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Abstract 

With the rapid increase in population aging, the number of surgical  
operations in orthopedics is expected to increase. The gap 
between the materials applied in clinical orthopedics and mate
rials in discovery and research is obvious due to regulatory 
requirements for biosafety and treatment efficacy. For the bed
side needs, it is important to overcome hurdles by achieving 
impactful innovation and clinical translation of orthopedic 
materials. Magnesium (Mg), as an emerging bioactive material, 
is one of the vital components of the human body and mainly 
stored in the musculoskeletal system as either a matrix compo
nent or an intracellular element for the homeostasis of various 
physiological functions. However, the degradation and biome
chanical performance limit the applications of Mg. This review 
aims to explore the current challenges and future directions of Mg for clinical translation and provide an update on biomaterials 
used in orthopedics, factors driving orthopedic innovation, physiology of magnesium ions (Mg2þ) and its potential clinical applica
tions. To achieve orthopedic application, modification of the performance of Mg as implantable metals and function of the degrada
tion products of Mg in vivo are described. For the clinical needs of treating the steroid-associated osteonecrosis (SAON), Mg screws 
and Mg-based composite porous scaffolds (Mg/PLGA/TCP: magnesium/poly(lactic-co-glycolic acid) (PLGA)/tricalcium phosphate 
(TCP)) have been developed, but the challenges of Mg-based implants in load-bearing skeletal sites still exist. To utilize the beneficial 
biological effects of Mg degradation and overcome the weakness in mechanical stability for fracture fixation, the concept of develop
ing Mg/titanium (Ti) hybrid orthopedic implants is reported, where the Ti component provides effective mechanical support while 
the inclusion of Mg component potentially optimizes the biomechanical properties of Ti component and facilitate bone healing. This 
review provides a reference frame for the translation of novel materials and promotes the development of innovative orthopedic bio
materials for clinical applications.
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Introduction
Biomaterials are synthetic or treated natural materials and have 

been widely used to assess, rehabilitate, augment or supplement 

the physiological functions, tissues and organs within the human 

body [1]. In terms of evolution of biomaterials, it has experienced 

several evolutions or phases, including the initial exploratory 

phase, the subsequent bioinert phase, the bioactive/biodegrad

able phase and the current phase, which is characterized by the 

emergence of functional and intelligent biomaterials capable of 

eliciting precise responses at the cellular and molecular levels [2] 
(Figure 1). Within the domain of orthopedic applications, the uti
lization of biomaterials is circumscribed by stringent biosafety 
and efficacy imperatives, resulting in the selection and endorse
ment of mature biomaterials. Based on the statistical data, ortho
pedic biomaterials are predominantly utilized as components of 
medical devices and serve as integral elements in tissue engi
neering, specifically for the replacement and regeneration of tis
sues [3]. As the whole, orthopedic biomaterials are categorized 
into metals, ceramics, polymers and composites. Currently, 
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biodegradable metallic materials especially magnesium (Mg) is 
garnering significant attention from researchers, while the 
obstacles to its orthopedic applications still exist.

Mg is one of the vital components of the human body and 
mainly stored in the musculoskeletal system as either a matrix 
component or an intracellular element for the homeostasis of 
various physiological functions. A series of physical and physio
logical properties of Mg has been investigated including mechani
cal adaptation, degradation, osteogenesis, angiogenesis, anti- 
bacteria, anti-inflammation and neuroprotection [4]. Mg has 
obtained substantial attention as a biodegradable material for 
medical implants attributed to its exceptional biocompatibility, 
which mitigates long-term toxicity and stress-shielding effects. 
However, its rapid degradation rate and inadequate mechanical 
performance in physiological environments pose significant 
challenges [5]. Though numerous companies have obtained regu
latory approval for commercial application of their bioresorbable 
Mg-based orthopedic implants in regions such as Europe, South 
Korea and China, Mg-based orthopedic implants are still rarely 
used clinically. The first Mg-based orthopedic implant in China 
developed by Eontec Co., Ltd (China) has received CE approval 
and is in the stage of product registration. This review aims to ex
plore the current challenges and future directions of Mg-based 
medical implants for clinical translation. To discover the applica
tion prospect of Mg, this article provides an update on biomateri
als used in orthopedics and analyses the factors driving 
orthopedic innovation. The translational pathway of Mg is sys
tematically described to provide a reference frame for the trans
lation of novel materials and promote the development of 
innovative orthopedic biomaterials for clinical applications.

The physiology of magnesium ions (Mg2þ) and its potential 
clinical applications are reviewed as the basis of translation. In 
order to realize the orthopedic application, modification of the 
performance of Mg as implantable metals and function of the 

degradation products of Mg in vivo are described. For the clinical 
needs of treating the steroid-associated osteonecrosis (SAON), 
Mg screws and Mg-based composite porous scaffolds (Mg/PLGA/ 
TCP: magnesium/poly(lactic-co-glycolic acid) (PLGA)/tricalcium 
phosphate (TCP)) have been developed, but the impediments as
sociated with the utilization of Mg-based implants in weight- 
bearing skeletal sites persist. To utilize the beneficial biological 
effects of Mg degradation and overcome the weakness in me
chanical stability for fracture fixation, the concept of developing 
Mg/titanium (Ti) hybrid orthopedic implants is reported, where 
the Ti component provides effective mechanical support while 
the inclusion of Mg component potentially optimizes the biome
chanical properties of Ti component and facilitates bone healing. 
Finally, the translation process of Mg-based medical devices is 
stated to promote its clinical translation as innovative medical 
implants. With the increase of beside needs and the maturity of 
novel technology, such as 3D printing and nanomaterials, the Mg 
as an emerging bioactive material will have more diversified and 
promising orthopedic applications.

Orthopedic biomaterials
Metals
The metal and metal alloys have advantages being biocompati
ble, high strength with reasonable corrosion resistance and have 
been extensively employed within the orthopedic domain as 
load-bearing components, including stainless steel, cobalt–chro
mium alloys, tantalum, Ti and Ti-based alloys. However, the 
poor wear resistance limits its application in the articular surfa
ces of prosthetic devices and the generation of wear particle at 
the implant interface increases the risk of ionic toxicity [6]. In ad
dition, the high Young’s modulus of metal and its alloys may pro
duce the stress shielding of the surrounding bone leading to the 
occurrence of bone resorption, which further affects the integrity 

Figure 1. The development of biomaterials from bioinert stage to bioactive/biodegradable stage then to functional and smart stage. Obtained from Ref. 
[2]. Copyright ©2021, Todros et al.
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of bone regeneration and the osseointegration stability of ortho

pedic implants. Mg and its alloys, as emerging biodegradable 

metals, exhibit great potential for orthopedic application due to 

crosslink with host tissue as the degradation and will be intro

duced in the next context. Figure 2 shows the orthopedic bioma

terials used as medical devices.

Ceramics
Ceramics are classified as bioinert and bioactive based on their 

interaction with biological systems. Bioinert ceramics exempli

fied by alumina (Al2O3) and zirconia (ZrO2) have superior wear re

sistance and high toughness to render them suitable for 

applications as femoral head components, liners, artificial knee 

and dental implants. Bioactive ceramics are used to repair dam

aged bone, fill the void after resection of bone tumors, repair and 

fusion of vertebrae or as the coating to promote osteogenesis. 

Hydroxyapatite and calcium phosphates are well-admitted 

ceramics as bone substitutes and coating, which could release 

ions to stimulate osteogenesis in the physiologic fluids with the 

extension of the implant period [7]. Bioactive glass, such as bio

glass 45S5, is proposed to distinguish from bioinert materials and 

expand to silicon glass, calcium glass, etc. The performance of 

bioactive glass is diversified with the compositional changes to 

promote osteogenesis, angiogenesis, anti-inflammatory and anti

bacterial, while the challenge is low tensile strength and tough

ness [8]. To increase the toughness of glass, glass-ceramics are 

synthesized by controlling the crystallization of glass [9]. Due to 

the satisfactory biocompatibility and compression resistance, 

Li2O–Al2O3–SiO2 glass-ceramics are fabricated by digital light 

processing to form the porous structure to promote osseointegra

tion and withstand physiological loads [10].

Polymers
Polymers have garnered extensive application in orthopedic load- 
bearing skeletal sites with high strength, toughness, wear resis
tance or Young’s modulus close to the bone, including carbon fi
ber, ultra-high molecular weight polyethylene (UHMWPE), PEEK 
and polymethyl methacrylate (PMMA). Carbon fibers have been 
described for use in internal fixation for orthopedic surgeries, but 
the potential release of carbon debris into the surrounding 
medium may cause systematic toxicity and soft tissue-related 
complications [11]. UHMWPE is a polymer of polyethylene with a 
molecular weight ranging from 2 to 6 million, which has been 
used for acetabular liner in total hip replacement and total knee 
replacement and introduced by Charnley in 1962, marking a sig
nificant milestone in orthopedic surgery [12]. In a comparative 
wear analysis between UHMWPE and highly cross-linked polyeth
ylene (XLPE) with the same simulator and methods according to 
ISO 14242, the wear rate of the XLPE is lower than UHMWPE [13]. 
The PEEK has been employed for skull repair, interference screw 
and intervertebral fusion owing to its modifiability, bone-like 
modulus and capacity to mitigate stress shielding. Polymethyl 
methacrylate (PMMA) is recognized as a bone cement used for 
implant fixation. The composition of PMMA includes PMMA copol
ymer, barium oxide (as a radiopaque agent) and benzoyl peroxide 
(as a polymerization initiator) [14]. The aforementioned polymers 
are bioinert, while the biodegradable polymers composed of natu
ral biodegradable polymers such as chitosan, hyaluronic acid, 
gelatin, collagen, silk, alginate and cellulose, and synthetic biode
gradable polymers such as polyglycolic acid, polylactic acid and 
copolymers [15]. Hydrogel is a macromolecular material with high 
hydrophilicity and can be made of scaffolds with osteogenesis and 
angiogenesis or complexed with various materials or drugs to 
achieve the desired therapeutic performance [16]. Due to the rapid 

Figure 2. Orthopedic biomaterials used as medical devices. Reproduced from Ref. [3] with permission of Elsevier ©2019.
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degradation rate and alkaline environment of Mg-based materials, 
combining with the polymers to modify the physical performance 
and biocompatibility of Mg-based materials is a promising direc
tion for further research and clinical translation.

Functional composites
Functional composites leverage the responsiveness to exogenous 
and/or endogenous stimuli to achieve controlled therapeutic 
effects, including antibacterial, antitumor, osteogenic and angio
genic properties [7]. Single or multiple physical signals including 
photothermal, mechanical, acoustic, electrical and magnetic sig
nals are used to induce the response of functional composites. 
Based on the photothermal effect, when the black phosphorus 
(BP)-tagged responsive strontium (Sr) hydrogel particles are ex
posed to near-infrared irradiation, the microparticles experience 
volume shrinkage and release encapsulated Sr ions, to attain the 
therapeutic objectives of anti-inflammation, anti-apoptosis, bac
terial inhibition and osteogenic stimulation [17]. Mechanical re
sponsive piezoelectric PLLA nanofiber scaffolds promote 
cartilage generation and regeneration in a rabbit model under 
conditions of mechanical stress or articular loading [18]. 
Ultrasound-responsive PLLA/Au@Potassium niobate scaffold 
with sonodynamic therapy is used to solve the implant-related 
infection [19]. Magnetic-responsive hydrogel incorporated mag
netic iron oxide nanoparticles demonstrate responsiveness to al
ternating magnetic fields, which possess the capacity for 
profound tissue penetration to realize osteogenic differentiation, 
angiogenic differentiation and biomineralization processes 
within pre-osteoblastic cells [20]. Despite significant progress in 
the field of functional composites, considerable challenges re
main before achieving successful clinical application. It is essen
tial to analyse the factors driving innovation in order to facilitate 
clinical translation. Table 1 shows the common biomaterials for 
orthopedic implantable devices.

Driving force for innovation of 
orthopedic implants
Technology-driven innovation
With the development of cutting-edge technology, 3D printing, 
surgical robots, artificial intelligence and machine learning have 
been introduced and applied in orthopedics. Amongst them, 3D 
printing with the convenience of personalized medicine and pre
cise medicine expands the scope of biomaterials applications. Ti 
alloys have been extensively employed in orthopedics while its 
Young’s modulus is higher than bone causing the subsidence or 
loosening of implants in load-bearing skeletal position. 
Optimizing the implant structure to align the mechanical perfor
mance of Ti alloys with surrounding bone tissue constitutes a 
strategic approach. To mitigate the occurrence of bone resorption 
and implant loosening, porous lattice structure and performance 
evaluation were proposed as viable solutions [22]. Furthermore, if 
the porous structure with negative Posson ratio is integrated into 
implants, it will not only provide the porous space to promote 
bone ingrowth but also stimulate the surrounding bone in com
pression avoiding the bone resorption induced by stress shielding 
[23]. However, the Young’s modulus of Mg is close to bone and 
reduces the risk of stress shielding. The 3D printing brings the op
portunity to manufacture specific implants and achieve controlla
ble degradation of Mg [24]. Liu et al. [25] fabricated porous 
anatomical scaffolds composed of WE43 (Mg alloy containing 
4 wt% yttrium and 3 wt% rare earth elements) and treated the 

scaffold with high temperature oxidation to slow down the degra
dation rate. Following implantation into bone defects, the scaf
folds’ porous structures were maintained for over 12 weeks in the 
absence of penetration and for more than 6 weeks in the presence 
of penetration. Yet, the biological effects for enhancing bone re
generation contributed by Mg degradation could be limited at the 
early phase after implantation. Similar to 3D printing, bio- 
fabrication is capable of precisely imitating the structure and 
function of host tissue to form bio-engineered scaffolds by assem
bling biomaterials and cellular components. The bioink includes 
the nanomaterials, cells, drugs and growth factors that could en
dow the Mg-based scaffolds with the requisite properties to meet 
specific biomedical objectives [26]. The more closely the scaffold 
mimics the native tissue, the more effectively it can rehabilitate 
the damage. These aspects include biomechanical properties like 
mechanical strength and structural architecture, chemical behav
ior such as the regulation of cytokine expression, and cellular re
sponse modulation, which encompasses the recruitment and 
differentiation of cells, may still be the main scope of Mg-based 
scaffolds fabricated by 3D bioprinting [26].

Market-driven innovation
To reduce the financial burden on healthcare systems, volume- 
based procurement strategy, which aims to decrease the price of 
products by volume purchase, is implemented in China and 
accounts for over 80% of the orthopedic implant market. In an
other aspect, the National Medical Products Administration 
(NMPA) supports the research and development (R&D) of innova
tive medical devices to promote the product evolution and 
thereby enhance therapeutic effect. Innovative medical devices 
are exempt from volume-based procurement thereby allowing 
them to seize more market share and seek additional profit mar
gins. At present, artificial bone substitutes and 3D printed prod
ucts have not been incorporated into the realm of volume-based 
procurement and represent the translation direction of orthope
dic materials. Mg as an emerging bioactive material is still in the 
infancy stage for replacing or partially replacing the conventional 
orthopedic implants currently used in clinics. However, the 
market-driven innovative implants may not always be superior 
to previous ones. New generations of knee prosthesis aims to in
crease the patellofemoral conformity compared with previous 
version, while the posteriorly positioned stem escalates the risk 
of posterior tibial cortex impingement, which may precipitate 
subsequent discomfort and the incidence of periprosthetic frac
tures [27]. Critical opinion is desirable for market-driven innova
tive orthopedic materials to control clinical risks and enhance 
treatment efficacy.

Clinical needs-driven innovation
Clinical needs are a significant source of implant innovation and 
bridge the gap between discovery, invention and clinical transla
tion. The bio-design process is a highly-praised needs-driven 
methodology for innovation that originates in clinical discovery 
and is bolstered by the practical insights of surgeons and clini
cians. With the rapid increase in population aging, the amounts 
of surgical operations in orthopedics are expected to increase. 
For clinical needs-driven innovation, the application of the artifi
cial hip joint to replace end-stage osteoarthritis was a pioneering 
work [12]. To achieve the fixation of the stem with surrounding 
bone, bone cement made of PMMA is employed, adhering to the 
principles of force-closure and shape-closure [14]. However, the 
poor cement technique, augmented stem offset, reduced stem 
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length, coarse surface finish and circular cross-sectional stem 
design are all factors that have been exposed to cause the failure 
of cemented stem [28]. The non-cemented stem, serving as an al
ternative, is used to provide the primary stability through 
osseointegration with the implant. To enhance osteoconduction 
and facilitate bone apposition onto the implant surface, suffi
cient primary stability, suitable surface topography and biocom
patible prosthetic material are all required [21]. According to 
previous studies, uncemented fixation was associated with a sig
nificant increase in the risk of aseptic revision for the manage
ment of hip fractures via hemiarthroplasty, as compared to 
cemented fixation methods [29]. The clinical needs-driven inno
vation promotes the resolution of clinical challenges and enhan
ces the optimization of therapeutic strategies to achieve superior 
outcomes. In the most promising application area of Mg as fixa
tion screw and/or plate in orthopedics, the physical properties 
expected to meet bedside needs remain to be investigated. It is 
known that the load exerted on the hip joint during a gait cycle is 
approximately 2.5–3 times of the individual’s body weight [22]. 
Mg-based implants in weight-bearing parts of lower limb need to 
be sufficiently strong to support this load and possess adequate 
fatigue resistance to endure the repetitive stress of daily activi
ties in patients with hip fractures. In addition, Mg-based implants 
are generally expected to be subjected to 150 000–250 000 cyclic 
loads in the first 2–3 postoperative months [30].

Consequently, Mg-based biomaterials for orthopedic applica
tions should regard clinical issues as the initial driving factor and 
introduce advanced engineering technology and scientific theory 
to address these issues and validate their efficacy in clinical. 
During this process, the market factor promotes the extension of 
Mg-based orthopedic biomaterials. As the pivotal step in aligning 
clinical indications with Mg-based biomaterials, it is necessary to 
link up with biological and pathophysiological conditions for de
veloping Mg-based biomaterials for clinical applications.

Bone biology- and pathophysiology-based 
metallic screw-plate system design in 
osteoporotic fracture
Biology and pathophysiology of 
osteoporotic fracture
Accompanied by aging, osteoporosis, a prevalent systemic skele
tal disorder, is increased and hallmarked by reduced bone mass 
and compromised bone microstructure [31]. Osteoporosis 
increases the risk of osteoporotic fractures, commonly in the 
spine, hip and forearm. The complex interplay of biological and 
pathophysiological mechanisms impedes the normal healing 
process of osteoporotic fracture and poses a significant challenge 
in clinical management. Within the scope of bone remodeling of 
osteoporotic, an imbalance between osteoclast and osteoblast 

Table 1. The common biomaterials for orthopedic implantable devices [15, 21]

Biomaterials Application for implant
able devices

Advantages Disadvantages

Stainless steel Wires, pins, screw–plate system, 
screw–rods system and intra
medullary nails

Biocompatible, high strength 
and corrosion resistance

Poor wear resistance

Cobalt–chromium alloys Joint prosthesis Biocompatible, high strength, 
corrosion resistance and 
wear resistance

Ionic toxicity

Porous tantalum Joint prosthesis, interbody fusion 
cage, bone substitutes

Biocompatible, high strength, 
corrosion resistance, porosity, 
friction coefficient and low 
elastic modulus

High density and melting point

Ti and Ti-based alloys Wires, pins, screw-plate system, 
screw-rods system, intrame
dullary nails, interbody fusion 
cage and joint prosthesis

Biocompatible, high strength 
and corrosion resistance

Poor wear resistance

Al2O3 and ZrO2 Liner of joint prosthesis Biocompatible, high compression 
strength, corrosion resistance 
and wear resistance

Poor bending strength and frac
ture toughness

Bioglass 45S5 Bone substitutes Biocompatible, degradable, high 
bioactivity, angiogenic osteo
genic and antibacte
rial properties

Brittleness

Calcium phosphates Bone substitutes Biocompatible, degradable, high 
bioactivity, osteo
genic properties

Brittleness

Carbon fiber Screw–plate system, interbody 
fusion cage

Biocompatible, high strength-to- 
weight ratio, durability, elastic 
modulus close to bone

Bioinert

Polyethylene (UHMWPE, XLPE, etc) Liner of Joint prosthesis Biocompatible, high strength, 
wear resistance and im
pact resistance,

Oxidative degradation, 
wear particle

PEEK Screws, interference screw, 
screw-rods system, interbody 
fusion cage

Biocompatible, high strength, 
wear resistance and elastic 
modulus close to bone

Bioinert

PMMA Fixation of prosthesis and filling 
the defect bone

Biocompatible, high 
strength, durability

High polymerization tempera
ture and polymer monomer 
cytotoxicity

PLA and PLA-based polymers Screws, interference screw and 
bone substitutes

Biocompatible, degradable, oste
ogenic and antibacte
rial properties

Low strength and uncontrolled 
degradation

Regenerative Biomaterials, 2025, Vol. 12, rbaf032 | 5  



activity results in a negative bone mineral balance, accompanied 
by the senescence of osteocytes and ultimately culminates in re
duced bone formation and regeneration (Figure 3A) [32]. In addi
tion, non-pathological fracture healing entails a well-coordinated 
regenerative process aiming to restore the bone’s original struc
ture and cellular composition. This post-fracture healing process 
involves hematoma formation, granulation tissue formation, 
bony callus formation and bone remodeling, orchestrated by var
ious cell types including immune cells, bone-forming cells, chon
drocytes, osteoclasts, vascular cells, etc [31].

During osteoporotic fracture healing, the pathophysiological 
milieu undergoes significant alterations. Chronic low-grade in
flammation induced by cytokine accumulation, such as IL-6, 
TNF-α and IL-1β, creates a pro-inflammatory environment that 
promotes osteoclast differentiation and inhibits osteoblast for
mation (Figure 3B) [33]. Simultaneously, oxidative stress 

exacerbates bone loss through increased intracellular reactive 
oxygen species (ROS) production and activation of detrimental 
pathways [34]. The interaction between the immune and skeletal 
systems is crucial, notably in osteoporotic fracture scenarios 
where the immune cell functions are impaired and interactions 
are disrupted. Estrogen deficiency, a primary cause of osteoporo
sis, stimulates T/B cell expansion and osteoclastogenic factor 
production which leads to the overactivation of the osteoclasts 
[35]. Moreover, in osteoporosis, mesenchymal stem cell lineage 
commitment favors adipocyte differentiation over osteoblasts, 
originating from the same progenitor pools. This skewed lineage 
commitment leads to bone marrow adipose tissue accumulation 
and diminished osteoblast populations [31]. Additional factors 
such as leptin and epigenetic regulation exert significant influ
ence on bone metabolism, promoting adipogenesis while inhibit
ing osteogenesis in bone marrow MSCs [36]. Furthermore, the 

Figure 3. Bone remodeling of osteoporotic bone and the process of bone healing. (A) Bone remodeling in osteoporosis. Obtained from Ref. [31]. 
Copyright ©2019, Xie et al. (B) Bone healing process. Obtained from Ref. [33]. Copyright ©2021, Pfeiffenberger et al.
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complex relationship between the immune system, central ner
vous system, gut microbiome and bone turnover regulation is in
creasingly acknowledged with aging [37].

In brief, the distinct osteoporotic environment compromises 
bone regenerative capacity, resulting in delayed initial healing, 
prolonged recovery times and a challenging prognosis for osteo
porotic fracture repair. These multifaceted interactions under
score the need for targeted interventions and a comprehensive 
understanding to address the complexities inherent in osteopo
rotic fracture healing dynamics.

Design principle of metallic screw–plate systems
Fixation principles of bone fracture include Arbeitsgemeinschaft 
f€ur Osteosythese (AO) and biological osteosynthesis (BO). 
Correspondingly, design principle of the metallic screw–plate 
system can be divided into three types: dynamic compression 
screw–plate (DCP) system, limited contact dynamic compression 
screw–plate (LC-DCP) system and locking compression screw– 
plate (LCP) system (Figure 4A). The DCP system is designed to fix 
the fractured bone as stable as possible without considering the 
effect of micromotion on fracture healing. Although the DCP sys
tem provides stable internal fixation and a low incidence of delay 
union and nonunion, it has obvious limitations, including a slow 
healing process, subcortical bone loss leading to osteoporosis 
and the potential risk of stress concentration and fatigue crack
ing [38]. Therefore, the LC-DCP system is further developed based 
on the evidence that excessive contact between the cortical bone 

and the screw–plate system could cause vascular occlusion, 
which in turn could lead to cortical bone necrosis [39]. However, 
the LC-DCP system does not have significant advantages in frac
ture healing compared to the DCP system [40]. Furthermore, a 
point contact screw–plate system has been developed based on 
the LC-DCP system in which the contact area between the corti
cal bone and the screw–plate system is reduced to point contact. 
The benefits of the point contact screw–plate system include a 
faster healing process, simpler surgical procedures and fewer 
surgical complications [41]. However, one of the clinical chal
lenges that remains to be addressed is the issue of osteoporosis 
beneath the plates after long-term implantation. As a result, the 
concept of the LCP system was developed based on the evidence 
that micromotion at the fracture site could promote fracture 
healing and reduce the incidence of delayed union and nonunion 
(Figure 4B and C) [42]. The LCP system could accelerate fracture 
healing, promote callus formation and provide superior biome
chanical properties of the healed tissue and attributed to the bio
logical fixation mechanism, which allows for controllable 
micromotion, minimal implant-to-bone contact, extended-span 
bridging and a reduced number of screws required for stabiliza
tion [38]. The common LCP system used in clinic can be classified 
as traditional plate, asymmetric plate, stress dispersed plate and 
central enhancement plate according to the distribution of the 
holes and features of plates [43]. The stress distribution of these 
plates under the load of 1500 N is shown in Figure 4D. To de
crease the maximum stress and homogenize the stress 

Figure 4. Design principle of metallic screw–plate systems and modification of the common screw–plate systems to reduce stress shielding. (A) The 
metallic screw–plate system. Reproduced from Ref. [39] with permission of Elsevier ©2007. (a) Dynamic compression screw–plate (DCP) system, (b) 
limited contact dynamic compression screw screw–plate system (LC-DCP), (c) point contact screw–plate system, (d) locking compression screw–plate 
(LCP) system. (B) Fixation with DCP and LCP. Reproduced from Ref. [42] with permission of Elsevier ©2009. (C) Transfer of loads in DCP and LCP. 
Reproduced from Ref. [42], with permission of Elsevier ©2009. (D) Common metallic screw–plate systems and stress distribution under the 
compression load of 1500 N. Adapted from Ref. [43] with permission of Elsevier ©2024. (a) Traditional plate, (b) asymmetric plate, (c) stress dispersed 
plate, (d) central enhancement plate, (e) modified plate.
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distribution, the materials with the modulus close to bone are in
troduced to plate (Figure 4D).

Challenge of metallic screw–plate systems
The LCP system has the potential to significantly promote frac
ture healing, while several clinical challenges of metallic screw– 
plate systems remain to be addressed. First, most metallic 
screw–plate systems, primarily composed of stainless steel, Ti 
and Ti alloys, remain in the body unless a secondary surgical pro
cedure is needed for their removal. This may potentially lead to 
adverse effects, including inflammation or allergic reactions 
resulting from wear, impingement and corrosion of screws and 
plates. Second, the metallic screw–plate system in load-bearing 
skeletal position can be prone to fatigue fracture after implanta
tion if nonunion occurs and may need secondary surgical proce
dures depending on the clinical conditions [30]. Third, the 
mismatch of Young’s modulus between the bone and the metal
lic screw–plate system could cause stress shielding. Fourth, the 
application of the metallic screw–plate system for complex frac
tures, such as osteoporotic fractures and comminuted fractures, 
still carries a higher risk for delay union or nonunion [43]. 
The advantages of Mg provide a potential strategy for 
these challenges.

Mg as biodegradable and bioactive metals 
for orthopedic applications
Physiology of Mg ions and application prospect
Mg2þ serves as an essential co-enzyme of over 200 proteins to 
modulate human physiology. Numerous advantages of Mg have 
been discovered including maintaining bone formation, modify
ing muscle function, promoting cardiovascular health, protecting 
nerves and treating constipation and diabetes. Reports have indi
cated Mg2þ deficiency in osteoporotic patients [44]. For the direct 
effect, Mg2þ deficiency leads to large hydroxyapatite crystals and 
decreases bone stiffness. Meanwhile, the number of osteoblasts 
decreases and the number of osteoclasts increases due to lack of 
Mg2þ. For indirect effect, the decrease of parathyroid hormone 
postpones the bone formation by decreasing the supplementa
tion of vitamin D. There is no doubt that Mg is also an attractive 
material for orthopedic application because the mechanical 
properties of Mg are similar to nature bone. Though there are 
concerns on the toxicity of the Mg that excessive levels of Mg2þ

can lead to hypermagnesemia, yet high serum level of Mg2þ is a 
cumulative process and the degradation process of Mg will re
lease Mg2þ into the surrounding tissue. These ions are then me
tabolized and eventually excreted through the kidneys, the main 
organ in the body responsible for Mg2þ homeostasis. Clinical tri
als on biodegradable Mg-based materials have further indicated 
that degradation products of Mg-based implants could be toler
ated in the body across the entire treatment periods [45, 46]. As 
the degradable metal, the in vivo implantation of Mg implant 
could avoid second surgery for its removal, which may reduce 
30% of orthopedic surgeries, escape from stress shielding induced 
bone loss, reduce pain and decrease infection risk [47]. Mg-based 
implants exert multifaceted influences on osteogenesis, mediat
ing direct and indirect effects on the interconnected bone, vascu
lar, nervous and immune systems, thereby facilitating the 
potential for functional bone regeneration [4]. Further from the 
fundamental point, the Mg2þ ions released from Mg-based mate
rials are transported into dorsal neurons via the mediation of Mg 
transporter 1 (MagT1) and transient receptor potential cation 
channel subfamily member 7 (TRPM7), thereby promoting the 

release of calcitonin gene-related peptide (CGRP). CGRP subse

quently engages with its receptor, which is expressed on the sur

face of periosteal stem cells (PSCs), inducing the binding of cyclic 

adenosine monophosphate (cAMP) to its response element- 

binding protein. This results in the upregulation of osterix (SP7), 

which robustly stimulates osteogenesis, particularly in the peri

osteal region [48]. In addition, Mg-based nanomaterials exhibit 

superior tribological properties, high resistance to wear and tear, 

and the ability to sustain drug release [49]. For example, Zheng 

et al. developed engineered MgO nanoparticles to facilitate carti

lage–bone synergistic therapy through the PI3K/AKT signaling 

pathway [50]. In fact, Lambotte used Mg to treat supracondylar 

humerus fractures and obtained the success in 1932, while 

Verbrugge failed to remodel the transdiaphyseal humerus frac

ture due to fast corrosion of Mg in 1937. From 1948 to 2010, there 

are no reports on clinical application of Mg-based orthopedic 

implants [51]. The rapid degradation of Mg with low purity causes 

the  formation of gas and the earlier loss of mechanical support, 

thereby constraining the clinical application of Mg in orthope

dics. Although Mg-based implants demonstrate promise in surgi

cal treatment of musculoskeletal diseases, further R&D is 

necessary to enhance the corrosion resistance and mitigate the 

rapid degradation of Mg-based orthopedic devices before their 

clinical application. Table 2 shows the mechanical performance 

and corrosion resistance of potential Mg-based biomaterials in 

orthopedic applications.

Modification of the performance of Mg
To improve the performance of Mg implants, enhancing the pu

rity of Mg, incorporating alloying elements into the Mg matrix 

and applying surface coatings on Mg are all potential approaches 

to decrease the degradation rate of Mg-based implants. Upon rig

orous evaluation, the limited number of alloying elements is 

deemed appropriate for use, with exhibiting either ambiguous 

safety profiles or lacking comprehensive toxicological data [52]. 

Therefore, the ultra-pure Mg may be the perfect implant mate

rial. In fact, the first approved orthopedic implant was Mg alloy 

in 2014 and evaluated as half the pain, half the suffering, half the 

costs and half the time for bone healing compared with tradi

tional implant. The analogous outcomes are elucidated in the 

comparative investigation between the degradable Mg-based 

screws and permanent Ti screws to treat mild hallux valgus de

formities [53]. Mg-based screws have been reported to be used in 

the area of hallux valgus, osteochondrosis dissecans, distal tibia, 

distal fibula, carpal, metacarpal/bones, proximal humerus, distal 

femur and proximal tibia. Lam et al. [54] presented the first clini

cal cases of biodegradable Mg screws to treat radial head frac

tures and capitellum fractures. The screw is radiolucency to 

observe the early process of fracture healing and reduction of fix

ation. In the non-weight-bearing skeletal site, Mg-based screws 

promote the formation of calcification matrix at the bone–im

plant interface and accelerate the new bone regeneration to re

place the degeneration of implant within 1 year of implantation 

[55]. To treat the medial malleolar fractures, Mg–Nd–Zn–Zr alloy 

coated with Ca–P is reported for implantation in a surgical site 

with closed injuries to provide stable fracture alignment and pro

mote fracture healing without breakage of the Mg-based screws 

[45]. However, the mechanism behind the favorable clinical out

come still needs to be investigated.
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Biological function of the degradation products 
of Mg
The biological effects of Mg used in orthopedics are ascribed to 
its degradation products during Mg implantation in vivo, includ
ing Mg2þ, hydrogen gas (H2) and local alkaline environment, 
which interact with the surrounding cells and tissue matrix and 
elicit biological responses [56]. Mg2þ generated from the degrada
tion of implants can permeate the bone matrix toward the peri
osteum, which is innervated by dorsal root ganglion (DRG) 
sensory and stimulate the periosteum-derived stem cells (PDSCs) 
to differentiate along osteogenic pathways and form new bone 
[48]. In the process of tissue healing, hypoxia represents a tran
sient phenomenon. The degradation of Mg is oxygen-dependent, 
potentially sustaining a relatively hypoxic microenvironment 
surrounding the implant. The presence of an acidic microenvi
ronment is associated with destroyed bone architecture and high 
occurrence of osteonecrosis in the animal model, while the alka
lotic microenvironment demonstrated a potential protective ef
fect against osteonecrosis versus the acidic microenvironment 
[57]. H2 can selectively reduce the hydroxyl radical and the most 
cytotoxic ROS rather than the ROS possessed physiological func
tion. Therefore, H2 can be posited as an efficacious antioxidant 
intervention owing to its ability to rapidly diffuse across mem
branes to reach and react with cytotoxic ROS to protect against 
oxidative damage [58]. In addition, Mg has demonstrated signifi
cant efficacy against methicillin-resistant Staphylococcus aureus 
(MRSA)-induced osteomyelitis and promote the formation of 
peri-implant bone tissue [59]. The rationale reason of this obser
vation is that Mg-based scaffolds induce an elevation in pH, an 
increase in Mg2þ concentration and a rise in osmolality. 
Especially, the augmented pH is regarded as a principal factor in 
mitigating bacterial adhesion and biofilm formation [60].

Practice of Mg in non-weight-bearing skeletal 
sites to treat SAON
Hyperlipemia causes the fatty liver and destabilization of endog
enous plasma lipoproteins, which combine the disruption of 
marrow fat and the formation of fat embolism. Based on the fat 
embolism, the mechanical stage, chemical stage and thrombotic 
stage emerge in succession and lead to osteonecrosis [61]. 
Osteonecrosis is characterized by necrotic bone marrow adipose 
tissue and hematopoietic cells, ghost osteocytes and empty oste
ocyte lacunae within trabecular bone [62]. Core decompression, 
osteotomy and both vascularized and non-vascularized bone 
graft transplantation are the recognized procedures to preserve 
the femoral head with necrosis. The inserted bone graft may slip 
and displace postoperatively without the fixation. To solve this 
clinical problem, Zhao et al. [46] presented an innovative high- 
purity Mg screw for fixation of bone flap procured from ilium for 
the repair of the necrotic femoral head. With the degradation of 
Mg, the diameter of Mg screws reduced by approximately 25% at 
12 months after surgery. The Harris hip score exhibited a signifi
cant improvement with the application of Mg screw fixation as 
opposed to the non-fixation of Mg screws. To further validate the 
angiogenesis of Mg screw used in the necrotic femoral head, Ti 
screw was introduced as the control group and illustrated the Mg 
screw improved the blood supply of the femoral head [63]. In ad
dition, the Mg screw is also used to treat displaced femoral neck 
fractures and obtained satisfactory clinical outcomes with a low 
incidence of complications, such as avascular necrosis and non
union after the average 16-month follow-up [64]. Behind the fa
vorable outcomes, the primary and secondary phases of Mg 
degradation products exert a substantial influence on bone re
generation during the degradation of Mg-based implants, rather 
than solely the role of Mg2þ [65].

Table 2. The mechanical performance and corrosion resistance of potential Mg-based biomaterials in orthopedic applications [4, 24]

Mg-based biomaterials Microstructure and mechanical properties Corrosion resistance

Pure Mg Ultimate tensile strength of 100–140 MPa �30% volume loss after 24 weeks
AZ31 Hardness and elastic modulus values shown to be 

approximately 1.7- and 1.2-fold those of pure Mg, 
respectively

A fast corrosion rate and lack of stability 
of implants

AZ91 Formation of Mg17Al12 phase along the grain bound
aries refined grain size and improved ten
sile strength

Accelerated corrosion rate compared to pure 
Mg due to the higher electrode potential of 
the Mg17Al12 phase

WE43 Enhanced ultimate tensile strength when adding 
<3% Y and <6% Nd. Improved compressive yield 
strength by the addition of 2, 4 and 6 wt% Y

Mg12Nd acted as corrosion barrier during the 
corrosion process

LAE442 Improved strength and refined microstructure with 
the addition of Nd and Ce at a concentration of 
0.6% and 2%, respectively

Decreased corrosion resistance by the com
bination of Al and Nd

ZK60 Relatively high yield strength and high mechanical 
stability because of the Mg–Zn

Refined grain size, and purified the composi
tion of the alloy, improved corrosion resis
tance due to the Zr element

Mg–Ca Poor ductility due to the participation of Mg2Ca on 
grain boundaries and inside the grain for Ca con
tent above 1.5 wt%

Exhibited acceleration of the corrosion rate 
due to high electrochemical activity of a 
large amount of beta phase (Mg2Ca) 
than α-Mg.

Mg–Zn Improvement in the hardness, ultimate yield, ten
sion, and compression with Zn content until 5%

Improved the corrosion resistance with in
creasing Zn content in the range of 
1–5 wt%

Mg–Sr Improved ultimate and yield tensile strength by in
creasing the amount of Sr from 0 to 2 wt % due to 
reducing the grain size

Improved corrosion resistance shown when 
increasing Sr up to 1–2 wt%

Mg–Zr–Sr Improved the ductility, and smoothed grain bound
aries achieved with the addition of between 1% 
and 5% Zr

Reducing the biocorrosion resistance consid
erably with the addition of excessive Zr 
and Sr to >2%

Mg–Zn–Ca Increasing the Zn content resulted in a significant in
crease in the ultimate tensile strength

Ternary systems have the dominant mecha
nism for higher corrosion resistance
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There are three distinct degradation products of Mg in fracture 
healing enhancement including Mg2þ, OH− and H2 [66]. In Figure 5, 
the Mg2þ, OH− and H2 could anti-inflammate and promote bone 
formation. Mg2þ and H2 upregulated the expression of CGRP to en
hance osteogenesis. A degradable Mg screw developed in China 
had obtained approval for product registration multicenter clinical 
trial in 2019 and was certificated by CE in 2020. All cases were en
rolled in the clinical study in 2023. Furthermore, the composite 
scaffold consisted of PLGA/TCP and icaritin is investigated as a 
bone defect filler subsequent to core decompression with the ob
jective of preventing femoral head collapse in a bipedal SAON ani
mal model using emu [67]. Based on these findings, the PLGA/TCP 
scaffold containing Mg is developed with a bio-mimic structure 
and enhanced mechanical characteristics [68]. Following implan
tation, PLGA/TCP/Mg scaffold demonstrates the capacity augment 
blood perfusion and facilitates neovascularization at the 4-week 
postoperative interval. Meanwhile, plenty of newly formed vessels 
with good architecture are observed at 8 weeks. Subsequently, at 
12 weeks post-surgical intervention, PLGA/TCP/Mg scaffold signifi
cantly promote osteogenesis and enhance the mechanical integ
rity of the newly formed bone tissue.

Challenges of the orthopedic application of Mg
Compared with conventional inert materials, research on biode
gradable metals is still in its nascent stage offering vast opportuni
ties for innovation. Mg-based implants are provisionally required 
to maintain mechanical stability during the healing process of the 
injured tissues. Under stress corrosion conditions, there exist two 
principal mechanisms responsible for the initiation and propaga
tion of cracks in Mg-based implants [70]. (1) Predominantly gov
erned by the anodic dissolution mechanism, the oxide film on the 
surface of the alloy will be broken under the condition of exten
sion, so that the Mg alloy matrix is exposed, partially dissolved and 
then cracks appear. Due to the sustaining action of the stress, 

cracks continue to initiate and develop and finally leading to the 
failure of Mg-based implants. (2) During the cathodic reaction of 
Mg-based implants, hydrogen atoms are generated, which infil
trate and diffuse through the Mg matrix. When the concentration 
of hydrogen reaches a certain value, it will cause cracks. The stress 
corrosion of Mg-based implants in vitro is affected by the surround
ing environment and geometric design of Mg-based implants. Luo 
et al. calculated the stress distribution of Mg screws with different 
thread types, thread pitch and thread width using finite element 
analysis and optimized the structure of screws to retard stress cor
rosion in Mg-based implants (Figure 6) [69].

However, in load-bearing skeletal sites, especially in cases of 
bone fracture, the fracture gap is easy to generate micromotion 
influenced by local mechanical loading at the early stage of bone 
healing. Mg-based orthopedic fixators must possess robust initial 
mechanical integrity to provide secure support for the fractured 
bone at healing stage including inflammatory phase and soft cal
lus phase. The degradation of the Mg-based implants may de
crease their mechanical strength, so the degradation process of 
the Mg-based implants should be optimized to match the healing 
process of the fractured bone. However, the challenge still exists 
that biodegradable and bioactive metals as exogenous growth 
factors are expected early degradation while stable fixation 
implants are wished to slower degradation.

R&D of hybrid orthopedic implants for 
fracture fixation and healing enhancement
Conception of hybrid orthopedic implants
The compromised bone quality and impaired healing capabilities 
of osteoporotic fractures present a substantial challenge for 
orthopedic surgeons. Osteoporotic bone may not be suitable 
for using conventional rigid implants for fracture fixation 
due to their decreased bone mass and deteriorated bone 

Figure 5. The function degradation products of Mg to regulate the osteoporotic fracture healing. Obtained from Ref. [66]. Copyright ©2025, An et al. 
(A) Degradation products of Mg. (B) Direct effects of Mg2þ, H2 and OH−. (C) Indirect effects of Mg2þ, H2 and OH−.
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structure, which can result in stress concentration and 
fracture fixation instability. Delays in callus formation and ossifi
cation have been reported, with failure rates of fixation in osteo
porotic patients ranging from 10% to 25% [71]. Innovative 

solutions are necessary to improve the clinical application of Mg- 
based implants to alter delay union or nonunion, as there are 
concerns about their rapid degradation at load-bearing skeletal 
sites [56].

Figure 6. The optimized structure according to stress distribution decreases the degradation rate. Reproduced from Ref. [69] with permission of 
Elsevier ©2024. (A) Stress distribution of Mg screw with various features. (B) 3D morphology of the pre-optimized and post-optimized Mg screw 
inserted in the rabbit back subcutaneous tissue at different time period and statistics of loss ratio. NS: not significant, �P< 0.05, ��P<0.01, ���P<0.001.
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Numerous Ti/Mg hybrid fixation systems that include bioac
tive Mg implants with conventional non-degradable Ti internal 
fixation have been developed to meet the challenge in osteopo
rotic fracture fixation and healing enhancement (Table 3). The 
design of the Ti/Mg hybrid fixation system ensures that Ti 
implants provide sufficient mechanical strength while Mg 
implants facilitate fracture healing. Given that Mg possesses 
Young’s modulus and yield strength comparable to human corti
cal bone, its incorporation into the fixation system reduces the ri
gidity commonly associated with conventional implants. 
Furthermore, Mg has demonstrated the ability to stimulate the 
periosteum, enhancing callus tissue generation through the 
upregulation of CGRP, a protein known to promote fracture heal
ing [48]. Galvanic corrosion of Mg and Ti may lead to rapid degra
dation of Mg due to the difference of electrode potentials (Mg: 
−2.356 V, Ti: −0.163 V). However, the corrosion rate of Mg in the 
Mg–Ti hybrid system is also influenced by the contact area ratio 
and surrounding medium. In order to prevent Mg corrosion, 
Fazel et al. [72] treated Mg–0.6Ca using plasma electrolytic oxida
tion to form a coating of hybrid couples to significantly decreased 
the strong galvanic degradation of Ti/Mg hybrid systems. As such 
approach may prevent the Mg degradation during early healing 
phase or tissue regeneration phase, we developed the Ti/Mg hy
brid system without using Mg for bone fixation rather for early 
degradation even with wished underlying mechanism of galvanic 
corrosion. In fact, animal models published in our previous stud
ies using Ti/Mg hybrid fixation systems showed rather faster deg
radation of Mg in favor of acceleration of fracture healing as our 
concept is to utilize Mg biological anabolic effects rather the me
chanical properties where Mg compartment does not provide 
fracture fixation function [66]. Further application of these hy
brid fixation systems to clinical trials should be supported by 
valuable insights and evidence.

Clinical translation process of hybrid 
orthopedic implants
The development of the innovative Ti/Mg hybrid fixation system 
follows a systematic workflow, as shown in Figure 7. It begins 
with the research phase to identify the clinical challenges and 
specific problems encountered in orthopedic applications. This 
phase includes a comprehensive literature review, in-depth 

scientific research and market research to guide the concept de
sign and evaluate the technical feasibility of the proposed solu
tion. The design phase focuses on the optimization and 
development of the hybrid fixation system. Design prototypes 
are developed through computational simulations to evaluate 
their biomechanical and biological performance under various 
physiological conditions. These designs were subsequently itera
tively optimized based on the simulation results, resulting in the 
development of product prototypes for mechanical testing. Just 
as important is the patent application in this phase to protect in
tellectual property and for further technology transfer or clinical 
translation. Furthermore, the safety and efficacy of the innova
tive hybrid fixation system need to be evaluated through bio
safety assessments and animal studies. The product phase 
includes the preparation for market launch. This includes con
ducting clinical trials to validate the overall performance of the 
innovative hybrid fixation system in human applications. 
Furthermore, it involves the preparation of comprehensive tech
nical and regulatory documentation to ensure compliance with 
regulatory standards. Most importantly, the product must com
ply with relevant standards, regulations and laws throughout its 
lifecycle. In general, this structured method facilitates the effec
tive translation of the Ti/Mg hybrid fixation system from concept 
to clinical application, supporting its clinical significance in en
hancing fracture fixation and promoting bone healing as well as 
avoiding revision surgery.

Therefore, compared with conventional fracture fixation sys
tems, the Ti/Mg hybrid fixation system offers a superior solution 
for fracture healing in osteoporotic patients. The Ti/Mg hybrid 
fixation system not only provides sufficient mechanical strength, 
but also contributes to fracture healing. Given these benefits, the 
application of this innovative hybrid technology may extend to a 
variety of fracture applications, where Mg degradation can con
tribute to bone healing and tissue regeneration while Ti or other 
alloys can provide sufficient mechanical strength to further en
hance clinical outcomes [4].

Conclusions
The application of biodegradable Mg in orthopedics is still in its 
early stage, while the boost increase of biodegradable Mg will be 

Table 3. Summary of representative animal and simulation studies on Ti/Mg hybrid fixation systems as potential orthopedic implants

Hybrid system Control Surgery Method Major findings Clinical significance Ref.

Mg-containing Ti 
intramedullary 
nail system

Stainless steel Femoral fracture Animal study: rat Accelerated frac
ture healing

Innovative approach to 
fracture fixation in 
heavy weight-bear
ing sites

[48]

Mg/Ti screw and 
plate fixa
tion system

Ti alloy Tibial fracture Animal 
study: rabbit

Increased callous 
formation at frac
ture gap

Innovative approach to 
fracture fixation in 
heavy weight-bear
ing sites

[73]

Mg/Ti screw and 
plate fixa
tion system

Ti alloy Femoral fracture Simulation study: 
finite ele
ment analysis

Improved mechani
cal properties 
while exerting bio
logical effects

Innovative approach to 
fracture fixation in 
heavy weight-bear
ing sites

[74]

Mg–Ti hybrid can
nulated screws

Ti alloy Femoral 
neck fracture

Simulation study: 
finite ele
ment analysis

Improved mechani
cal properties 
while exerting bio
logical effects

Innovative approach to 
fracture fixation in 
heavy weight-bear
ing sites

[75]

Mg–Ti hybrid 
plate fixa
tion system

Ti alloy Femoral fracture Simulation study: 
finite ele
ment analysis

Improved mechani
cal properties 
while exerting bio
logical effects

Innovative approach to 
fracture fixation in 
heavy weight-bear
ing sites

[43]
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expected in the near future with intensified collaboration among 

material scientists, engineers and clinician scientists as well as 

regulatory bodies. This review systematically analyzes the ortho

pedic application prospects and the basic research of Mg, and 

then proposes the orthopedic application scheme of Mg in non- 

load skeletal bearing sites and load skeletal bearing sites based 

on the bedside needs. Finally, the translation pathway of Mg is 

outlined. For a comprehensive understanding of the orthopedic 

application prospects of Mg-based materials, the common bio

materials used in orthopedics, driving factors of orthopedic inno

vation, the physiology of Mg2þ are introduced. To achieve 

orthopedic application, modification of the performance of Mg as 

implantable metals and function of the degradation products of 

Mg in vivo are described. For the clinical needs of treating SAON 

in non-load skeletal bearing sites, Mg screws and Mg-based com

posite porous scaffolds (Mg/PLGA/TCP) have been developed. To 

utilize the beneficial biological effects of Mg degradation and 

overcome the weakness in mechanical stability for fracture fixa

tion, the concept of developing Mg/Ti hybrid orthopedic implants 

is reported and updated. Finally, the translation process of Mg- 

based medical devices is stated to promote their clinical transla

tion as innovative orthopedic implants. The gap between the 

materials applied in clinical orthopedics and materials in discov

ery and research is obvious due to the regulatory requirement for 

biosafety and treatment efficacy. This review provides a refer

ence frame for the translation of novel materials and promotes 

the development of innovative orthopedic biomaterials for clini

cal applications. We hope the diversified, yet clinically relevant 

materials and medical devices will provide more choices 

for surgeons.

Funding
This work was supported by Research Grants Council Research 

Impact Fund (R4034-23F), Passion for Perfection Scheme 

(PFP202307-012) and Research Grants Council Areas of 

Excellence Scheme (AoE/M-402/20).

Conflicts of interest statement. The authors declare that the current 

review work was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential 

conflict of interest.

References
01. O’Brien FJ. Biomaterials & scaffolds for tissue engineering. Mater 

Today 2011;14:88–95.
02. Todros S, Todesco M, Bagno A. Biomaterials and their biomedi

cal applications: from replacement to regeneration. 

Processes 2021;9:1949.

03. Matsushita T, Takahashi H. 17. In: Orthopedic Applications of 

Metallic Biomaterials, 2nd Edition. Amsterdam, The 

Netherlans: Elsevier Ltd. 2019, 431–73.

04. Wang JL, Xu JK, Hopkins C, Chow DH, Qin L. Biodegradable 

magnesium-based implants in orthopedics – a general review 

and perspectives. Adv Sci (Weinh) 2020;7:1902443.
05. Sharma SK, Gajevic S, Sharma LK, Pradhan R, Miladinovic S, 

Asonja A, Stojanovic B. Magnesium–titanium alloys: a promis

ing solution for biodegradable biomedical implants. 

Materials 2024;17:5157.
06. Liu Z, Liu H, Vowden R, Hughes L, Qi D, Francis W, Perino G, 

Pink R, Xiao J, Li B, Xia Z. Combination of cobalt, chromium and 

titanium nanoparticles increases cytotoxicity in vitro and pro- 

inflammatory cytokines in vivo. J Orthop Translat 

2023;38:203–12.
07. Wei H, Cui J, Lin K, Xie J, Wang X. Recent advances in smart 

stimuli-responsive biomaterials for bone therapeutics and re

generation. Bone Res 2022;10:17.

08. Qi J, Wang Y, Chen L, Chen L, Wen F, Huang L, Rueben P, Zhang 

C, Li H. 3D-printed porous functional composite scaffolds with 

polydopamine decoration for bone regeneration. Regen Biomater 

2023;10:rbad062.
09. Zhang N-Z, Li M, Dong X, Chen K, Cao X-Y, Hu X-R, Dai M, 

Cheng C-K. The effect of phase formation on biomechanical 

and biological performance of Li2O–Al2O3–SiO2 glass-ceramics. 

Ceram Int 2022;48:10187–94.
10. Zhang N-Z, Wang C, Ran T-F, Zeng F-C, Wang M, Qin L, Cheng 

C-K. Intervertebral osteointegration and biomechanical perfor

mance of bioactive lithium disilicate glass-ceramic scaffold fab

ricated by digital light processing. Ceram Int 2024;50:53674–84.
11. Rijs Z, Weekhout A, Daniel S, Schoones JW, Groot OQ, Lozano- 

Calderon SA, van de Sande MAJ. Carbon-fibre plates for trau

matic and (impending) pathological fracture fixation: where do 

we stand? A systematic review. J Orthop Traumatol 2023;24:42.

12. Phalak MO, Chaudhari AK, Chaudhari T, Birajdar A. Dr John H. 

Charnley: an architect and pioneer of the modern era of hip re

placement surgery. Cureus 2024;16:e68832.

Figure 7. The development of the innovative Ti/Mg hybrid fixation system workflow.

Regenerative Biomaterials, 2025, Vol. 12, rbaf032 | 13  



13. Su J, Wang JJ, Yan ST, Zhang M, Wang HZ, Zhang NZ, Luan YC, 

Cheng CK. In vitro analysis of wearing of hip joint prostheses 

composed of different contact materials. Materials 2021;14:3805.
14. Wellauer H, Heuberger R, Gautier E, Tannast M, Steinke H, 

Wahl P. The history of the development of the regular straight 

stem in hip arthroplasty. EFORT Open Rev 2023;8:548–60.
15. Al-Shalawi FD, Azmah Hanim MA, Ariffin MKA, Looi Seng Kim 

C, Brabazon D, Calin R, Al-Osaimi MO. Biodegradable synthetic 

polymer in orthopaedic application: a review. Mater Today 

Proc 2023;74:540–6.
16. Liu Y, Li L, He M, Xu Y, Wu Z, Xu X, Luo K, Lv H. Self-assembled 

peptide hydrogel loaded with functional peptide dentonin 

accelerates vascularized bone tissue regeneration in critical- 

size bone defects. Regen Biomater 2024;11:rbae106.

17. Liu Z, Zhang H, Gan J, Zhao Y, Wang Y. Black phosphorus tagged 

responsive strontium hydrogel particles for bone defect repair. 

Adv Sci 2024;12:2408284.
18. Liu Y, Dzidotor G, Le TT, Vinikoor T, Morgan K, Curry EJ, Das R, 

McClinton A, Eisenberg E, Apuzzo LN, Tran KTM, Prasad P, 

Flanagan TJ, Lee S-W, Kan H-M, Chorsi MT, Lo KWH, Laurencin 

CT, Nguyen TD. Exercise-induced piezoelectric stimulation for 

cartilage regeneration in rabbits. Sci Transl Med 

2022;14:eabi7282.

19. Qi F, Li Z, Li H, Chen G, Luo X, Xiong S, Peng S, Zhu H, Shuai C. 

An ultrasound-activated heterojunction as ROS generator given 

scaffolds sonodynamic antibacterial effect. Vacuum 

2023;216:112433.
20. Wang L, Hu P, Jiang H, Zhao J, Tang J, Jiang D, Wang J, Shi J, Jia 

W. Mild hyperthermia-mediated osteogenesis and angiogenesis 

play a critical role in magnetothermal composite-induced bone 

regeneration. Nano Today 2022;43:101401.
21. Liu Y, Rath B, Tingart M, Eschweiler J. Role of implants surface 

modification in osseointegration: a systematic review. J Biomed 

Mater Res A 2020;108:470–84.
22. Liu B, Wang H, Zhang N, Zhang M, Cheng CK. Femoral stems 

with porous lattice structures: a review. Front Bioeng Biotechnol 

2021;9:772539.

23. Liu B, Wang H, Zhang M, Li J, Zhang N, Luan Y, Fang C, Cheng 

CK. Capability of auxetic femoral stems to reduce stress shield

ing after total hip arthroplasty. J Orthop Translat 2023;38:220–8.
24. Sadat Hashemi T, Jaiswal S, McCarthy HO, Levingstone TJ, 

Dunne NJ. Biofunctionalisation of porous additively manufac

tured magnesium-based alloys for orthopaedic applications: a 

review. Biomater Adv 2025;169:214170.

25. Liu B, Liu J, Wang C, Wang Z, Min S, Wang C, Zheng Y, Wen P, 

Tian Y. High temperature oxidation treated 3D printed anatom

ical WE43 alloy scaffolds for repairing periarticular bone 

defects: in vitro and in vivo studies. Bioact Mater 2024;32:177–89.
26. Gupta T, Ghosh SB, Bandyopadhyay-Ghosh S, Sain M. Is it possi

ble to 3D bioprint load-bearing bone implants? A critical review. 

Biofabrication 2023;15:042003.

27. Cheng CK, Wang XH, Luan YC, Zhang NZ, Liu BL, Ma XY, Nie 

MD. Challenges of pre-clinical testing in orthopedic implant de

velopment. Med Eng Phys 2019;72:49–54.
28. Barrack RL. Early failure of modern cemented stems. J 

Arthroplasty 2000;15:1036–50.

29. Okike K, Chan PH, Prentice HA, Paxton EW, Burri RA. 

Association between uncemented vs cemented hemiarthro

plasty and revision surgery among patients with hip fracture. 

JAMA 2020;323:1077–84.
30. Zhang NZ, Liu BL, Luan YC, Zhang M, Cheng CK. Failure analysis 

of a locking compression plate with asymmetric holes and poly

axial screws. J Mech Behav Biomed Mater 2023;138:105645.

31. Xie Y, Zhang L, Xiong Q, Gao Y, Ge W, Tang P. Bench-to-bedside 

strategies for osteoporotic fracture: from osteoimmunology to 

mechanosensation. Bone Res 2019;7:25.
32. Kan T, He Z, Du J, Xu M, Cui J, Han X, Tong D, Li H, Yan M, Yu Z. 

Irisin promotes fracture healing by improving osteogenesis and 

angiogenesis. J Orthop Translat 2022;37:37–45.
33. Pfeiffenberger M, Damerau A, Lang A, Buttgereit F, Hoff P, Gaber 

T. Fracture healing research-shift towards in vitro modeling? 

Biomedicines 2021;9:748.
34. Shen Y, Wang H, Xie H, Zhang J, Ma Q, Wang S, Yuan P, Xue H, 

Hong H, Fan S, Xu W, Xie Z. L-arginine promotes angio- 

osteogenesis to enhance oxidative stress-inhibited bone 

formation by ameliorating mitophagy. J Orthop 

Translat 2024;46:53–64.

35. Bozec A, Zaiss MM, Kagwiria R, Voll R, Rauh M, Chen Z, Mueller- 

Schmucker S, Kroczek RA, Heinzerling L, Moser M, Mellor AL, 

David JP, Schett G. T cell costimulation molecules CD80/86 in

hibit osteoclast differentiation by inducing the IDO/tryptophan 

pathway. Sci Transl Med 2014;6:235ra60.
36. Xu F, Li W, Yang X, Na L, Chen L, Liu G. The roles of epigenetics 

regulation in bone metabolism and osteoporosis. Front Cell Dev 

Biol 2020;8:619301.
37. Foger-Samwald U, Dovjak P, Azizi-Semrad U, Kerschan-Schindl 

K, Pietschmann P. Osteoporosis: pathophysiology and therapeu

tic options. EXCLI J 2020;19:1017–37.
38. Perren SM. Evolution of the internal fixation of long bone frac

tures: the scientific basis of biological internal fixation: choosing 

a new balance between stability and biology. J Bone Joint Surg Br 

2002;84-B:1093–110.
39. Miller DL, Goswami T. A review of locking compression plate 

biomechanics and their advantages as internal fixators in frac

ture healing. Clin Biomech (Bristol) 2007;22:1049–62.
40. Rina J, Podworny N, Hupel TM, Weinberg J, Schemitsch EH. 

Influence of plate design on cortical bone perfusion and frac

ture healing in canine segmental tibial fractures. J Orthop 

Trauma 1999;13:178–86.
41. Li J, Qin L, Yang K, Ma Z, Wang Y, Cheng L, Zhao D. Materials 

evolution of bone plates for internal fixation of bone fractures: a 

review. J Mater Sci Technol 2020;36:190–208.
42. Szypryt P, Forward D. The use and abuse of locking plates. 

Orthop Trauma 2009;23:281–90.
43. Zhang NZ, Shui YY, Zhang QD, Zhang YT, Su J, Qin L, Cheng CK. 

Failure analysis and design improvement of retrieved plates 

from revision surgery. J Orthop Translat 2024;49:1–10.
44. Castiglioni S, Cazzaniga A, Albisetti W, Maier JA. Magnesium 

and osteoporosis: current state of knowledge and future re

search directions. Nutrients 2013;5:3022–33.

45. Xie K, Wang L, Guo Y, Zhao S, Yang Y, Dong D, Ding W, Dai K, 

Gong W, Yuan G, Hao Y. Effectiveness and safety of biodegrad

able Mg–Nd–Zn–Zr alloy screws for the treatment of medial 

malleolar fractures. J Orthop Translat 2021;27:96–100.
46. Zhao D, Huang S, Lu F, Wang B, Yang L, Qin L, Yang K, Li Y, Li W, 

Wang W, Tian S, Zhang X, Gao W, Wang Z, Zhang Y, Xie X, 

Wang J, Li J. Vascularized bone grafting fixed by biodegradable 

magnesium screw for treating osteonecrosis of the femoral 

head. Biomaterials 2016;81:84–92.

47. Erdmann N, Angrisani N, Reifenrath J, Lucas A, Thorey F, 

Bormann D, Meyer-Lindenberg A. Biomechanical testing and 

degradation analysis of MgCa0.8 alloy screws: a comparative 

in vivo study in rabbits. Acta Biomater 2011;7:1421–8.
48. Zhang Y, Xu J, Ruan YC, Yu MK, O’Laughlin M, Wise H, Chen D, 

Tian L, Shi D, Wang J, Chen S, Feng JQ, Chow DH, Xie X, Zheng L, 

Huang L, Huang S, Leung K, Lu N, Zhao L, Li H, Zhao D, Guo X, 

14 | Regenerative Biomaterials, 2025, Vol. 12, rbaf032  



Chan K, Witte F, Chan HC, Zheng Y, Qin L. Implant-derived 
magnesium induces local neuronal production of CGRP to im
prove bone-fracture healing in rats. Nat Med 2016;22:1160–9.

49. Marinkovi�c D, Dezs}o G, Milojevi�c S. Application of machine 
learning during maintenance and exploitation of electric 
vehicles. Adv Eng Lett 2024;3:132–40.

50. Zheng L, Zhao S, Li Y, Xu J, Yan W, Guo B, Xu J, Jiang L, Zhang Y, 

Wei H, Jiang Q. Engineered MgO nanoparticles for cartilage– 
bone synergistic therapy. Sci Adv 2024;10:eadk6084

51. Witte F. The history of biodegradable magnesium implants: a 

review. Acta Biomater 2010;6:1680–92.
52. Liu Y, Zheng Y, Chen XH, Yang JA, Pan H, Chen D, Wang L, 

Zhang J, Zhu D, Wu S, Yeung KWK, Zeng RC, Han Y, Guan S. 

Fundamental theory of biodegradable metals—definition, crite
ria, and design. Adv Funct Mater 2019;29:1805402.

53. Windhagen H, Radtke K, Weizbauer A, Diekmann J, Noll Y, 

Kreimeyer U, Schavan R, Stukenborg-Colsman C, Waizy H. 
Biodegradable magnesium-based screw clinically equivalent to 
titanium screw in hallux valgus surgery short term results of 
the first prospective, randomized, controlled clinical pilot study. 

Biomed Eng Online 2013;12:62.
54. Lam W-H, Tso C-Y, Tang N, Cheung W-H, Qin L, Wong RM-Y. 

Biodegradable magnesium screws in elbow fracture fixation: 

clinical case series. J Orthop Trauma Rehabil 
2021;29:2210491720986983.

55. Lee J-W, Han H-S, Han K-J, Park J, Jeon H, Ok M-R, Seok H-K, Ahn 

J-P, Lee KE, Lee D-H, Yang S-J, Cho S-Y, Cha P-R, Kwon H, Nam 
T-H, Han JHL, Rho H-J, Lee K-S, Kim Y-C, Mantovani D. Long- 
term clinical study and multiscale analysis of in vivo biodegra
dation mechanism of Mg alloy. Proc Natl Acad Sci USA 

2016;113:716–21.
56. He X, Li Y, Zou D, Zu H, Li W, Zheng Y. An overview of 

magnesium-based implants in orthopaedics and a prospect of 

its application in spine fusion. Bioact Mater 2024;39:456–78.
57. Kim JW, Alfafara AMD, Kim HY, Kim SY, Kim SJ. Effects of pH al

teration on the pathogenesis of medication-related osteonecro

sis of the jaw. Bone 2019;122:45–51.
58. Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, 

Yamagata K, Katsura K, Katayama Y, Asoh S, Ohta S. Hydrogen 

acts as a therapeutic antioxidant by selectively reducing cyto
toxic oxygen radicals. Nat Med 2007;13:688–94.

59. Li Y, Liu G, Zhai Z, Liu L, Li H, Yang K, Tan L, Wan P, Liu X, 
Ouyang Z, Yu Z, Tang T, Zhu Z, Qu X, Dai K. Antibacterial prop

erties of magnesium in vitro and in an in vivo model of implant- 
associated methicillin-resistant Staphylococcus aureus infection. 
Antimicrob Agents Chemother 2014;58:7586–91.

60. Ma R, Lai YX, Li L, Tan HL, Wang JL, Li Y, Tang TT, Qin L. 
Bacterial inhibition potential of 3D rapid-prototyped magne
sium-based porous composite scaffolds – an in vitro efficacy 

study. Sci Rep 2015;5:13775.
61. Zhao D, Zhang F, Wang B, Liu B, Li L, Kim SY, Goodman SB, 

Hernigou P, Cui Q, Lineaweaver WC, Xu J, Drescher WR, Qin L. 
Guidelines for clinical diagnosis and treatment of osteonecrosis 

of the femoral head in adults (2019 version). J Orthop Translat 
2020;21:100–10.

62. Zhao D, Ma Z. Application of biomaterials for the repair and 
treatment of osteonecrosis of the femoral head. Regen 
Biomater 2020;7:1–8.

63. Sun J, Li Z, Liu S, Xia T, Shen J. Biodegradable magnesium screw, 
titanium screw and direct embedding fixation in pedicled vas
cularized iliac bone graft transfer for osteonecrosis of the femo
ral head: a randomized controlled study. J Orthop Surg 

Res 2023;18:523.
64. Yu X, Zhao D, Huang S, Wang B, Zhang X, Wang W, Wei X. 

Biodegradable magnesium screws and vascularized iliac graft

ing for displaced femoral neck fracture in young adults. BMC 
Musculoskelet Disord 2015;16:329.

65. Gonzalez J, Hou RQ, Nidadavolu EPS, Willumeit-R€omer R, 

Feyerabend F. Magnesium degradation under physiological con
ditions—best practice. Bioact Mater 2018;3:174–85.

66. An Y, Zhang H, Zhang SA, Zhang Y, Zheng L, Chen X, Tong W, Xu 

J, Qin L. Degradation products of magnesium implant synergisti
cally enhance bone regeneration: unraveling the roles of hydro
gen gas and alkaline environment. Bioact Mater 2025;46:331–46.

67. Qin L, Yao D, Zheng L, Liu WC, Liu Z, Lei M, Huang L, Xie X, 

Wang X, Chen Y, Yao X, Peng J, Gong H, Griffith JF, Huang Y, 
Zheng Y, Feng JQ, Liu Y, Chen S, Xiao D, Wang D, Xiong J, Pei D, 
Zhang P, Pan X, Wang X, Lee KM, Cheng CY. Phytomolecule icar

itin incorporated PLGA/TCP scaffold for steroid-associated 
osteonecrosis: proof-of-concept for prevention of hip joint col
lapse in bipedal emus and mechanistic study in quadrupedal 

rabbits. Biomaterials 2015;59:125–43.
68. Lai Y, Li Y, Cao H, Long J, Wang X, Li L, Li C, Jia Q, Teng B, Tang 

T, Peng J, Eglin D, Alini M, Grijpma DW, Richards G, Qin L. 
Osteogenic magnesium incorporated into PLGA/TCP porous 

scaffold by 3D printing for repairing challenging bone defect. 
Biomaterials 2019;197:207–19.

69. Luo Y, Liu F, Chen Z, Luo Y, Li W, Wang J. A magnesium screw 

with optimized geometry exhibits improved corrosion resistance 
and favors bone fracture healing. Acta Biomater 2024;178:320–9.

70. Jiang J, Geng X, Zhang X. Stress corrosion cracking of magne

sium alloys: a review. J Magnes Alloy 2023;11:1906–30.
71. Cornell CN. Internal fracture fixation in patients with osteopo

rosis. J Am Acad Orthop Surg 2003;11:109–19.

72. Fazel M, Garamus VM, Serdechnova M, Wilde F, Wieland F, 
Nidadavolu E, Wu T, Ebel T, Blawert C, Willumeit-R€omer R, 
Zheludkevich ML. Mg–Ti hybrid joints: surface modification, 
corrosion studies and 3D-pore investigation using synchrotron- 

based microtomography. J Magnes Alloy 2024;12:3142–58.
73. Tian L, Sheng Y, Huang L, Chow DH, Chau WH, Tang N, Ngai T, 

Wu C, Lu J, Qin L. An innovative Mg/Ti hybrid fixation system 

developed for fracture fixation and healing enhancement at 
load-bearing skeletal site. Biomaterials 2018;180:173–83.

74. Tian L, Tang N, Ngai T, Wu C, Ruan Y, Huang L, Qin L. Hybrid 

fracture fixation systems developed for orthopaedic applica
tions: a general review. J Orthop Translat 2019;16:1–13.

75. Zhang Q, Chen Z, Peng Y, Jin Z, Qin L. The novel magnesium–ti
tanium hybrid cannulated screws for the treatment of vertical 

femoral neck fractures: biomechanical evaluation. J Orthop 
Translat 2023;42:127–36.

© The Author(s) 2025. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/ 
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Regenerative Biomaterials, 2025, 12, 1–15
https://doi.org/10.1093/rb/rbaf032
Review

Regenerative Biomaterials, 2025, Vol. 12, rbaf032 | 15  


	Active Content List
	Introduction
	Orthopedic biomaterials
	Driving force for innovation of orthopedic implants
	Bone biology- and pathophysiology-based metallic screw-plate system design in osteoporotic fracture
	Mg as biodegradable and bioactive metals for orthopedic applications
	R&#x00026;D of hybrid orthopedic implants for fracture fixation and healing enhancement
	Conclusions
	Funding
	References


