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Abstract: Biodegradable metal alloys are new classes of biomaterials that can offer mechanical support that
will dissolve in the human body after the therapeutic regime. Alloy implants made from magnesium, zinc
and iron will have more advantages than conventional ones as they do not present long term side effects.
Also, they will not require removal. This study explains recent findings, designs and constructions of metal
alloys that are highly biodegradable for temporary purposes. Welders of materials beneath human skin
must certainly be familiar with each of these properties: corrosion house, integrity, biocompatibility.
Research shows that your body responds quickly to natural elements, helping performance and recovery.
We include antioxidants and growth problem solvers. We have updated the breakdown systems and your
human response. Apart from that, new applications can arise in injections, arthritis, and heart and tissue
repair. All of these methods require careful timing to function correctly. While having known alloys
presents great issues for material outcome and "degradation" of parts, the challenges continue. Hospitals
can use biodegradable metallic alloys, which allow for the use of advanced materials for the transfer from
lab study to common practice.
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Introduction

The medical implants technology innovations has impacted the healthcare sector and saved million lives
worldwide and growing. Metallic implants have been essential in orthopedic, cardiovascular, and
craniofacial reconstruction due to their mechanical strength and durability. Conventional metallic
implants are indeed advantageous and widely used but the permanence of these implants (which
commonly consist of stainless steel, cobalt-chromium and titanium alloys) also leads to multiple
physiological and clinical complications that limit their long-term success [1]. Because these materials
cannot degrade or be resorbed, they need secondary surgical removal. This causes greater chances of
infection, inflammatory response, and high health-care costs [2; 3]. These implants have an elastic moduli
that is far superior to bone But) it results in mechanical mismatch. The stress shielding and subsequent
bone resorption affect the osseointegration and stability of the implant.

The urgent demand now is for biodegradable metallic implants (BMls), fundamentally advanced materials
which can impart mechanical support during the healing phase and subsequently cease to exist in the body.
Medical materials science essentially aims to develop engineered materials that can be successfully
transplanted into the human body. Magnesium based alloys are one of the potential candidate materials,
which came under increased attention due to their mechanical properties which are similar to those of
human bone. Moreover, alloys found in the human body have shown to have a positive biological impact
on osteogenesis as well as angiogenesis [4; 5]. Researchers think that, unlike a permanent metallic implant
which becomes a permanent foreign object in the body, magnesium could be a better bet [1]

However, biodegradable metallic systems possess several significant challenges that prevent their
successful clinical translation. The main challenge is to achieve degradation kinetics that align with tissue
healing rates [6]. If the degradation is too fast, mechanical failure may occur, and hydrogen gas can
accumulate around the site of the implant. Conversely, a degradation process that is too slow may lead to
long-term foreign-body exposure, which is counter to the biodegradability of the materials [7]. So, it is
essential to control the loss of quality so that the structure remains intact during the healing phase. It will
surely undergo complete resorption thereafter. Balancing these competing requirements necessitates an
integrated understanding of material composition, electrochemical stability, and local biological
interactions in the implantation environment [8].

Another key issue is mechanical stability as well as degradation control. The implant should be able to
carry an adequate load while healing, similar to bone tissue. Although magnesium is a good biocompatible
and biodegradable material, it has a low yield strength and is likely to undergo stress corrosion cracking
in physiological environments [6]. To overcome these shortcomings, alloying elements such as calcium,
zinc, and manganese can be added at specific levels to improve strength, corrosion resistance, and
microstructural uniformity [4]. These changes not only provide stability to the mechanical properties but
also influence the morphology of corrosion and patterns of ion release, which are critical to biological
compatibility during degradation. The biological performance of biodegradable metallic implants is also
decisively determined by their surface characteristics. The initial protein adsorption, initial cell adhesion,
and subsequent tissue integration are determined by the interface between the surface of the implant and
the surrounding biological environment. When bone cells stay on and grow on the surface of an implant
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(osseointegration), there is mechanical anchorage as well as healing at an ideal speed. Also, surface
engineering can support that ideal osseointegration.

On the other hand, poorly designed surfaces can generate an inflammatory response or bacterial
colonization, leading to the rejection or infection of implants. According to [9] Recent advancements in
surface modification techniques such as plasma electrolytic oxidation, anodization, and hydroxyapatite
coating are effective at enhancing corrosion resistance and promoting osteoblast proliferation [8]. Similarly,
customized surface roughness, porosity, and surface energy through chemical and physical treatments
create a bioactive interface simulating the natural bone microenvironment.

Both polymers and ceramics have been researched as biodegradable materials for some time now, but they
do not offer enough mechanical strength for use in load-bearing applications [1]. Durability degradation of
polymeric materials into acidic by-products can cause local inflammation and pH imbalance. Although
ceramics are biocompatible, they are brittle and inflexible for applications in dynamic biological systems.
Unlike the options above, biodegradable metallic alloys provide both strength and adaptability, which
biological mechanisms can trigger. Thus, they can be deployed into wide-ranging applications, including
orthopedic, cardiovascular, and maxillofacial usages [10; 11]. Magnesium-based implants are similar to
cortical bone in terms of structure. They would therefore be expected to maintain biomechanical
compatibility and stress shielding (which refers to the decrease in bone density that occurs near metallic
implants) [12]. Long-term use of biodegradable alloys may offer support in load distribution and stimulate
osteogenesis for better physiological response. A key area of research here involves decoding and
manipulating the corrosion mechanisms that cause degradation in physiological environments. The alloy's
microstructure, surface film formation, and ionic composition together govern the corrosion mechanisms
and rates of degradation of the alloy. Magnesium dissolves in metal construction, producing hydrogen and
magnesium hydroxide. The presence of Mg(OH), has a temporary inhibitory effect, but the addition of
chloride ions from body fluids disrupts this layer, resulting in accelerated degradation. [6,8]. So, to achieve
predictably uniform degradation, the material design strategies should ensure microstructural
homogeneity, the distribution of grain boundaries, and the stability of the passive film. In the work of [7],
advanced characterization techniques such as electrochemical impedance spectroscopy, X-ray diffraction,
and in vivo imaging are increasingly being applied. When designing biodegradable implants, to achieve a
controlled degradation rate that aligns with the timeline of tissue restoration is mostly considered, as
depicted in Figure 1. The degradation rate can be regulated by selecting appropriate alloying elements.
Incorporating these elements enhances degradation or corrosion resistance up to a certain threshold,
beyond which the resistance will decline and controlled failure will progress [13]. Magnesium (Mg) alloys
are among the materials employed for biodegradable purposes.
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Figure 1: Degradation process for biodegradable Magnesium implant.
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There are many innovations in surface engineering in recent times, which hold great promise for
simultaneous corrosion control and biointegration. The addition of bioactive ceramics like hydroxyapatite
or bio-glass in coatings can prevent corrosion and enhance bone bonding due to their osteoconductive
surface. Likewise, polymer coatings that are modified with therapeutic or anti-bacterial agents offer
controlled drug release and resistance to infection. These multilayer coatings convert implants from passive
supports to active biological interfaces that modulate cellular behavior and promote healing. The addition
of nanostructured or hierarchical surfaces to biodegradable metals enhances the surface area-to-volume
ratio of these materials, improving their interaction with cells and promoting tissue regeneration [9]. The
world is moving towards personal and regenerative medicine, which creates demand for materials that
respond to individual patients. The changing composition and mechanical properties of biodegradable
metals serve the purpose well. The merging of additive manufacturing (3D printing) allows for patient-
specific implants with complex geometries that imitate natural bone architectures, enhancing further
functional outcomes [4]. Examples of such approaches bring together materials science, bioengineering,
and clinical engineering as credible candidates for next-generation biomedical implants. Even with the
innovations, achieving widespread clinical penetration is difficult. Testing and regulations should change
to allow for biodegradable systems that can degrade at different rates over time. The growing healthcare
needs of aging populations and trauma cases are critical. So, collaboration is essential. Interdisciplinary
cooperation between material scientists, engineers, and clinicians is vital to translate laboratory
breakthroughs into real-world solutions.

This study aims to investigate the current status of biodegradable metallic implants, focusing on material
innovations and performance optimisation to balance degradation kinetics, mechanical stability, and
biocompatibility. By reviewing material design, surface modification, and biological integration, this study
identifies promising pathways toward next-generation biodegradable implants with clinical safety,
functional reliability, and regenerative capacity for medical applications in the global health market.

Method

Research Design

This study adopted a systematic review and analytical synthesis approach to examine recent advances in
biodegradable metallic alloys, with particular emphasis on their biocompatibility, degradation kinetics,
and functional performance in biomedical implants. The research design integrates quantitative data
interpretation and qualitative content analysis drawn from peer-reviewed publications, laboratory reports,
and experimental case studies. The approach was chosen to ensure a comprehensive evaluation of existing
scientific evidence and to identify key gaps guiding future material innovation.

Data Sources and Selection Criteria

Relevant scholarly materials were retrieved from reputable databases, including ScienceDirect, PubMed,
SpringerLink, and Scopus, covering the period 2015-2025. Search keywords included "biodegradable metal
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implants," "magnesium alloys," "zinc-based biomaterials," and "surface modification of bio-metals."
Publications were screened based on the following inclusion criteria:

Studies focused on biodegradable metallic systems applied in orthopedic or cardiovascular contexts are
ongoing.

Data Extraction and Analytical Approach

Data extraction involved identifying and categorizing information under key themes: composition of
alloys, fabrication and processing routes, corrosion mechanisms, and biological interactions. Quantitative
data such as degradation rates, tensile strength, and ion release profiles were tabulated and compared

across alloy systems. A comparative matrix analysis was employed to synthesize trends among Mg-, Zn-,
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and Fe-based biodegradable alloys, highlighting the correlation between material composition, surface
modification strategies, and in-vitro/in-vivo behavior.

Validation and Reliability

To ensure methodological reliability, multiple reviewers independently verified extracted data to minimize
bias. Consistency checks were conducted using cross-referencing of experimental results and citation
triangulation. The study adhered to PRISMA guidelines (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) for transparency and reproducibility.

Ethical Considerations

Although this research relied primarily on secondary data, all referenced materials were sourced from
open-access or institutionally licensed databases, with appropriate citation and acknowledgement to
preserve academic integrity. Ethical compliance followed the Committee on Publication Ethics (COPE)
framework for responsible research reporting.

Principles of Biodegradable Metallic Alloys

The first principle of biodegradable metals is to control electrochemical dissolution so that the degradation
occurs predictably and biologically acceptably [14]. Biodegradable alloys are made to dissolve in
physiological media. Like the absorption of salt or minerals, they dissolve, allowing a regular metabolism
to take over. The magnesium ions released during degradation play key roles in cellular signaling and bone
mineralization, making them tolerable and even therapeutically beneficial [15; 16]. The alloy composition,
microstructure, and surface properties of such materials influence their degradation behavior. By adding
magnesium with elements such as calcium, zinc, and rare earth elements, it can change the grain size and
corrosion potential. The dissolution rate is compatible with tissue regeneration [17]. Surface Treatments
passivate or reduce local corrosion while mechanical stability is ensured during healing. So, the main issue
to conquer while designing the biodegradable metal is this balance - strong enough for the tissue yet weak
enough to fade away.

Biodegradable Degradation

Scaffold
Figure 2: Schematic Illustration of Biodegradable Scaffold Degradation and Tissue Healing Process

Tissue Healing

Electrochemical Dissolution in Physiological Environments

Biodegradable metals break down in living subjects due to electrochemical reactions at the metal surface's
interfacial region and the physiological lifecycle. The environment has a significant influence on the
response, especially the pH, ionic strength, temperature, and protein adsorption [6]. For magnesium-based
implants, degradation commences when the metal reacts with water molecules to form magnesium
hydroxide and hydrogen gas. The formation of this hydroxide layer offers temporary protection, but it is
easily disrupted in the presence of chloride ions found in physiological fluids [8]. If the degradation
happens too fast, hydrogen gas may build up in the area near an implant. Although less common, this may
cause subcutaneous gas pockets or embolism [19]. Additionally, [20] showed that an increase in local
alkalinity, which occurs due to the formation of hydroxide, may disrupt cell metabolism and impede

Novalex

PRESS



Chima UP et al NextGen Chemical Discoveries, 2026, 2(2):1-19

osteogenesis. So, electrochemical optimization aims not at corrosion prevention, but at corrosion
regulation, that is, maintaining functional performance until tissue integration occurs. Researchers carry
out surface engineering and tuning of composition. The metal surface is exposed to harsh ions when a
metal coating is used. Surface coatings like Hydroxyapatite (HA) or polymer films create diffusion barriers.
They are helpful to the implant surface.

The addition of new elements, such as zinc and calcium, achieves a more uniform corrosion with less pitting
[21]. It has also been argued that this new composition reduces allergic reactions and improves
biocompatibility. Not only chlorides but also other physiologically relevant ions, such as phosphates,
sulfates, and carbonates, can interact with metallic ions during corrosion. These can help form complex
compounds, which stabilize or accelerate degradation depending on the local electrochemical balance [22].
By studying these interactions at the microscopic level, it becomes possible to design alloys that can
dissolve predictively in nature.

Degradation for Tissue Healing

To function correctly, biodegradable implants should have kinetics that match the tissue regeneration rates.
In an ideal situation, a prosthesis has mechanical stability at the beginning of the healing phase and
gradually transfers stress to the regenerating bone through degradation [29]. If the degradation occurs too
quickly, the structure can lose strength before complete healing has taken place, and this can cause collapse
or nonunion. On the other hand, slow degradation allows remaining portions to hamper tissue remodeling
and induce inflammation [23].

The microstructure of the alloy plays a key role in determining degradation kinetics. Uniform corrosion is
seen with fine-grained structures having homogeneous phase distribution. Pitting or localized corrosion is
seen with heterogeneous structures. Furthermore, environmental factors, including mechanical forces,
fluid movement, and pH, add complexity to the degradation process. Stress or cyclic loading can lead to
microcracks that promote anodic sites for localized corrosion under stress [24]. Controlled degradation also
enables gradual load transfer from an implant to its surrounding bone, leading to bone remodeling through
mechano transduction pathways. In contrast, sudden loss of support or uneven degradation may set off
micro-instabilities that damage osteointegration. So, knowledge of materials science and biomechanics
must be integrated so that the degradation kinetics complement natural healing and not interfere with it.
Thermodynamics and Kinetics of Corrosion Processes

The thermodynamic stability and kinetic control dictate the corrosion behavior of biodegradable metals.
Thermodynamics determines the favorability of the corrosion reactions. The kinetics determine how fast
the corrosion reactions occur under physiological conditions [6]. The Pourbaix diagram is an example of
how regular tools can make theoretical predictions about the stability of metals. The diagram shows ranges
of pH and potential, indicating whether the passive film would form or dissolve. In biological systems, in
reality, corrosion rates differ from thermodynamic predictions due to kinetic barriers like diffusion
limitations, protein adsorption, and complexing agents [25].

Magnesium and zinc alloys create an oxide or hydroxide layer that temporarily prevents corrosion, but this
layer breaks down as chloride ions attack it, causing localized pitting [26]. The stability of these films
depends on their alloy composition and microstructure. Zinc systems have longer reaction times, which
makes them applicable where long-term structure is needed 7] It is essential to be able to predict the in vivo
degradation patterns of new alloys. Furthermore, understanding thermodynamic feasibility and kinetic
control will help scientists design alloys.

Biodegradable metallic alloys are formed by combining relevant principles from electrochemistry,
materials design, and biological integration into a transformative idea: temporary function with lasting
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healing. These alloys help the body during recovery and later vanish without leaving any foreign material
behind. To achieve this ideal, precise control of electrochemical dissolution, degradation kinetics, and
corrosion thermodynamics is required for a predictable, safe, and effective performance. Magnesium based
alloys are leading because of their biocompatibility, biofunctionality, and bone-like mechanical properties.
Though corrosion control and hydrogen evolution continue to pose a challenge, inspired solutions have
been developed [28;5]. Biodegradable implant technology will progress through alloy engineering, surface
modification, and kinetic modeling, ensuring the sound degradation of devices in sync with tissue healing.

Classes of Biodegradable Metallic Alloys

Biodegradable metallic alloys are a new class of biomaterials that combine the mechanical properties of
metals with the resorption characteristics of degradable systems. The primary purpose of these materials
is to give temporary mechanical support during tissue healing. Then they degrade into biologically safe
products that are either absorbed or excreted by the body. The research on these alloys has focused on
corrosion resistance, degradation kinetics, and bioactivity, all without compromising mechanical integrity
and biological compatibility [28]

Table 2: Effect of alloying elements on Mg alloy performance [6]

Alloying Biocompatibility Corrosion Resistance = Mechanical Performance
Elements
Al Al is neurotoxic. It can cause It is beneficial in Increases strength and
Alzheimer’'s  disease and providing corrosion plasticity.
damage muscle fibers. resistance
Zn Non-cytotoxic and good Corrosion resistance Zn participates in solid solution
biocompatibility. decreases with higher strengthening, increasing
Zn content. strength with increasing Zn
content.
Mn Cytotoxic and neurotoxic. Provide good It gives higher yield strength
corrosion resistance and reduces tensile strength
and ductility.
Ca An essential component of Corrosion resistance With increasing Ca content,
human bone. decreases with strength increases, and
increasing Ca content.  plasticity decreases.
Sr is a vital component of Corrosion resistance The strength of the alloy
Sr human bone. It also aids in of Mg alloy drops with increases with increasing Sr
bone formation. increasing Sr content.  content.
Zr Good Dbiocompatibility and Corrosion resistance Grains undergo refinement,
bone-bonding ability. decreases with increasing strength and
increasing Zr content.  plasticity
Nd Cytotoxic at high Improves corrosion Forms new phases, grain
concentrations but has good resistance refinement, and improvement

biosafety at low

concentrations.

in mechanical performance
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In biomedical research, three metallic systems were primarily investigated: magnesium-based, zinc-based,
and iron-based alloys, due to their excellent mechanical properties and varying degradation characteristics
[5,4] Each type of alloy has its own electrochemical activity, microstructure, and biological behaviour. This
means that each alloy is suitable for different applications. The alloy systems are studied in detail
concerning their intrinsic characterisation, corrosion mechanisms, and biological responses, and they also
encompass updated scientific knowledge relevant to these metals.

Magnesium Based Alloys. (Lightweight Strength and Controlled Bioabsorption)

The most promising biodegradable metallic biomaterials for orthopedic and cardiovascular applications
are magnesium-based alloys. Magnesium has an elastic modulus (41-45 GPa) similar to that of natural
bone, resulting in less stress shielding, which is the resorption of bone around stiff implants due to
mechanical mismatch [4]. Due to its mechanical compatibility, the physiological loads are transmitted
naturally, stimulating osteogenesis and improving the remodeling process [5].
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Figqure 3: Sol-gel coating process. For Mg alloy implants, the object would be subjected to dip coating or electro-
deposition.

One of the main challenges associated with magnesium and its compounds is their high susceptibility to
corrosion and hydrogen gas evolution in physiological environments. [18]. When it comes into contact with
bodily fluids, magnesium reacts with water to produce magnesium hydroxide and hydrogen. The
hydroxide layer is initially protective, but chloride ions from biological fluids dissolve this layer, causing
corrosion. When too much hydrogen builds up, it can form pockets under the skin. These interfere with
tissue attachment. Careful mixing of metals and modifying surfaces can lower this risk [21]. Magnesium is
frequently alloyed with calcium, zinc, and manganese to fine-tune its degradation kinetics, or with rare
earth elements to achieve a refined grain structure and create intermetallic phases that hinder corrosion
[14]. The addition of substances, such as hydroxyapatite, fluorides, and biodegradable polymers as surface
coatings, improves the predictability of their resorption by establishing diffusion barriers.
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Table 1: Mechanical Properties of different Magnesium alloys and non-biodegradable materials [30]

Material Young's Modulus Yield Strength Tensile Strength Hardness
(GPa) (MPa) (MPa) (HB)

Ti-6Al-4V 55-110 760-1103 860-965 334

Co-Cr 240 500-1500 900-1540

Stainless 200 170-310 540-1000 201

Steel

Magnesium 45 - 170

AZ31 45 171-176 290 49

AZ91 45 160 240 63

Mg-Ca-Zn 45 - 30-60

Magnesium ions support cellular metabolism and enzyme activation, and they also assist in the
mineralization of bones. Southwestern University scientists applied ideas of non Crystalline materials to
the transient, particle-bound nature of water, a model for the formelian crystal less metal, in 2018. The
Amplitude published an interesting article. Also, magnesium degradation elements are non-toxic materials
found in cells and used for structure and metabolism.

Though advantageous, the task of balancing mechanical stability with corrosion rate persists. If
degradation occurs too fast, mechanical failure will happen before it should, while slight degradation will
delay the bioresorption of the device. Research is actively working toward this balance through
microstructural optimization, nanostructured coatings, and Al-assisted alloy design. It is expected that
magnesium could help in staying ahead in biodegradable metals

Zinc-Based Alloys, Balanced Degradation and Biofunctionality

Biodegradable metals, particularly the subsequent generation of zinc-based alloys with a moderate
corrosion rate and a broad antimicrobial spectrum, are gaining interest [23]. Zinc corrodes at a regulated
rate, unlike magnesium, which often degrades quickly. Therefore, zinc is more suitable for tissue
regeneration. Because of this, zinc alloys are especially notable when it comes to vascular stents, wound
fixation devices, and bioresorbable screws that will need mechanical support over a few months [31]. The
nature of Zinc corrosion is that zinc oxidizes to zinc oxide. This ensures a gradual dissolution. Although
the passivation film doesn't resist corrosion optimally in a chloride-rich environment, it offers more stable
corrosion resistance compared to magnesium in the same physiological environment [28]. Zinc deteriorates
slowly. This means that risks of gas formation or local alkalinization are low. Thus, cytocompatibility and
tissue integration are better.

Alloying is one of the most essential tools to optimize the properties of zinc. Magnesium type additions
that include calcium, manganese, and silver improve strength and corrosion resistance through grain
refinement and the formation of stable intermetallic [32]. By including silver or copper, antimicrobial
activity is maximized, thereby minimizing the chances of post-surgical infection, which is quite beneficial
for medical devices exposed to such environments.

Varied release of Zn2?" exerts osteoblast and fibroblast growth stimulation and antibacterial effects on
surrounding tissues [5]. Zinc is tolerated physiologically and incorporated into proteins such as carbonic
anhydrase and alkaline phosphatase. It is biologically compatible and has a long-term degradation in the
body. Although pure zinc has a yield strength of 100 MPa, this is no match for magnesium or iron alloys.
Researchers are developing zinc alloys with microstructures that have a crystal direction preference so the
material degrades in specific orientations, e.g., along the implant geometry and stress lines. Zinc-based
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materials will have moderate degradation rates, amino acid stability, biological functionality, chemical
stability, and corrosion ability, which make them promising biomaterials for many clinical applications [28;
33].

Iron-Based Alloys. Strength, Stability, and Slow Resorption

According to [6], iron-based alloys are the oldest and strongest biodegradable metallic systems with
excellent mechanical strength and ductility. Due to their mechanical properties, including the yield strength
of more than 200 MPa and tensile strengths often exceeding 400 MPa, they are suitable for applications
involving high loads, such as bone plates and cardiovascular scaffolds [26]. The most significant
disadvantage of iron is that it degrades very slowly in physiological conditions. When iron corrodes, it
creates an insoluble layer of iron oxides and hydroxides. This layer is compact and forms on the surface of
the metal. It prevents any further dissolution of the iron. The durability of the structure is assured by self-
passivation, but complete bioresorption can take years in some cases, extending well beyond the healing
period [34].

Researchers have tried many modification strategies to get over this. Mixing iron with other elements
causes uniform corrosion of steel due to the failure to form a passive layer. Instead, porous microstructures
and micro-galvanic coupling with more active metals like zinc or magnesium hasten degradation by
allowing ionic diffusion and electrolyte penetration [14]. Biologically, iron is helpful for the transport of
oxygen, cell respiration, and enzyme catalysis. Thus, its metabolic by-products are generally tolerated well.
Despite that, an overabundance of Fe?" ions can lead to oxidative stress and inflammation, making it
necessary to control the kinetics of degradation. Recent research suggests nanoscale coatings and laser
texturing can tune dissolution rates, making iron-based systems more predictable in vivo [21].

The high strength and stiffness of iron provide mechanical reliability that is unmatched by other
biodegradable metals. However, for medical applications requiring fast bioresorption, iron alloys must be
hybridized with more reactive elements or engineered at the surface. These modifications make them
suitable for cardiovascular scaffolds where controlled degradation over 12-24 months is preferable to
permanent implantation. [5]

Comparative Outlook and Biomedical Relevance

Every class of bio-degradable metallic alloy has its own merits and demerits. Although magnesium alloys
are biocompatible with bone-like mechanical properties, they corrode fast. Zinc alloys provide moderate
degradation rates and antimicrobial functionality, offering an excellent balance between mechanical
performance and bioresorbability. Though iron alloys are stronger, they need improvements to degrade
faster. Future studies will have to incorporate multi-component systems, which are based on the
complementary strengths of the metals. Biodegradable metallic alloys are positively impacting the field of
medical implants by achieving engineering accuracy that is acceptable to living organisms. By carefully
controlling composition, microstructure, and corrosion behavior, these materials have the potential to
create a new generation of temporary, bright, and biocompatible implants that heal as they disappear.

Design and Fabrication Strategies

The effective formation of biodegradable metallic implants requires the right design, processing, and
structure. Every choice made in a design impacts the mechanical strength of the implant substrate, its
degradation profile, and its biological properties. The ever-increasing demand for personalized and
transient implants necessitates innovation in design and manufacturing strategies, prompting a rethinking
of concepts, processing, and integration with living systems. [35]. The advanced manufacturing approaches
focus on accuracy, biofunctionality, and adaptability, spanning the laboratory-clinic divide. The aim is for
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the implants to degrade in sync with the tissue regeneration schedule, while still providing sufficient
mechanical strength and biocompatibility throughout their lifetime [35; 36].

Making alloying an essential design strategy

Biodegradable metallic implants are developed through alloying, which involves adding specific elements
to make predictable materials that corrode in a controlled manner. Metal alloying alters its electrochemical
potential. Further, it influences the grain size, phase distribution, and solubility, among other factors. These
modifications govern degradation and tissue interaction [37]. The introduction of calcium boosts
bioactivity by supporting the osteogenesis process and bone-implant integration. Strontium (Sr) is known
for its dual action of stimulating the formation of bone and reducing the metabolism of bone, while it also
enhances corrosion stability [8]. In the same way, manganese (Mn) and zinc (Zn) are grain refiners that
strengthen the microstructure and lower degradation rates [21]. Based on the research done on Magnesium-
based systems, alloying calcium and zinc has proven to slow down rapid corrosion and improve
mechanical reliability [14]. Mg-Ca-Zn ternary alloys exhibit enhanced osteogenic differentiation as
compared to binary alloys due to the combined influence of the bioactive elements. In addition, cerium and
yttrium have been increasingly studied for refining microstructures and enhancing the stability of passive
films in biological media [38].

The art of alloying is a delicate balance, as too much addition of corrosion-modifying element(s) will result
in slower degradation than desired. At the same time, too little will cause premature failure. To achieve
this balance, we need a comprehensive understanding of biological response mechanisms and
thermodynamic stabilization, ensuring that the rate of implant dissolution matches the rate of tissue
healing [39].

Microstructure Engineering. The Heart of Performance Optimization

Besides the composition of biodegradable metals, their microstructural architecture determines their in vivo
properties. Microstructure engineering is used for tailoring grain boundaries, dislocation densities, and
secondary phase distributions for tuning corrosion kinetics and mechanical properties [4]. So, it is very
necessary to control microstructural features accurately through thermomechanical processing (like
extrusion, rolling, or heat treatment). Nano-grained alloys are the emerging trends with great potential.
When you lower the grain size to the submicron scale, you will improve yield strength and corrosion
uniformity, also due to lower galvanic potential differences. For example, in magnesium-based systems,
ultrafine-grain refinement has been linked to improved surface passivation and decreased hydrogen
evolution rates, making degradation more closely match bone healing timelines (40). Microstructure
engineering is also significant for fatigue resistance, especially in the case of load-bearing implants such as
screws and plates. By controlling the phase distributions, the crack initiation can be avoided. Whereas,
grain orientation can be used to distribute the stresses efficiently. The relationship between its mechanical
performance and corrosion in the body is central to clever microstructural design.

Fabrication via Powder Metallurgy. Controlling Precision and Porosity

According to [41]. Powder Metallurgy (PM) is one of the most effective fabrication methods for
biodegradable metallic implants. It allows excellent control over composition, porosity, and grain size. The
PM process, such as spark plasma sintering, hot pressing, or cold compaction, enables the near-net-shape
production of complex geometries with reduced microstructural unevenness. Porosity can be introduced
by the designer or controlled during powder consolidation. According to [37]. the porosity of a calcium
silicate with 021-069 levels aids cellular infiltration and nutrient exchange, in addition to providing
adequate structural strength. Moreover, PM makes it possible to introduce gradients of composition and
structure, thereby producing implants with site-specific degradation rates, such as faster resorption at the
tissue-implant interface and slower rates at load-bearing cores. Powder metallurgy for magnesium and
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zinc systems reduces the likelihood of oxidation during processing and promotes a more homogeneous
distribution of the elements [36]. Additionally, the combination of PM with nano-additives or bioactive
ceramic reinforcements (like hydroxyapatite or tricalcium phosphate) leads to hybrid systems with
combined mechanical and biological advantages [35]. In the end, PM proves to be an adaptable, scalable,
and affordable technique for the manufacture of biodegradable alloys with tailor-made porosity,
composition, and surface topography to match mechanical behavior with physiological requirements.
Additive Manufacturing. The Frontier of Patient-Specific Implantation

Additive manufacturing, especially 3D printing, has changed biomedical engineering by providing
designers greater freedom and customization for devices [21]. Through layer-by-layer fabrication, AM can
create complex, patient-specific geometries that are not achievable with traditional manufacturing
technologies. Biodegradable metals like magnesium and iron can be fabricated with intricate internal
lattices, with optimized pores, and controlled density gradients through techniques such as selective laser
melting (SLM) and electron beam melting (EBM) [39] These designed porosities mimic the mechanical
behavior of cancellous bone and promote vascularization and osteointegration by facilitating the diffusion
of nutrients and invasion of tissues [4]. In addition, AM can regulate microstructure and grain orientation
by controlling printing parameters (e.g., laser power, scan speed, cooling rate). This allows scientists to
modify degradation profiles and mechanical anisotropy so that the implant behaves predictably in the
body. Using processes powered by digital twins reinforces the general advantages of AM systems. AM can
undergo precise alterations based on computer models that incorporate various pre-processing
techniques. This type of prediction has helped with speed to market and clinical dependability.

AM represents the pinnacle of personalized medicine. Biodegradable implants can be customized for a
particular patient both anatomically and functionally, while also being environmentally and economically
sustainable.

Surface Engineering and Functional Coatings

The intrinsic properties of bulk alloy design control the material behavior of biodegradable metals, while
surface engineering controls the biological behavior. The surface of the implant is an interface between
synthetic material and living tissue, influencing cell adhesion, protein adsorption, and corrosion initiation
[8]. Hydroxyapatite, calcium phosphate, and biopolymer coatings slow the dissolution of the metal
substrate while simultaneously enhancing the osteogenic activity [23]. To ensure better tissue
compatibility, the deposition of biodegradable polymer coating (e.g., polycaprolactone or chitosan) on
magnesium alloy can reduce the hydrogen evolution and stabilize pH at the interface of the implant [42].
In the same fashion, micro-arc oxidation may create a ceramic-like surface layer that offers resistance to
chloride attack, while maintaining a porosity that allows bone cells to anchor. Nanoscale surface texturing
further fine-tunes implant-tissue interaction. The use of controlled roughness enhances protein adsorption
and osteoblast attachment, leading to better osseointegration. Additionally, by incorporating bioactive
molecules, such as peptides, antibiotics, or growth factors, into the implant surface, the implant can provide
a therapeutic effect.

Surface Modification and Functionalization

Metallic alloys that are biodegradable in nature will be affected by their bulk composition and, critically,
by their surface nature in vivo. The first interface that biological fluids and cells will encounter is the surface;
thus, surface modification and functionalization are critical for improving corrosion resistance, enhancing
cell attachment, and steering the biological response [37;21] The primary purpose of surface engineering
is to control degradation and encourage tissue integration, allowing the implants to offer temporary
mechanical support without causing deleterious reactions.
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Anodizing and plasma electrolytic oxidation

Anodization will create a thin and dense oxide film on a metal surface. It improves corrosion resistance. It
modulates dissolution kinetics, too. To slow down the primary metal electrolyte contact of biodegradable
magnesium and zinc alloys, and therefore the ensuing hydrogen evolution and rise in alkalinity near the
implant, anodic films enriched with oxides or phosphates can help. PEO, or Plasma Electrolytic Oxidation,
extends this technology by creating a micro-porous ceramic that tightly adheres to the substrate. The
durability of PEO coatings was shown to release Ca?*, Sr?*, and Zn?* ions that stimulate osteogenesis and
angiogenesis [42] after implantation. The oxide layer that results, therefore, provides chemical and
biological stability.

Coatings through sol-gel techniques and hybrid polymerizations

The sol-gel process enables the application of thin silica, titania, or hydroxyapatite coatings that are uniform
and adherent. By delaying deterioration, these coatings also add functional groups for cell adhesion. On
the other hand, polymer hybridization, where biodegradable polymers such as polycaprolactone (PCL),
chitosan, or polylactic acid coat metallic substrates, provides an additional corrosion barrier and enhances
the biocompatibility of the metallic substrate [34]. Drugs or growth factors can be encapsulated in hybrid
coatings for localized therapeutic release, effectively turning a passive structural implant into an active
biomedical device.

Ion Implantation Plus Functional Additives

Ion implantation is a technique that allows the introduction of beneficial species such as Ca, Sr, Ag, or N
directly into the surface layer, without altering the bulk alloy. This method, which is based on diffusion,
gradually refines the passive film, lowers surface free energy, and suppresses pitting corrosion. To prevent
bacteria from causing any future harm, we add antibacterial agents for protection. Alloy surface
modification as a whole can convert biodegradable alloys into multi-functional biomaterials with corrosion
resistance, cell differentiation induction, and post-operative infection prevention.

Biocompatibility and Biological Interactions

Cellular Responses and Protein Adsorption

The ability of biodegradable metal to function in the body and/ or to have a therapeutic/biofunctional effect
defines its biocompatibility. When a material is implanted in the body, its surface in contact with body
fluids gets adsorbed by the proteins. The alloy's surface properties, including chemistry, roughness, and
charge, affect how proteins will adhere to it. So, depending on the alloy, proteins like fibronectin or
vitronectin may conform to it. Its further use is to help guide osteoblast or endothelial cell adhesion [4].
Cells tend to stick well to magnesium- and zinc-based implants because they let out essential biological
ions. Excessive ion concentration, however, may disturb the osmotic balance or create local cytotoxicity,
emphasizing the control on dissolution kinetics [39].

Inflammatory and Immune Reactions

The rate and chemistry of corrosion of biodegradable implants are closely related to the body's
inflammatory reaction. Rapidly generating hydrogen or producing alkaline microenvironments can lead
to macrophage activation and localized inflammation. On the other hand, slow degradation of materials
that release low levels of Mg?" or Zn?" ions can promote the polarization of anti-inflammatory M2
macrophages. This process aids in tissue remodeling and enhances vascularization [35]. Histological
assessment of the in vivo study shows that less chronic inflammation appears around optimized
magnesium and zinc alloys. Modulated corrosion behaviour appears to contribute to immune-friendly
materials [43].
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Tissue integration and bone regeneration

The distinct characteristic of biodegradable implants is effective osseointegration. "As mentioned by [37],
controlled corrosion allows mechanical load transfer while also releasing ionic species that enhance the
proliferation and mineralization of bone cells." Calcium and strontium ions help in the differentiation of
osteoblasts. Zinc ions support the synthesis of collagen and the activation of enzymes.

Research on animals shows that magnesium screws and plates can support strong bone regeneration. In
fact, they can nearly all be replaced by natural bone within months ]38] The alignment of biochemical ion
release with tissue healing kinetics is vital for the harmony of biodegradation and regeneration, according
to the study.

Medical and Clinical Applications

Orthopedic Fixation Devices

Magnesium alloys have progressed the furthest along the clinic path among all biodegradable metals.
Because their elastic modulus is very similar to that of cortical bone, which minimizes stress shielding and
allows for physiological loading [4]. Bone fixation devices consisting of screws, plates, and intramedullary
pins fabricated from Mg-Ca or Mg-Zn alloys show a controlled degradation rate matching bone
consolidation period across 6-12 months [14]. Beneficial outcomes have been presented in the clinical trials
treating orthopedic fixation devices made from magnesium in Europe and Asia [23]. The studies have
shown total bio-resorption with successful bone healing and low inflammatory response. Seeing these
results indicates that we shift from permanent to temporary self-eliminating implants.

Cardiovascular Stents

Zinc-based biodegradable stents have better mechanical properties and radiopacity than polymeric
counterparts, making them viable alternatives. The moderate corrosion rate of zinc allows vascular
remodeling to take place safely before the metal dissolves [35]. The addition of manganese or calcium in
alloys may enhance endothelialization and prevent neointimal hyperplasia (36). Despite being
mechanically strong, iron-based stents degrade quite slowly; therefore, measures such as micro-alloying
with palladium or applying surface perforations have been devised to accelerate degradation [28].

Tissue engineering scaffolds and drug-eluting implants

Biodegradable metals and tissue engineering are combined to obtain a scaffold that provides mechanical
support and biological signals. Additive manufacturing-generated porous magnesium and iron foams, able
to imitate the architecture of cancellous bone, will aid in cell infiltration, nutrient diffusion, and
vascularisation [39]. At the same time, drug-eluting bioresorbable implants are on the rise as the delivery
vehicle for localized therapeutics, antibiotics, anti-inflammatory agents, or growth factors with structural
support [42]. The slow dissolution of the metal matrix ensures a sustained release and overcomes the burst
dose limitations of traditional polymeric carriers

Regulatory and Translational Progress

The regulatory frameworks for biodegradable metallic implants are rapidly evolving, with several
magnesium-based devices already approved for clinical use in orthopedic and cardiovascular applications
[44]. ISO 10993 and ASTM F3268 now contain standardized assessments of biocompatibility and
degradation. However, widespread use requires long-term post-implantation data and predictive
corrosion models.

Challenges and Research Gaps
Biodegradable metallic alloys, while promising, face hurdles that prevent large-scale clinical use.
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Corrosion and hydrogen evolution

The most significant limiting factor is the uncontrolled corrosion of magnesium systems. Rapid dissolution
results in reduced mechanical stability of the matrix. It also induces the release of hydrogen gas, which gets
trapped at the subcutaneous level, causing cavities or may delay the healing process [43]

Mechanical Integrity during Degradation

When implants disintegrate, load-bearing ability is lost. Alloy compositions may be designed (either
through the gradation of microstructures or reinforcement phases) to ensure mechanical reliability during
healing [39]. Models that connect loss of strength with corrosion rate have yet to be developed.

Limited Predictive Corrosion Models

Creating precise models for corrosion remains an unsolved issue because the physiological environment is
dynamic and heterogeneous. There are new strategies that can predict degradation rates by using machine
learning to analyze composition, microstructure, and surface treatment parameters. (41) Data-driven
models speed clinical translation and material optimization.

Manufacturing and Scale-Up Barriers

Additive manufacturing and powder metallurgy can create designs with complex geometries but are
hampered by scale, process, and cost (36). Having the same microstructure and porosity in the batches of
processed particles is necessary for compliance and reproducibility.

Biocompatibility and Long-Term Safety

While short-term studies indicate good tolerance in both animals and humans, long-term biocompatibility
requires further verification of systemic accumulation of degradation products. [35]. According to Santos-
Coquillat et al., standardized in vitro and in vivo protocols are needed to compare results.

Future Research Priorities

We'll need to integrate in-situ corrosion monitoring, multiscale simulation, and bio-realistic testing
environments. Creating self-healing coatings, along with better alloys that can respond to biological
feedback, could enhance implant durability.

Future Perspectives

We will see the emergence of next-generation biodegradable metallic alloys at the intersection of metals,
data intelligence, and regenerative medicine.

AI-Driven Materials Discovery

Through a combination of Al and ML, one uses data-driven approaches to predict the optimal
compositions, microstructures, and surface treatments that lead to desired degradation rates [39] with high-
throughput computational screening followed by experimental validation, development cycles will be
drastically reduced, enabling customized implant solutions.

Nanostructured and Biomimetic Coatings

Nanostructuring the surface through nano-patterning or biomimetic texturing improves cell adhesion and
speeds up tissue regeneration [42] These surfaces that imitate natural extracellular matrix topographies
promote osteoblast alignment and angiogenesis. The co-deposition of the antibacterial nanoparticles
ensures infection resistance without any systemic toxicity.

Hybrid Polymer Metal Composites

New polymer-metal hybrids bring together rigid metallic frameworks and the controlled degradability of
polymers. For instance, composites of Mg-PCL or Fe-chitosan attain gradual load transfer and tunable drug
delivery profiles [37] The composites are linked to mechanical performance and biological suitability.
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Integration with Regenerative Medicine and 3D Bioprinting

Coupling biodegradable metals with regenerative therapies, such as stem cell seeding and bioactive
molecule incorporation, could be transformative ]45] Simultaneously, 3D bioprinting not only constructs
patient-specific scaffolds but also integrates vascular channels for holistic healing. We are entering an era
with smart implants. These smart implants will send, receive, and respond to biological signals. In addition,
the smart implants can adapt as required. Towards more innovative and sustainable biomedical
substances.

Future research should also emphasize sustainability. The manufacturing processes of biodegradable
implants, their designs, and lifecycle management should adhere to green manufacturing principles to
reduce waste and energy consumption. New life-cycle analysis will ensure that drugs are environmentally
friendly.

Conclusion

Metallic alloys that degrade in response to their bodily environment represent a paradigm shift in
biomaterials engineering from passive permanent devices to active resorbing systems that participate
therapeutically and assist in healing. The addition of bioactive agents provides interesting properties to the
polymers, making them valuable for tissue engineering. Due to the progression of alloy design and surface
modifications, these materials are moving quickly in the clinic. Overcoming the hurdles we currently face,
particularly in corrosion, predictive modeling, and long-term biocompatibility, will require collaboration
across chemistry, engineering, data science, and clinical domains. Far from being just materials,
biodegradable metallic alloys are engineered living interfaces that can heal, regenerate, and disappear,
leaving behind healed tissue and an improved quality of life.
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