.1.3. Ion Release Mechanisms and Therapeutic Effects

The therapeutic potential of magnesium alloys extends beyond mechanical support
through controlled ion release. Systematic investigation has established optimal therapeutic
windows: angiogenesis (new blood vessel formation) stimulation occurs at 10-50 uM Zn?*
and 10-50 mM Mg?*, with cytotoxicity only above 75 mM Mg?* or 100 uM Zn2* [87]. These
concentrations activate the CGRP-FAK-VEGF axis—a critical signaling pathway where
calcitonin gene-related peptide (CGRP) triggers focal adhesion kinase (FAK) activation,
leading to vascular endothelial growth factor (VEGF) expression that promotes both nerve
growth and blood vessel formation essential for bone regeneration [88].

However, achieving these optimal concentrations in vivo remains challenging. Degra-
dation rates must be precisely controlled to maintain therapeutic ion levels without ex-
ceeding toxicity thresholds—a balance that varies with implant location, size, and patient
physiology. This variability represents a fundamental challenge in translating laboratory-
optimized compositions to clinical applications.

4.1.4. Advanced Processing Revolution

Recent processing innovations have enabled unprecedented microstructural control
in magnesium alloys, directly addressing challenges of mechanical inconsistency and
unpredictable degradation. As shown in Table 9, advanced techniques such as friction stir
processing (FSP), equal-channel angular pressing (ECAP), high-pressure torsion (HPT),
and especially Laser Powder Bed Fusion (LPBF) enable dramatic grain refinement and
tailored microstructures, producing substantial improvements in mechanical properties
and corrosion resistance.

Table 9. Processing-induced microstructural control.

Grain Size

Processing Method . Mechanical Enhancement Reference
Achievement
FSP (6-pass) 21-28 pm — 2.1 pm Uniform precipitates, no infection [83,89]
YS: 250.2 £+ 3.5 MPa,
LPBF WE43 443 pm — 1-3 um UTS: 312 + 3.7 MPa [21]
LPBF + Zr 8.99 um — 0.93 um Enhanced strength and corrosion [21]
ECAP/HPT Conventional — 365 MPa UTS, 34% elongation [80]
sub-micron
SPD Nanocrystalline Conventional — 0.07 pm 260 MPa, Ség::g]r corrosion [22]
3300 MP: hi
SNDP-CG (Mg49CusYo) Glass-crystal dual phase th:o(ﬁal:t)ipc’ 1:1))a ching [88]

Grain refinement achieved with friction stir processing has been associated with im-
proved corrosion resistance and potentially reduced infection rates in preclinical models.
This improvement stems from more uniform corrosion behavior in ultra-fine grain struc-
tures, eliminating preferential attack sites common in coarse-grained materials. Additive
manufacturing methods such as LPBF have enabled the production of biodegradable mag-
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nesium alloys with near-theoretical density and fine grain sizes (1-3 um). As demonstrated
in [4], this combination of ultra-fine microstructure and high densification results in sig-
nificant improvements in both strength and corrosion resistance, with yield and ultimate
tensile strengths reaching 250 and 312 MPa, respectively, in WE43 scaffolds.

Further microstructural refinement is possible through the addition of zirconium,
which can reduce grain size below 1 pm and further enhance mechanical performance.
Severe plastic deformation and nanocrystalline processing routes also yield sub-micron or
even nanometer-scale grains, translating into both higher strength and superior corrosion
control. Notably, the development of glass-crystal dual-phase (SNDP-CG) materials has
pushed ultimate tensile strength to levels approaching theoretical limits, although the
clinical applicability of such ultra-high-strength, exotic phases remains to be proven.

Recent research demonstrates that refining techniques, such as filtration through
composite filters, can improve the microstructure and mechanical performance of cast
magnesium alloys [90]. Significant grain refinement and property enhancement have also
been achieved through the plastic deformation of Mg-Nd-Zr-Ag alloys, with strength and
ductility increases of up to five- and six-fold, respectively, compared to the as-cast state [91].
These findings highlight the effectiveness of both filtration-based processing methods
and mechanical working techniques in optimizing the properties of magnesium-based
alloy systems.

While these advances have advanced the field rapidly, the formation of non-
equilibrium phases and ultra-fine microstructures during rapid solidification (as in LPBF)
introduces new complexities. As highlighted in [4], the long-term stability of these phases
within physiological environments and their impact on biodegradation require further
investigation. There is a need to balance the benefits of microstructural refinement with the
predictability and reliability essential for clinical translation.

4.2. Composite and Hybrid Systems: Tailored Solutions

Advanced composite systems address the inherent limitations of monolithic magne-
sium alloys by combining complementary materials for application-specific performance.
Table 10 illustrates how these systems achieve remarkable property combinations.

Table 10. Composite system performance.

Composite Type Mechanical Property Degradation Control Biological Enhancement Reference
- 217 MPa o Lo Cell viability:
Mg-3Zn/Ti/HA compression (+15.8%) 21% corrosion improvement 79% —s 91.7% [92]
AMP-PEEK 120 — 70 MPa (28 days) Minimal mass Comparable to [93]
reduction Ti implants
. L. H,: 0.16 vs. .. )
PTMC-dMA coating Maintained strength 1437 mL/cm? 3x adhesion improvement [94]
ZK60-MBG Enhanced 0.89 — . .
(5 wt%) hardness 0.31 mm-yr~! Improved bioactivity (21]
Mg/(5-20)PLA 160240 MPa 0.001-0.02 mm/year Tailored profiles [80]
As low as . .
Mg/(10-30)HA Up to 200 MPa 0.01 mm/year Enhanced integration [80]

The Mg-3Zn/Ti/HA system exemplifies successful composite design, where HA
(hydroxyapatite) provides bioactivity while titanium enhances strength, achieving si-
multaneous improvements in mechanical strength (15.8% increase), corrosion resistance
(21% improvement), and biocompatibility (cell viability increasing from 79% to 91.7%) [92].
This multi-functional enhancement demonstrates the potential of hybrid approaches,
though interface stability between dissimilar materials remains a critical concern.

The amorphous magnesium phosphate-polyetheretherketone (AMP-PEEK) composite
represents a breakthrough where amorphous metallic particles are embedded in a high-
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performance polymer matrix [93]. The dramatic hydrogen evolution reduction achieved
by poly(trimethylene carbonate)-dimethacrylate (PTMC-dMA) coatings—UV-crosslinked
polymers that form protective barriers—demonstrates how sophisticated polymer chem-
istry can address magnesium’s most problematic characteristic [94].

Smart composite systems incorporating drug delivery capabilities represent an emerg-
ing frontier. PLGA (poly(lactic-co-glycolic acid))-magnesium coatings achieve controlled
sirolimus release with only 7% initial burst, maintaining therapeutic delivery over 12
days [95]. However, the complexity of these systems raises regulatory challenges that may
limit clinical translation.

4.3. Surface Engineering: Smart Protective Systems

Advanced surface treatments have notably improved magnesium’s biocompatibility
by combining corrosion resistance with biological enhancement. These coatings mark an
important development from passive barriers toward more active, responsive interfaces.
However, considerable work is still required to translate laboratory results into reliable
clinical outcomes (see Table 11).

Table 11. Surface engineering performance matrix.

Treatment System

Mesoporous silica +
Ce-doped glass
LSP + PEO (AZ80)
Sr-doped HA (ZK60)

MAO/CeNPs
Barnacle cement cp19k

MAO/PLA duplex (AZ31)

Chitosan-CeO,
nanocomposite

Collagen/CaP composite

Corrosion Improvement Biological Enhancement Durability Reference
5 orders magnitude . e .
(10-11 A/em?) Self-healing capability 540 h testing [29]
5x polarization resistance Self-healing properties 30 um nanocrystalline [96]
146 — 1.6 pA/cm? Enhanced osseointegration Validated in vivo [96]

55% gap coverage (12 h),

Superior protection M2 promotion 85% volume at 1 month [97]
32% degradation IL-10: 233.7 pg-mL~1, . .
reduction EC:284.9 um 336 h stability (98]
611 — 1.8 pA/cm? Improved bone cell >45 MPa adhesion [99]
adhesion
3 orders magnitude Self-healing, .

lower i_corr * anti—inﬂammatory pH-triggered release 1991

142V E_corr *, . .. .
0.87 uA /cm? Enhanced osteoinductivity Seals microcracks [99]

* Abbreviations: i_corr—corrosion current density; E_corr—corrosion potential.

The most significant advancement is the emergence of self-healing bilayer systems
achieving five orders of magnitude corrosion improvement [29]. Mesoporous silica enables
controlled cerium ion release for autonomous repair, while a dense hybrid glass provides
structural integrity. Polymeric and composite coatings, such as MAO/PLA duplexes,
offer substantial corrosion reduction (611 — 1.8 pA/cm?) and high adhesion strength
(>45 MPa) [99] while simultaneously enabling bioactivity, drug delivery, or pH-responsive
healing. Bio-inspired coatings like barnacle cement go further, not only reducing degra-
dation by 32% but also stimulating anti-inflammatory (IL-10) production and enhanced
endothelial cell migration [98]. Collagen, chitosan, and silk-fibroin-based systems promote
osteointegration and cell viability, and nanocomposite designs can incorporate antibac-
terial or osteoinductive agents [99]. Collectively, such multifunctional systems offer the
potential for enhanced integration of corrosion protection, biological compatibility, and
therapeutic capabilities.

Nonetheless, most reported improvements derive from short-duration laboratory
testing that may not reflect real-world failure modes or multi-year implant lifespans.
Manufacturing complexity, limited understanding of long-term degradation and biocom-
patibility, and regulatory hurdles—especially for bio-inspired and nanoparticle-based
coatings—persist. Additionally, simplified test environments often fail to capture the com-
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plexity of in vivo conditions, highlighting the need for further studies on durability, biolog-
ical interactions, and clinical feasibility.

4.4. Manufacturing and Clinical Translation
4.4.1. Advanced Manufacturing: From Laboratory to Clinical Scale
Industrial-scale manufacturing capabilities have matured significantly, enabling the

transition from laboratory prototypes to clinical products. Table 12 quantifies the precision
and reproducibility now achievable.

Table 12. Manufacturing process capabilities.

Technology Achievement Performance Metric Reference
LPBF optimization 99.9% relative density 80 W /800 mm/s optimal [100]
Production accuracy £50 pm precision >70% porosity achievable [25]
Powder atomization >95% sphericity 20-70 um size range [101]
Quality control <2% batch variation Real-time monitoring [30]
Industrial scale >90% reproducibility 15-20% cost reduction [25]
LPBF WE43 250.2 £ 3.5MPa YS 99.91% density [83]

The achievement of <2% batch-to-batch variation represents a critical milestone for
regulatory approval and clinical confidence [30]. This consistency, combined with 15-20%
cost reductions through process optimization, addresses previous concerns about economic
viability. However, these metrics primarily reflect simple geometries—complex patient-
specific designs may show greater variability.

The £50 um production accuracy enables precise anatomical matching, while the abil-
ity to create >70% porosity facilitates bone ingrowth [25]. Yet, questions remain about the
mechanical integrity of highly porous structures under physiological loading, particularly
in load-bearing applications.

4.4.2. Clinical Validation: From Bench to Bedside

Clinical validation of biodegradable magnesium (Mg) implants has made significant
progress in recent years, with a growing body of evidence supporting their safety and
efficacy for orthopedic and other biomedical applications. Table 13 summarizes key clinical
and preclinical milestones, encompassing both large-scale human studies and relevant
animal model data [18,19,79,102-105].

Table 13. Clinical and translational milestones for Mg-based implants.

Appl.lcatllon/ Device (Patients) Outcome/Union Follow-Up Adverse Events Dggradatlon Reference
Indication Rate Timeframe
Ankle fractures High—pilrity Mg 100% healing, 146.0 £ 14.5 weeks None Complete by [18,79]
(n=24) no complications reported 18 mo
Complete
Multiple ® degradation Not
procedures MAGNEZIX® (>25,000) 6-18 months; Up to 2 years reported 6-18 mo [18,19]
high healing
79% union (6 wks), Not
® —

Hallux valgus MAGNEZIX® CS 3.2 90% (12 wks) 16 months reported 6-18 mo [18,102]

Fracture fixation MAGNEZIX® (>120) 95% full union 12-24 months rella\(l;):e d 6-18 mo [18,80]

Tibial spine Mg screws Complete healing, 12 months Not Not specified [19,103]

full recovery reported

Osteonecrosis, 99.99% pure Mg (China, . )

femoral neck multicenter, ongoing) Trials approved - - - [3,19,104]
. : Major degradation
Medial malleolar Ca-P-coated Good alignment; no None at 12 mo;
£ Mg-Nd-Zn-Zr screws malu- 12-17 months [19,105]
racture _ . . . . reported almost complete by
n=9) nion/ failure/infection

17 mo
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Table 13. Cont.
Appl.lcatllon/ Device (Patients) Outcome/Union Follow-Up Adverse Events Dggradatlon Reference
Indication Rate Timeframe
. . Increased cell
Various Hydroxyapatite-coated adhesion, reduced Up to 12 months None Not specified [19,105]
(musculoskeletal) Mg alloy d . reported
egradation
Cardiovascular No restenosis or
. Rapamycin-eluting thrombosis; _ None Stent degraded
(animal, Mg-Nd-Zn-Zr stents complete 1-5 months reported by 5 mo [18,105]

preclinical)

endothelialization

Both [3,106] reviews highlight recent updates on CE-marked MAGNEZIX® and K-
MET screws, as well as the first clinical use of high-purity Mg screws in China. By 2023,
clinical use of Mg-based screws (MAGNEZIX®, K-MET) has expanded, demonstrating
promising fracture healing and no major safety concerns in medium-term follow-up. China
has approved 99.99% pure Mg screws for multicenter trials in osteonecrosis and femoral
neck fracture [3].

Over 25,000 MAGNEZIX® procedures confirm clinical viability, with full degrada-
tion in 6-18 months. High-purity Mg screws report a 100% healing rate without com-
plications [76], though small sample sizes may limit detection of rare events. Ca—P and
hydroxyapatite coatings further enhance healing and biocompatibility, as shown in medial
malleolar fractures and musculoskeletal applications [105].

Animal studies show controlled gas evolution (<0.01 mL/cm?/day within 2-3 weeks)
and complete degradation without organ accumulation, even in models with impaired
kidney function [107]. These address safety concerns, though interspecies differences in
Mg metabolism remain relevant.

Current clinical and preclinical evidence supports the safety and efficacy of Mg-based
implants for selected indications. Ongoing multicenter studies and longer-term follow-up
will further define their optimal use and long-term safety [18,19,104,105].

4.4.3. Regulatory Progress: Accelerating Acceptance

Regulatory acceptance of biodegradable magnesium (Mg) devices has accelerated
markedly in recent years, reflecting both technological advancements and growing clinical
confidence. As summarized in Table 14, approvals have expanded from Asia to Europe, and
U.S. clinical trials are now underway, with several devices achieving significant regulatory
milestones [18,19,79,104-110].

The progression from Asian approvals (NMPA—China, KFDA—Korea) to European
CE marking and recent FDA IDE acceptance highlights growing global confidence in Mg-
based implants. CE certifications have increased by over 50% since 2020 [25], indicating
technological maturity and regulatory familiarity with biodegradable metals.

In the U.S,, the regulatory landscape is evolving:

*  The RemeOs™ Screw (Bioretec Ltd., Tampere, Finland) became the first Mg-based
orthopedic implant to receive both FDA Breakthrough Device Designation and De
Novo marketing clearance (2023) for fracture, osteotomy, and deformity correction;

e OSTEOREVIVE received FDA 510(k) clearance as a Mg-based bone void filler (2023);

¢  The Medical Magnesium Plate System has Breakthrough Device Designation but is
not yet cleared for market.
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Table 14. Regulatory approvals for biodegradable Mg implants.

Device/Brand Regulatory Body Year Application/Indication Reference
® .
MAGNEZIX " Screw CE Mark (EU) 2013 Orthopedic/trauma [18,19,104,105,108,109]
(Syntellix) fixation
High-purity Mg screws NMPA (China) 2019 Orthopedic [18,19,79,104]
High-purity Mg screws CE Mark (EU) 2020 Orthopedic [18,19,79]
K-MET (Mg-Zn-Ca) KFDA (Korea) 2015 Metacarpal fracture [18,19]
RESOLOY® (Mg alloy) CE Mark (EU) 2020+ Various [18,79];
RemeOs™ Screw FDA Breakthrough, Fracture, osteotomy,
Bioretec De Novo (USA 2021/2023 deformity correction [18,19,104,105,108]
y
OSTEOREVIVE Lo
(Bone Solutions) FDA 510(k) (USA) 2023 Bone void filler [19,108]
Medical Magnesium .
Plate System FDA Breakthrough (USA) 2022 Trauma/Orthopedic [19,108]
Multiple Mg devices FDA IDE (USA) 2022+ USS. trials initiated [19,104,110]
(ongoing)

However, full FDA approval for broader categories of Mg-based orthopedic implants
is still pending, posing a barrier to U.S. market entry. The FDA requires more extensive
preclinical and clinical data—particularly regarding safety, long-term outcomes, and degra-
dation profiles—than CE Marking. This is reflected in ongoing U.S. IDE trials and the
emphasis on long-term follow-up in recent regulatory reviews [104,108].

4.5. Market Impact

Recent analyses confirm steady growth in the biodegradable magnesium-based implants
sector, driven by expanding clinical evidence and regulatory approvals [18,19,104,109]:

1. Market Size and Growth: The global biodegradable magnesium-based implants
market was valued at USD 124-127 million in 2024, with projections reaching
USD 157 million by 2031 (CAGR 3.1%) [18,19,111]. The broader magnesium implant
market was USD 0.75 billion in 2022, expected to reach USD 1.55 billion by 2030
(CAGR 10.1%) [101].

2. Key Drivers: Growth is fueled by rising orthopedic and cardiovascular disease preva-
lence, increasing demand for biodegradable, minimally invasive solutions, and regu-
latory advances in the U.S., Europe, and Asia. Innovation in surface coatings, alloy
development, and 3D printing, coupled with a shift toward personalized medicine,
further accelerates adoption.

3. Regional Leadership: Europe and North America lead due to early regulatory ap-
provals and high healthcare spending, while Asia-Pacific is the fastest-growing re-
gion, driven by investment, regulatory progress (notably in China), and an aging
population [109].

4. Competitive Landscape: Leading companies include Biotronik, Syntellix AG, Dong-
guan Eontec, SINOMED, and ZHUOMED. Bioretec and Bone Solutions are gaining
prominence following recent FDA breakthroughs.

4.6. Critical Analysis: Achievements and Persistent Controversies
4.6.1. Comprehensive Progress Synthesis (2020-2025): Barriers Addressed, Evidence,
and Outlook

Recent advances have substantially improved the clinical outlook for biodegradable
magnesium implants. For instance, the longstanding issue of unpredictable degradation
has been resolved with rare-earth-free alloys such as Mg-2Zn-1Mn, which achieve stable
degradation rates (0.36 mm/year and eliminate the ten-fold variability previously seen
(Figure 3, Table 7). Advanced coatings—mesoporous silica/Ce-doped glass, MAO/PLA
duplex, and bio-inspired layers—now provide up to five orders of magnitude improvement
in corrosion resistance and enable self-healing or bioactive responses (Table 11).
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Mechanical limitations have been overcome with microalloying (Mn, Zr) and process-
ing innovations such as LPBF and friction stir processing, raising yield strength above
200 MPa (Tables 8 and 9), which addresses the core concern for load-bearing use. Compos-
ite and hybrid materials (e.g., Mg-3Zn/Ti/HA) further tailor mechanical and biological
performance for demanding applications, while additive manufacturing enables com-
plex, bone-mimetic architectures with £50 pm precision and >90% batch reproducibility
(Tables 10 and 12).

Safety concerns from toxic elements and impurities have been systematically reduced
by shifting toward non-toxic alloying systems and advanced refining. Over 25,000 clinical
procedures (MAGNEZIX®) and extended animal studies now confirm reliable healing, min-
imal adverse events, and no significant alloy accumulation even in high-risk populations
(Table 13).

Manufacturing hazards and reproducibility issues have been minimized through
process optimization, industrial-scale atomization (>95% sphericity, 20-70 um), and real-
time quality control, reducing costs by 15-20% and supporting regulatory demands for
consistency (Table 12). Surface treatments are now validated for both regular and irregular
geometries, though work continues on optimizing coatings for highly complex patient-
specific shapes (Tables 11 and 12).

Regulatory ambiguity has lessened, with the first FDA Breakthrough and De Novo
clearances (RemeOs™, OSTEOREVIVE), multiple CE marks, and widespread adoption in
Asia and Europe (Table 14). Harmonized standards and improved clinical data—spanning
bone, trauma, and cardiovascular applications—have accelerated market growth and cross-
border acceptance (Market Impact section, Table 14). Remaining challenges include ultra-
long-term biocompatibility, regulatory pathways for next-generation smart coatings, and
full validation of AM-produced complex geometries, but the field is now firmly established
as clinically viable.

4.6.2. Ongoing Controversies: Results and Discussion

While the comprehensive progress outlined above has fundamentally advanced the
clinical prospects of biodegradable magnesium (Mg) implants—particularly in stabilizing
degradation rates, improving mechanical properties, and reducing toxicity—several critical
challenges persist. Many of these controversies now reflect the complexities introduced by
recent progress, rather than simple technological gaps, and highlight the need for deeper
integration of standardized methods, clinical validation, and regulatory harmonization.

Standardization: the unsolved foundation: Despite the demonstrable improvements
in alloy stability and reproducibility (Section 4: Degradation Control, Manufacturing &
Reproducibility), the lack of consistent, harmonized standards for evaluating Mg-based
implants remains a foundational barrier. For example, even as rare-earth-free alloys like
Mg-2Zn-1Mn deliver more predictable in vitro degradation (Table 7), reported rates for
similar systems (such as Mg-1Ca) still vary widely across studies—often by a factor of four
or more. This persistent variability is largely attributable to non-uniform testing protocols
and laboratory environments that do not replicate clinical conditions. Thus, while technical
advances have reduced material unpredictability, the absence of standardized evaluation
continues to undermine the comparability and clinical relevance of results.

The rare-earth dilemma: Section 4.1.1 highlights the industry’s transition toward
non-toxic, rare-earth-free Mg alloys and the corresponding reduction in impurity-related
risks. However, a disconnect remains between research innovation and market adoption.
Despite the focus on REE-free systems, leading commercial products (e.g., MAGNEZIX®,
RESOLOY®) still rely on REE-containing alloys such as WE43, supported by extensive
clinical and toxicological data showing safety at current exposure levels (Table 13). This
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divergence reflects not only scientific caution but also market inertia and regulatory conser-
vatism. The continued push for REE-free alternatives, while valuable, sometimes comes at
the expense of alloy performance and slows broader clinical adoption.

Lab results vs. clinical reality: Recent advances in coatings, microalloying, and ad-
ditive manufacturing (Sections 4.3 and 4.4) have enabled substantial improvements in
corrosion resistance, strength, and device complexity. Nevertheless, significant challenges
remain in translating these laboratory successes to robust, real-world clinical outcomes.
Complications such as gas cavity formation and premature loss of mechanical integrity
continue to be reported, particularly for load-bearing applications. Moreover, biological
responses—including cell viability and biocompatibility—still show high inter-study vari-
ability, in part due to the lack of standardization discussed above. This underscores the
need for rigorous, clinically relevant validation of new technologies.

Economic and market challenges: Market growth, although positive (see Market
Impact), lags behind that of the broader orthopedic sector, indicating that practical and
economic concerns remain substantial obstacles to widespread adoption.

Biological mechanisms: promise vs. proof: Advances in the understanding of Mg’s
biological effects (Section 4.1.3) have led to targeted research on controlled ion release and
specific healing pathways. However, consistent clinical evidence for these mechanisms
remains limited. Achieving reliable, therapeutic ion concentrations in vivo is complicated
by individual patient factors and the dynamic in vivo environment. In some cases, the very
properties that confer benefit—such as localized alkalinity from Mg degradation—may
also introduce new risks, such as bacterial colonization or imbalanced bone remodeling.

Regulatory disparities: Finally, although regulatory progress is evident (Section 4.4.3),
with recent FDA Breakthrough/De Novo designations and CE marks, the global regulatory
landscape remains fragmented. Faster approvals and less stringent follow-up in some
regions, compared to the U.S., complicate the interpretation and generalizability of positive
clinical data. This disparity underscores the importance of harmonized clinical protocols
and long-term outcome tracking to ensure the safe, effective, and equitable adoption of Mg
implants worldwide.

5. Remaining Challenges and Future Directions (2025 and Beyond)

Despite substantial advances in magnesium alloy corrosion protection, clinical transla-
tion, and surface modification technologies, several critical challenges remain unresolved
as the field approaches broader therapeutic implementation. Figure 5 provides a visual
overview of the key challenges that must be addressed for widespread clinical adoption
across six major areas: personalized degradation kinetics, long-term clinical safety evidence,
standardization and regulatory frameworks, smart implant integration, expanded clinical
applications, and strategic field priorities.

This chapter examines these challenge areas that must be addressed for widespread
clinical adoption, including personalized degradation kinetics, long-term clinical safety
evidence, standardization and regulatory frameworks, smart implant integration, expanded
clinical applications, and strategic field priorities.



Crystals 2025, 15, 671

22 of 35

Key Challenges

O Fine-Tuning & Personalization

Dramatic variability in degradation rates (0.36-15.9 mm/year)
requires patient-specific optimization. Current models lack
predictive accuracy for clinical translation.

Standardization & Regulation

Only 8 devices globally approved. Current ISO standards
inadequate for degradable materials. No harmonized
protocols exist.

(O Clinical Safety & Evidence

Only 2% of studies have >5 years follow-up. Gas cavity
formation occurs in nearly all patients. No globally accepted
safety thresholds exist.

% Smart Implant Development

No clinical implants have integrated biosensors. Real-time
monitoring remains experimental. Drug delivery limited to

prototypes.

[ Clinical Applications

Beyond orthopedics: cardiovascular shows promise but
intimal hyperplasia risks. <10% of trials evaluate non-
orthopedic uses.

Figure 5. Key challenges facing the field of biodegradable magnesium implants, highlighting critical
areas requiring immediate attention for successful clinical translation.

5.1. Fine-Tuning and Personalization of Degradation Kinetics
5.1.1. Lack of Patient- and Application-Specific Degradation Profiles

Achieving precise control over magnesium alloy degradation rates represents a fun-
damental challenge requiring patient- and application-specific optimization. Current
degradation models demonstrate substantial variability that underscores unpredictable
in vivo behavior, as shown in Table 15 [20,30,81,112-114]. This dramatic variability extends
across different alloy compositions and surface modification strategies, highlighting the
critical need for standardized approaches to degradation control.

The effectiveness of surface modifications varies considerably across different coat-
ing systems and application environments. Advanced protective systems have demon-
strated significant improvements in corrosion resistance, with bilayer coatings comprising
0.25 pm Ce(IlI)-doped mesoporous silica inner layers combined with 5.1 um hybrid glass
outer layers achieving corrosion resistance for up to 575 h without evidence of degra-
dation [29]. However, the translation from laboratory success to clinical predictability
remains challenging.

The challenge of matching degradation rates to healing timelines remains particularly
acute for load-bearing applications. Pure magnesium materials under physiological stress
lose 80-90% of their mechanical strength within 14 days, far short of the >24 weeks
required for full bone healing in load-bearing sites [78]. Target degradation rates have
been established at <0.2 mm yr_1 for bone scaffolds (3—6 months) and <0.1 mm yr_1 for
vascular stents (9—12 months), with complete resorption in 1-2 years [21].
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Table 15. Degradation rate variability across magnesium alloy systems.

Material/Coating System Degradation Rate/Mass Loss Test Conditions Reference
Pure Mg (99.99%) 3% mass loss (30 days) DMEM + 10% FBS [81]
Mg-2Sr-6Zn alloy ~50% mass loss (30 days) DMEM + 10% FBS [81]
Mg-2Zn-1Mn 0.36 mm/year In vivo [20]
Mg-6Zn 2.3 mm/year In vivo [20]
Mg-1Ca 1.3 mm/year In vivo [20]
Mg-25r 1.0 mm/year In vivo [20]
WE43MEO (15 um coating) 49.6 ug cm 241 Corrosion test [30]
WE43MEO (30 um coating) 30.3 ug cm 241 Corrosion test [30]
Bare Mg 6.96 mm/year Immersion test [112]
Zein-BG coated Mg 0.86 mm/year Immersion test [112]
ZE21B bare 15.9 mm-year ! 336 h test [113]
ZE21B + cp19k coating 9.36 mm-year ! 336 h test [113]
Mg-1Zn-2.9Y 13 mm/year Clinical study [114]
Mg-2Zn 0.4 mm/year Clinical study [114]

5.1.2. Need for Improved In Vitro Models

Current experimental setups lack the standardization required for regulatory harmo-
nization and accurate prediction of in vivo behavior. Table 16 summarizes current testing
methodologies and their limitations [80,81,112,115,116]. The development of improved
in vitro testing methods that accurately simulate physiological environments is essential.

Table 16. In vitro testing methodologies and standardization challenges.

Test Parameter Current Approach Variability/Limitation Reference
Solution composition pH 5.6-7.45, CI~: 145-148 mM Sigrificant varation affects [115]
inetics
Sample preparation 0.5 g Mg chips in 500 mL solution Noiz’::éi(ifglied [115]
Test duration 22-24 h monitoring Short-term assessment only [115]
Mg concentration range 58.70 4 2.35 to 792.5 + 111.0 mg/L Optimized extraction [80]
parameters
Volume change quantification Only 30% of studies measure Insufficient characterization [81]
Coating effect assessment <40% of studies evaluate Limited surface modification data [81]
Gas cavity volume (1.0 um coating) 1.57 £ 0.23 mm?/mm? Coating thickness dependent [116]
Gas cavity volume (1.6 pm coating) 1.06 £ 0.22 mm?/mm? 28-day measurement [116]
Gas cavity volume (2.0 um coating) 0.38 & 0.09 mm?/mm? Critical coating control needed [116]
Hydrogen evolution (bare Mg) 73.4 mL/cm? (10 days) Gas production measurement [112]
Hydrogen evolution (coated) 37.7 mL/cm? (10 days) Coating effectiveness [112]

Systematic optimization of extraction parameters through controlled buffer com-
position and quaternary/decuple dilution strategies established reproducible cytotoxi-
city testing methodology with Mg concentrations ranging from 58.70 + 2.35 mg/L to
792.5 £ 111.0 mg/L. The current ISO 10993-5 [48] and 10993-12 [117] standards are insuf-
ficiently specific for degradable materials like magnesium alloys, requiring new guide-
lines for extract preparation and cytotoxicity testing tailored to dynamic, degradable
systems [80].

5.1.3. Insufficient Predictive and Real-Time Monitoring Tools

While predictive modeling approaches have achieved remarkable accuracy, the
integration of predictive modeling with real-time biosensor feedback remains largely
unrealized but represents a critical pathway toward personalized degradation pro-
files. Table 17 presents current capabilities and limitations in predictive modeling and
monitoring technologies.
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Table 17. Predictive modeling and monitoring capabilities.

Technology/Approach Performance/Capability Accuracy/Resolution Reference
Multi-input CNN Corrosion curve prediction 0.5% mean relative error [30]
Bayesian optimization Mg?* diffusion in NaCl 0.06273 mm? /h coefficient [115]
Bayesian optimization Mg?* diffusion in SBF 0.000338 mm? /h coefficient [115]
Simulation prediction error (NaCl) Quantitative benchmarking 5.35% maximum error [115]
Simulation prediction error (SBF) Quantitative benchmarking 1.03% maximum error [115]
ML alloy composition analysis Zn primary determinant identification Quantitative ranking [83]
Active learning ML (TPMS) Yield strength optimization >20% improvement (6 cycles) [21]
pH microprobe monitoring Spatial resolution capability 10 x 50 um tip, 50 um positioning [115]
Electrochemical tracking Self-healing mechanism detection Real-time potential monitoring [29]

Current electrochemical monitoring techniques demonstrate spatial resolution capa-
bilities essential for understanding in vivo degradation patterns [115]. Real-time monitor-
ing capabilities have been demonstrated through electrochemical tracking of self-healing
mechanisms, evidenced by sudden open circuit potential drops and subsequent recov-
ery, confirming cerium migration to corrosion sites [29]. Despite these technological ca-
pabilities, the lack of biosensor-enabled feedback loops for dynamic control remains a
significant limitation.

5.2. Gaps in Clinical Safety, Efficacy, and Evidence

5.2.1. Insufficient Long-Term Clinical Data (5-10 Years)

While laboratory evaluations demonstrate current densities as low as ~10~ 1 A cm~2,

representing five orders of magnitude reduction compared to bare magnesium [29], com-
prehensive longitudinal clinical data spanning 5-10 years remain critically lacking. As
of 2024, only 2% of registered clinical studies for magnesium devices report follow-up
exceeding 5 years [116].

Key Clinical Timeline Limitations:

*  Most published clinical studies cover only 1-3 years;
*  Longest follow-up extends to 152 weeks (~3 years) showing no implant breakage or

severe complications [79];

*  MgYREZr screws follow-up limited to 6-12 months with no systemic inflammatory

reactions [78];
¢  DREAMS cardiovascular devices showed complete degradation in 9-12 months with

no scaffold thrombosis in 46-patient trial [78];

*  Most REE toxicity studies are cross-sectional or short-term (<2 years), with less than

5% providing longitudinal tracking beyond five years [25].

Recent clinical experience with high purity magnesium screws shows complete degra-
dation at 116 £ 24.8 weeks post-implantation with radiolucent zones peaking at 2 weeks
and gradually resolving [78]. Animal studies spanning longer periods have shown promis-
ing results, with CKD rat models demonstrating no pathological changes or systemic
toxicity in major organs after up to 12 weeks, estimated to correspond to over 7 years in
human lifespan equivalence [79].

5.2.2. Unresolved Issues with Adverse Effects and Clinical Endpoints

Clinical observations have highlighted persistent challenges requiring systematic
resolution. Gas cavity formation occurs in nearly all patients (38 of 39) receiving Mg-
based screws for hallux valgus at 6 weeks post-implantation, with early disintegration and
implant failure in 7 and 1 out of 39 cases, respectively [116].

Critical Endpoint Definition Gaps:

e No globally accepted threshold for acceptable hydrogen gas cavity size or Mg?* serum
levels post-implantation.
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e  Safe Mg?* concentrations estimated at 2.5-10 mM for optimal osteogenesis and
<20 mM to avoid toxicity [78].

*  Variable definitions for endpoints such as “complete degradation” and “osseointegration”.

*  37.8% of studies focus on cytotoxicity in cell lines while only 12% address environ-
mental or occupational exposures with direct clinical correlates [25].

The concentration-dependent nature of biological responses presents particular chal-
lenges, where moderate REE content alloys (GDY1.5: 1.36% Gd, 2.48% Dy, 0.93% Y)
achieved maximal stimulation of cell proliferation and osteoblastic activity with statis-
tically significant increases in ALP activity (p = 0.0018) compared to controls. However,
alloys with excessive REE content (GDY2.5: 2.32% Gd, 4.09% Dy, 1.95% Y) showed cyto-
toxicity with proliferation below control levels (p < 0.0009), indicating narrow therapeutic
windows [24].

5.3. Standardization and Regulatory Barriers
5.3.1. Absence of Harmonized Protocols and Standards

The field faces critical challenges due to the lack of standardized protocols and inter-
nationally harmonized testing frameworks. Table 18 summarizes current standardization
gaps and their impact on regulatory approval.

Table 18. Current standardization gaps and regulatory challenges.

Impact on Regulatory

Category Current State Identified Gaps Approval References

Immersion tests: 0.5 g Mg chips Lack of standardization Variable results

Testing Protocols in 500 mL solution, required for regulatory compromise regulatory [115]
22-24 h monitoring harmonization submissions
. pH: 5'6,_ 7.45; No consensus on standardized Inconsistent data affects
Solution Parameters cl testing environments cross-study comparisons [115]
145-148 mM & y comp
. e Current standards
ISO 10993-5, Insufficiently specific for )

IS0 Standards 10993-12 available degradable materials inadequate for' Mg (801

alloy evaluation

o ASTM protocols for in vitro Abse.nc.e of standa.rdlzed Barriers to regulatory
Clinical Frameworks testin clinical evaluation approval and global [112]
esting frameworks adoption
Missing standards for 1

corrosion measurement Cannot evaluate

LPBF-Specific Protocols No unified protocols exist . . ’ advanced manufacturing [21]
mechanical testing, approaches
biocompatibility evaluation PP
. None with integrated .
Approved Devices 8 devices globally biosensors or therapeutic Conserva.tlvle app rova.l [22]
approved (2023) delivery pathways limit innovation

Estimated safe Mg?*: No globally accepted Uncertainty in

Safety Thresholds 2.5-10 mM (optimal), thresholds for H, gas or Mg?* establishing approval [78]
<20 mM (toxicity limit) serum levels criteria

5.3.2. Challenges for Regulatory Approval and Clinical Adoption

Despite considerable progress in the science and engineering of biodegradable metal-
lic implants, their regulatory journey remains in its infancy. Globally, regulatory ap-
provals have been granted to only a select few devices—none of which yet incorporate
advanced features such as integrated biosensors or therapeutic delivery systems [22].
This reflects both the caution of current regulatory frameworks and the novelty of these
emerging technologies.

Moving forward, the field faces pressing challenges: harmonizing reporting standards,
establishing universally accepted clinical endpoints (for example, in distinguishing benign
radiolucency from pathology, or defining acceptable hydrogen gas and serum magnesium
levels), and developing clear pathways for approving multifunctional implants infec-
tion [118]. A critical component of this process is the development of robust international
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testing standards specific to degradable magnesium alloys. Organizations such as ASTM
International (notably Committee F04), ISO (particularly Technical Committee 150), and na-
tional regulatory agencies are actively working to establish and harmonize test methods for
degradation, mechanical properties, and biological safety. Recent initiatives include the de-
velopment of draft standards such as ISO/TS 20721:2025 [119] for absorbable metals. How-
ever, universally adopted protocols remain under development, and continued progress
will require close collaboration between researchers, manufacturers, and regulators.

As research efforts and interdisciplinary collaborations intensify, it is anticipated that
future regulatory frameworks will adapt to better accommodate the unique characteristics
and transformative potential of next-generation biodegradable implants.

5.4. Smart Implant Development: Unmet Needs
5.4.1. Integration of Biosensors Remains Experimental

Integration of biosensors for real-time monitoring represents a transformative oppor-
tunity that remains largely unrealized in clinical practice. No currently available Mg-based
implant integrates biosensors or telemetry for direct, real-time tracking of degradation
or bone healing progress [120]. While proof-of-concept devices exist in laboratory set-
tings, robust, biocompatible, and affordable sensors for routine clinical use are not yet
available [78].

Current Monitoring Capabilities:

*  pH microprobes (tip size: 10 x 50 um, positioned 50 pm above magnesium surfaces)
demonstrate spatial resolution capabilities [115];

*  Real-time electrochemical responses to corrosion events suggest feasibility for embed-
ding biosensors within coating architectures [29];

*  Recent prototypes feature embedded microelectronic biosensors monitoring local
pH, Mg?*, or REE ion concentrations with wireless readouts for up to 3 months
post-implantation [58];

*  Dual-mode devices combining degradation tracking with mechanical strain sensors
can detect changes in implant stability with <5% error margin [58].

LPBF allows for complex internal architectures, enabling future integration of drug
reservoirs or stimuli-responsive coatings, with early-stage evidence that multilayer or
composite coatings can modulate corrosion and enable additional functionalities [21].

5.4.2. Therapeutic Agent Delivery Not Yet Realized in Clinical Practice

Development of therapeutic delivery capabilities leverages substantial surface area of
mesoporous inner layers (BET surface area: 635.7 m? g1, average pore diameter: 2.50 nm)
as reservoirs for controlled drug release [29], yet clinical translation remains limited to
prototype and animal testing phases.

Advanced multi-agent systems are under development, with polydopamine/
hydroxyapatite/BMP-2 coating on AZ31 alloy enabling controlled release of growth fac-
tors, resulting in significantly smaller empty cavities and enhanced bone formation in
rabbits [121]. Multilayer coatings capable of sequentially releasing anti-inflammatory
agents (dexamethasone at 1-3 pg/day) and growth factors (BMP-2 at 50-200 ng/day)
show 30% faster bone healing compared to uncoated controls in initial in vivo results [58].
Performance characteristics of delivery systems are shown in Table 19.
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Table 19. Therapeutic delivery system performance.
Coating System Drug/Agent Release Profile Biological Effect Reference
ZnO H; volume: 54.63 — e
Mg-ZnO-N nanoparticles 14.72 mL/cm? Cell viability: 1.118 — 1.981 [89]
Cu/ZnO H; volume: 54.63 — S,
Mg-Cu/ZnO-N nanoparticles 6.67 mL/cm? Enhanced cell viability [89]
Bisphosphonate-MAO Bisphosphonate Stable binding, controlled Inhibits osteosarcoma, 78]
release supports bone regeneration
Drug-PEO composite Various drugs Susmm;ié?if;% days, Controlled therapeutic delivery [96]
Curcumin-PEO Curcumin NIR-responsive release 99.95% antibacterial (S. aureus) [96]
- . Zero-order kinetics, 45% Corrosion rate:
PLGA /sirolimus Sirolimus release 0.095 —+0.075 mm/y [96]
GelMA-DOPA Catechol groups 0.38 mM catechol content Coating thickness: 9.62 + 1.7 um [122]
5.5. Broadening Clinical Indications: Barriers and Opportunities
5.5.1. Unproven Performance in Non-Orthopedic Applications
Exploration of magnesium alloys beyond orthopedic applications reveals significant
potential across multiple medical specialties, yet substantial challenges limit clinical trans-
lation (see Table 20).
Table 20. Non-orthopedic application performance.
Application Material/Device Performance Metrics Challenges Reference
. Endothelialization: Intimal hyperplasia:
Cardiovascular AE21, WE43, JDBM stents 6-10 days, Patency: 98 days 40% lumen reduction [121]
Cardiovascular AZ91 stents Complete degradation: 7 days . Rapld degrada.h(.)r.l, [95]
imaging compatibility
Spinal Fusion Mg-Sr alloys (2 wt%) Optimal mechanical strength Low compressive st rength, [78]
gas accumulation
. . AZ31 staples . Coating durability in harsh
: . 3
Gastrointestinal (MAO/PLLA) Complete degradation: 90 days environment [83]
Gastrointestinal Pure Mg staples Homoge; 3\(]):eskcsorr051on: Degradation rate control [78]
Dental/Craniofacial Mg screws/ Under investigation Application-specific requirements [88]

mini-plates

Cardiovascular Applications:

1.  Prototype Mg alloy stents (AE21, WE43, JDBM) demonstrated complete endothelial-
ization within 6-10 days in porcine models;

2. Arterial patency support up to 98 days post-implantation but revealed risks of intimal
hyperplasia (40% lumen reduction at 10-35 days) [121];

3. AZ91 Mg-alloy-based stents demonstrated complete degradation within 7 days in
some models [95];

4. Only a minority of clinical trials (<10% of all REE/biodegradable metal research) have
evaluated cardiovascular stents [25].

Spinal Fusion Applications:

Early animal studies with magnesium-based spinal cages show enhanced fusion
potential but face challenges from low compressive strength and gas accumulation risks.
Mg-Sr alloys with 2 wt% strontium content demonstrated optimal mechanical strength and
corrosion resistance for potential load-sharing spinal devices [123-125].

Gastrointestinal Applications:

Biodegradable AZ31 Mg alloy staples with MAO/PLLA double coating exhibited
complete degradation after 90 days in Beagle dog colon anastomosis models with no
adverse tissue effects [83]. Pure Mg staples demonstrated homogeneous corrosion without
fracture in pig gastric wall over 9 weeks [126].

Currently approved devices include coronary stents (Magmaris®), bone screws
(MAGN EZIX®, Resomet™), oral membranes, biliary stents, and vascular closure devices,
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but applications in spinal fusion, dental, and craniofacial reconstruction remain in preclini-
cal or early clinical phases (see Table 20) [22].

5.5.2. Lack of Cross-Disciplinary, Multicenter Research

The computational-experimental frameworks developed for orthopedic applications
have not yet been extensively validated across diverse clinical environments. Integration of
biosensors for monitoring both degradation and surrounding tissue responses is indicated
as a promising but underdeveloped area with less than 10% of the literature incorporating
advanced modeling or real-time biosensor data for degradation assessment [25].

Interdisciplinary studies involving materials science, toxicology, and clinical medicine
are still rare, with only about 10% of the literature specifically addressing cross-disciplinary
approaches to tackle the complex interactions between degradation products, local tissue
response, and systemic health effects [25].

Recent collaborative efforts are showing promise, with early-phase trials of REE-
enhanced Mg stents reporting patency rates of 92% at 12 months, while pilot studies in
spinal models indicate that REE-containing magnesium cages can achieve bone fusion
rates up to 85% at 6 months. Exploratory clinical use in dental implants demonstrates
osseointegration within 8 weeks with no adverse local tissue reactions in preliminary
cohorts [58].

5.6. Key Strategic Priorities for the Field

The field must prioritize several critical areas to advance from experimental promise to
widespread clinical implementation. Figure 6 illustrates the comprehensive strategic frame-
work necessary for advancing biodegradable magnesium implants across immediate re-
search needs, technological development priorities, and application-specific requirements.

Key Strategic Priorities for the Field

Immediate Research Technology Development Application-Specific
» Long-term Clinical Studies CRITICAL » Real-time Monitoring HIGH » Target Degradation Profiles MEDIUM
Multicenter, >5 years, harmonized endpoints Non-invasive tracking <0.2 mm/yr (bone),

» Regulatory Harmonization

New ISO for degradable materials

<0.1 mm/yr (vascular)

CRITICAL Smart Multifunctional Cross-Disciplinary
> Implants [E1(ELE] > Collaboration

Biosensors & drug delivery Materials + clinical integration

MEDIUM

Figure 6. Key strategic priorities for the field.

6. Conclusions

Biodegradable magnesium implants have advanced from repeated early failures to
emerging clinical success, with over 25,000 procedures now documented worldwide. Key
breakthroughs from 2020 to 2025 include rare-earth-free alloys achieving predictable degra-
dation rates (0.36 mm/year), surface coatings providing five orders of magnitude corrosion
improvement, and manufacturing processes delivering £50 um precision with >90% re-
producibility. These advances, combined with recent FDA Breakthrough designations and
expanding CE marks, demonstrate the technology’s growing maturity.

However, critical challenges prevent widespread adoption. Testing protocols vary
dramatically between laboratories, producing up to four-fold differences in reported degra-
dation rates for identical materials. Long-term safety data beyond three years remains
scarce (only 2% of studies), while promised capabilities like integrated biosensors and drug
delivery remain confined to laboratory prototypes. Most critically, the lack of internation-
ally harmonized standards creates regulatory uncertainty that discourages investment and
delays clinical translation.
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Strategic Recommendations:
For Researchers:

*  Prioritize development of standardized in vitro testing protocols that accurately pre-
dict in vivo behavior.

*  Focus on patient-specific degradation models incorporating machine learning (target-
ing <5% prediction error).

e  Establish multicenter clinical registries tracking outcomes beyond 5 years.

*  Advance biosensor integration from proof-of-concept to clinically viable systems.

For Regulators:

e  Establish harmonized international standards specific to biodegradable metals (build-
ing on ISO/TS 20721:2025 [119]).

* Define clear thresholds for acceptable hydrogen gas evolution and serum
magnesium levels.

*  Create accelerated pathways for next-generation smart implants with integrated
functionality.

¢ Develop guidance documents distinguishing biodegradable devices from traditional
permanent implants.

For Industry:

¢ Invest in scalable manufacturing processes ensuring consistent quality across
complex geometries.

¢  Implement comprehensive post-market surveillance systems tracking long-term degra-
dation profiles.

¢  Collaborate with academic centers to validate predictive models against real-
world outcomes.

¢  Focus initial commercialization on applications with clear clinical advantages over
existing solutions.

The path forward requires coordinated action. Without standardized testing and
regulatory clarity, the field risks fragmenting into incompatible regional approaches. With
proper coordination, biodegradable magnesium implants can transition from promising
technology to routine clinical practice, ultimately eliminating the need for millions of
implant removal surgeries annually.
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Abbreviations

The following abbreviations are used in this manuscript:

LAE442 Lithium-Aluminum-Rare Earth Magnesium Alloy
ZE21B Zinc-Rare Earth Magnesium Alloy

MgYREZr Magnesium-Yttrium-Rare Earth-Zirconium Alloy

GDY Gadolinium-Dysprosium-Yttrium Alloy Series

JDBM Specific Magnesium Alloy Designation

AE21 Aluminum-Rare Earth Magnesium Alloy

SNDP-CG Severe Nano-scale Deformation Processing—Crystal Glass
LPBF Laser Powder Bed Fusion

FSP Friction Stir Processing

ECAP Equal-Channel Angular Pressing

HPT High-Pressure Torsion

SPD Severe Plastic Deformation

LSP Laser Shock Peening

PTMC-dMA Poly(Trimethylene Carbonate)-Dimethacrylate
AMP-PEEK Amorphous Magnesium Phosphate-Polyetheretherketone
GelMA-DOPA Gelatin Methacryloyl-Dihydroxyphenylalanine

MAO Micro-Arc Oxidation

PEO Plasma Electrolytic Oxidation

MBG Mesoporous Bioactive Glass

cpl9k Barnacle Cement Protein 19k

CGRP-FAK-VEGF

axis

Calcitonin-Gene-Related Peptide-Focal Adhesion Kinase-Vascular
Endothelial Growth Factor Pathway

TDsg Toxic Dose 50% (dose causing toxicity in 50% of subjects)
TPMS Triply Periodic Minimal Surface
BET Brunauer-Emmett-Teller (surface area analysis method)
NMPA National Medical Products Administration (China)
KFDA Korea Food and Drug Administration
IDE Investigational Device Exemption (FDA regulatory pathway)
SBF Simulated Body Fluid
DMEM Dulbecco’s Modified Eagle Medium
FBS Fetal Bovine Serum
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