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Bone-related diseases resulting from accidents, illnesses, and injuries have become increasingly com-
mon in recent years. Treating these conditions poses significant challenges, including prolonged recovery
times, high costs, and unpredictable outcomes, which can lead to complications such as infections and
reduced muscle strength. Although autologous bone transplantation is regarded as the "gold standard" for
addressing bone diseases, its application is often limited by complications at the donor site and the risk
of infection. This underscores the urgent need to explore alternatives to autogenous bone transplantation.
In response, a range of biomaterials for bone repair have been developed, with metal-based biomateri-
als emerging as effective adjuncts that enhance and optimize the repair and regeneration of bone tissue.
These materials can actively influence the bone repair process through mechanisms such as inductive os-
teogenesis, immunomodulation, and pro-angiogenesis. This review begins by highlighting the biological
effects of metal-based biomaterials, followed by a comprehensive overview of their macro- and micro-
scale classifications and applications for treating various bone diseases. Finally, the review addresses fu-
ture directions and challenges associated with the use of metal-based biomaterials in bone repair, aiming
to propose promising strategies for the treatment of bone-related diseases.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Bone is one of the most critical organs in the human body, serv-
ing as a key component of the musculoskeletal system that pro-
vides structural support, protection, mobility, and hematopoiesis.
The primary mineral component of bone is calcium phosphate [1],
its remarkable feature lies in the deposition of a large amount of
calcium salts in the extracellular matrix (ECM), forming a highly
durable tissue that makes up the skeletal framework of the human
body, providing support and protection to various organs [2]. How-
ever, numerous factors can cause bone defects or loss, including
trauma, orthopedic surgery, osteoarthritis (OA) [3], osteoporosis,
and resection of primary tumors [4,5]. Furthermore, with the rising
number of patients owing to an aging population, the prevalence
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of bone diseases continues to increase annually. It is estimated that
approximately 20 million patients worldwide suffer from bone tis-
sue loss because of various ailments each year [6].

Generally, the human skeletal system has the capacity to regen-
erate in response to minor injuries or small bone defects [7]. How-
ever, when the defect surpasses a critical size threshold, the pro-
cess of natural healing becomes significantly more difficult [8]. In
cases of severe bone injury, the use of natural bone grafts or bio-
materials is often essential to bridge the gap and support bone re-
generation. Currently, bone grafting remains the standard method
for repairing extensive bone defects, which includes autologous,
allogenic, and xenogeneic grafting options [9-12]. Among these,
autologous bone grafting is known for its excellent repair effects
and remains as the "gold standard" owing to its osteoinductive,
osteogenic, and osteoconductive characteristics [13]. However, the
application of autologous grafts requires harvesting healthy bone
tissue, which may be limited in availability, and the second sur-
gical intervention may lead to complications, and inadequate de-
fect filling [14]. Allogenic bone grafts, obtained from other patients
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or human donors, can help address the deficiency of autologous
bone [15]. Unfortunately, these donor tissues carry risks of infec-
tion, disease transmission, and immune response [16]. As a result,
researchers generally do not recommend the widespread use of
these materials for bone defect repair [17]. Other standard treat-
ments present limited selectivity for tumor cells and high toxicity
to normal cells, further restricting their clinical application [18].

Given these challenges, there has been a significant demand
over the past few decades for the rational design and construc-
tion of multifunctional biomaterials that facilitate disease treat-
ment and bone regeneration [19]. In recent years, metal-based bio-
materials have attracted considerable attention due to their out-
standing mechanical strength and crucial role in promoting bone
formation and regeneration [20]. Compared to traditional polymer
and ceramic materials, metal-based biomaterials exhibit significant
advantages in bone repair. For most metal materials, their superior
mechanical properties provide high strength and excellent tough-
ness, allowing them to effectively support biological loads and re-
sist fatigue [21]. This remarkable mechanical strength ensures that
metal implants maintain structural integrity in dynamic biologi-
cal environments, facilitating load transfer during the bone heal-
ing process and enhancing tissue regeneration, Furthermore, the
biocompatibility and corrosion resistance of metal-based biomate-
rials are crucial for their effectiveness in bone repair. These materi-
als form favorable interfaces with surrounding bone tissue, which
helps minimize inflammatory reactions. Their excellent corrosion
resistance in physiological environments extends the lifespan of
implants and reduces the risk of complications. Additionally, cer-
tain metals possess inherent antibacterial properties, significantly
lowering the incidence of infections at the implant site. This is
particularly vital in bone repair surgeries, as infections can not
only delay healing but also lead to serious clinical consequences.
Thus, the enhanced antibacterial performance of metal-based bio-
materials represents a key advantage. Moreover, the processability
of metal-based biomaterials allows for the fabrication of complex-
shaped implants tailored to specific clinical needs. This versatil-
ity supports the advancement of personalized medicine and con-
tributes to improved surgical outcomes. Current research in bone
tissue engineering increasingly emphasizes enhancing the biolog-
ical activity of these materials through a range of physical and
chemical surface modifications [22,23]. However, the classification
of these metal-based materials for bone repair remains unclear.
Bone regeneration is a complex process that requires the coordi-
nated regulation of osteogenesis, immune responses, and the bi-
ological behaviors of the involved biomaterials. Recognizing that
different metal-based materials play distinct roles in osteogene-
sis shaped by their structural characteristics, material morphol-
ogy, and surface coatings, this review classifies these materials on
both macro- and microscales. It emphasizes the biological effects
of metal-based biomaterials and summarizes their biological char-
acteristics and applications in treating bone diseases. Additionally,
the review addresses current challenges and issues faced by metal-
based biomaterials in bone repair and discusses future develop-
ment directions. The aim is to propose promising strategies for the
effective treatment of bone-related diseases (Fig. 1).

2. Biological effects of metal-based biomaterials for bone
regeneration

Bone tissue is a complex system predominantly composed of
cells and ECM. The cellular components include mesenchymal
stem cells (MSCs), progenitor cells, osteoblasts, osteoclasts, nerve
fibers, endothelial cells from the circulatory system, and immune
cells. The ECM is crucial as it provides essential nutrients and
space for cellular proliferation, while also facilitating the removal
of metabolic waste. Additionally, intricate metabolic activities oc-
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Fig. 1. Classification diagram of metal-based biomaterials utilized for common
bone-related diseases. The macroscale classification comprises metal alloys, Bioac-
tive glasses, and bioceramic scaffolds. The microscale classification includes metal
nanoparticles, metal nanotubes, and metal-organic frameworks.

Fig. 2. Schematic diagram of biological effects of metal-based materials. (A) The
functional regulation of osteoblasts and osteoclasts. (B) Modulating the inflamma-
tory response to establish a supportive immune microenvironment for bone. (C)
Upregulation of osteogenic genes and activation of signaling pathways. (D) Promot-
ing angiogenesis in new bone formation. (E) Other biological effects (such as anti-
tumor, antioxidant, and antibacterial).

cur during both physiological homeostasis and pathological distur-
bances within bone tissue. Regulating these metabolic processes
is vital for promoting effective bone regeneration (Fig. 2). Metal-
based biomaterials can enhance metal immunotherapy through
unique biological effects, stimulating a series of mechanical effects
that accelerate bone healing. During the tissue repair process, hy-
poxia and inflammation induce angiogenesis. The cells surrounding
the blood vessels differentiate and proliferate in response to hy-
poxia, filling the wound while upregulating osteogenic genes and
inducing the expression of relevant factors. This activates signaling
pathways that promote bone healing, responding to growth factors
released by platelets, inflammatory cells, and adjacent tissues, ulti-
mately enhancing the stability of bone formation. Simultaneously,
the complex molecular mechanisms that underline these strate-
gies are being actively investigated, while the rapid advancement
of biomaterials expands the potential applications of metal-based
materials in bone regeneration.

2.1. Induction of osteoblast differentiation, proliferation, and adhesion

Metal-based implants can induce the differentiation, prolifera-
tion, and adhesion of cells. The primary cells involved in bone re-
modeling are osteoblasts and osteoclasts. Following the implanta-
tion of metal-based biomaterials, the functions of these cells are
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closely interconnected, promoting the resorption of damaged bone
and the formation of new bone. Additionally, osteocytes serve as
mechanical sensors and play a crucial role in bone remodeling
by initiating the process through matrix degradation [24]. Chon-
drocytes expand cartilage through proliferation and mesenchymal
formation. From the tips of bone formation to the diaphysis, os-
teoblasts, vascular cells, osteoclasts, and other hematopoietic cells
undergo widespread differentiation and proliferation. Notably, hy-
pertrophic chondrocytes are crucial factors and regulators of bone
growth [25]. The implanted metal-based biomaterials provide a
scaffold for osteoblasts, allowing them to invade cartilage and
blood vessels, forming true bone matrix in cartilage and generat-
ing primary trabecular tissue. Concurrently, metal-based materials
can produce bioactive factors, and important osteogenic molecules
are expressed in the periosteum, regulating the transformation and
maturation of cells into osteoblasts through various pathways.

2.2. Activation of the immune system

For most metal-based implants, particularly those involving
metal ions, the active ions they carry can activate the immune
system, providing a suitable cellular microenvironment for bone
repair. Their surface structures influencing cell adhesion and mi-
gration enhance local immune responses. With the awareness of
the role of metal-based materials in immunotherapy deepens, it
is recognized that the degradation or corrosion of these materi-
als within the body can release metal ions (such as zinc (Zn), Cu,
and Ag), which directly influence immune cell functionality. For in-
stance, Zn2* has been shown to enhance T cell proliferation and
activity, while certain metals like Ag exhibit antibacterial proper-
ties that inhibit bacterial growth and reduce infection risks [26].
This characteristic contributes to an improved local immune en-
vironment and mitigates inflammation. Furthermore, some metal
materials, as they degrade, can release bioactive substances that
promote tissue regeneration and activate the immune system by
stimulating osteoblasts and other immune cells [27]. Notably, stud-
ies have suggested that metal materials undergoing surface modi-
fication or specific treatments can induce immune tolerance and
diminish rejection reactions to implants. Metal-based biomaterials
activate the immune system through a variety of mechanisms, fa-
cilitating tissue repair and regeneration. Luo et al. introduced the
term "metal immunology” in 2020 [28], while Wang et al. proposed
the concept of "metal immunotherapy for cancer” in 2022, which
garnered widespread attention [29]. This evidence underscores the
relatively low side effects of metal-based materials and their fea-
sibility in accumulation processes, suggesting their unique advan-
tages in immunotherapy.

2.3. Activation of osteogenic related signaling pathways

Research has shown that metal-based materials can regulate
the osteogenic differentiation of stem cells through the activation
of specific signaling pathways and transcription factors, thereby
promoting bone repair. Trabelsi et al. [30] proposed that Ti-Ag
nanoparticles (NPs) can enhance the osteogenic differentiation
of bone marrow-derived mesenchymal stem cells (BMSC) is fa-
cilitated by the activation of the mitogen-activated protein ki-
nase (MAPK)/extracellular regulated protein kinases (ERK) signaling
pathway. Thanks to the similarities in mechanical properties, bio-
compatibility, and biodegradability of Zn-based biomaterials with
bone, Zhu et al. [31] investigated the biological response of hu-
man BMSC to Zn, focusing on the potential cellular signaling mech-
anisms involved. The findings demonstrated that Zn* activates
the cAMP-PKA pathway, induces intracellular Ca%* responses, and
leads to MAPK activation, which elucidates the cellular signaling
mechanisms by which zinc induces bone formation. Alotaibi et al.
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[32] certified that the activation of the osteogenic gene ERK1/2
pathway significantly participates in the osteogenic differentiation
of BMSC and is activated by the implantation of Ti with nano-form
Sr, Zn, and silicon (Si) bioactive ions. He et al. [33] prepared mag-
nesium (Mg), Zn, and Mg-Zn mixed extracts to study their specific
effects on the osteogenic differentiation of human BMSC and the
MAPK signaling pathway. The results indicated that both Mg and
Mg-Zn mixed extracts significantly promoted the osteogenic differ-
entiation of human BMSC. Yunok et al. [34] also applied a Wat-
mann protein-specific inhibitor to magnesium-pretreated BMSC.
The cell density and activity were significantly reduced, while al-
kaline phosphatase activity and matrix mineralization were inhib-
ited. These findings suggest that Mg+ can enhance the expres-
sion of osteogenic markers, including alkaline phosphatase and
bone morphogenetic proteins (BMPs), through the activation of the
phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway,
generating a series of changes in bone metabolism [35]. Li et al.
[36] developed a novel ZA-CaP bilayer coating on Mg-Sr alloys
through chemical deposition. Quantitative real-time polymerase
chain reaction (PCR) and Western blotting results indicated that
ZA-CaP double-coated Mg-Sr alloys regulate the formation of os-
teoblasts and osteoclasts through estrogen receptor o and nuclear
factor xB signaling pathways. Consequently, metal ions may offer
more direct therapeutic signals for promoting bone regeneration.

2.4. Stimulation of angiogenesis

The metallic mediators exert their effects through pathways
involving vascular endothelial growth factor (VEGF), hypoxia-
inducible factors (HIFs), angiogenesis-related genes, and im-
munomodulation of macrophages, thereby regulating angiogenesis.
The presence of abundant vasculature in bone is crucial for bone
regeneration [37]. In the research conducted by Chen et al, the
implantation of VEGF-doped metallic scaffolds into rat cranial de-
fects gave rise to a threefold increase in angiogenic capacity. Fur-
thermore, the addition of VEGF enhanced scaffold functionality by
30%, significantly increasing overall bone density and promoting
bone repair [38]. Zhou et al. also confirmed that BG and VEGF-
coated scaffolds showed good outcomes in bone regeneration and
defect healing in severe bone defect models in rats [39], exhibit-
ing higher total bone formation, neovascularization, and bone re-
generation. This evidence underscores the importance of directly
incorporating angiogenesis-related genes into metal implant ma-
terials for angiogenesis and bone integration. Therefore, in studies
without angiogenesis-related gene incorporation, Wang et al. found
that under the controlled release of metal scaffolds, bioactive fac-
tors are essential for promoting angiogenesis and ensuring cell sur-
vival, migration, nutrient delivery, and the diffusion of bone and
angiogenic factors in vivo [40].

2.5. Other effects

Years of research and applications have confirmed that various
metals and alloys also exhibit strong antibacterial activity, such
as Ag and its alloys, Cu and its alloys, Zn oxide, Ti oxide, and
Mg. In the bone regeneration system, these metal ions suppress
bacterial growth and inflammation, further promoting bone repair
effects. Furthermore, modified metal-based materials contain im-
munomodulators that can activate immune cells to regulate the
tumor microenvironment and enhance anti-cancer immunity [41].

3. Different types of metal-based biomaterials
Metal-based materials have become a central focus of research

in bone repair due to their outstanding mechanical properties, bio-
compatibility, and customizable surface characteristics. With the
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aging population and the rising incidence of bone-related diseases,
the demand for effective bone repair solutions has become more
urgent. Various surface modification techniques, such as coatings,
surface roughening, and bioactive coatings. Significantly enhance
the interaction between these materials and the surrounding bone
tissue. These modifications facilitate the adhesion, proliferation,
and differentiation of bone cells, thereby accelerating the bone re-
generation process. Furthermore, metal-based materials can influ-
ence the microenvironment of bone tissue by releasing bioactive
factors, further promoting the repair process. However, the effec-
tiveness of different metal-based materials in supporting bone re-
pair can vary widely based on factors such as size, material struc-
ture, modification methods, synthesis processes, and degradation
rates. We classify and examine the most commonly used metal-
based bone repair materials from both macro- and microscale per-
spectives, focusing on their structural scale, implantation methods,
and mechanisms of action, emphasizing their distinctive character-
istics and applications.

3.1. Macroscale metal-based biomaterials

Metal-based biomaterials with macroscales typically consist of
micro-sized or larger scale, often fabricated into specific shapes
such as scaffolds, implants, or surgical instruments. These mate-
rials are designed for direct contact with bone tissue or other bio-
logical tissues and possess excellent mechanical strength and cor-
rosion resistance, enabling them to withstand the internal loads
and chemical environments within the body. Additionally, signifi-
cant differences in elastic modulus and tensile strength between
metal and bone can lead to stress shielding, potentially weakening
the surrounding bone structure. Once a fracture has healed, these
macroscopic implants often necessitate invasive secondary surgery
for removal. To minimize patient trauma and reduce medical costs,
biodegradable implants are emerging as a viable alternative to tra-
ditional metal implants [42-44]. This section provides an overview
of common macroscopic metal implants used in orthopedics, fo-
cusing primarily on metal alloys, bioactive glass (BG), and bioce-
ramic scaffolds.

3.1.1. Metal alloys

Metals and their alloys are increasingly recognized as effec-
tive biomaterials for bone repair, primarily due to their exceptional
mechanical strength and fracture toughness. Traditional materials,
such as stainless steel and Ti alloys, offer excellent mechanical
properties that support bone growth. However, their high elastic
modulus can lead to significant stress shielding effects, and pa-
tients often require a second surgery to remove these implants.
Considering these challenges, biodegradable metals have emerged
as promising alternatives, effectively addressing the limitations of
conventional alloys. Consequently, they are rapidly becoming a fo-
cal point of research in the field of biomedical materials (Fig. S1
in Supporting information). An ideal biodegradable metal for bone
repair should gradually dissolve after the healing process, leaving
no residual material in the body [45].

Promising candidates for this application include Fe, Mg, Zn,
and their alloys, as they possess the ability to degrade progres-
sively. Current research is particularly concentrated on Fe and Mg-
based alloys. Fe and its alloys are known for their excellent me-
chanical properties, although they are prone to oxidation in hu-
mid environments (Fig. S1A) [46]. While Fe-based alloys achieve a
favorable balance between mechanical strength and biocompatibil-
ity, their relatively slow degradation rate presents significant draw-
backs. As a result, researchers are increasingly exploring Mg al-
loys (Fig. S1B). Mg and its alloys closely resemble the density and
elastic modules of natural bone, making them suitable as tempo-
rary implants that completely degrade post-healing [47]. However,
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pure Mg metal degrades too rapidly for direct use. To optimize
Mg for bone repair, researchers have investigated ternary alloys
containing elements such as Mg-Zn-Sr or Mg-Zn-Ca, the incorpo-
ration of these elements can enhance both mechanical properties
and degradation rates. Furthermore, Mg alloys have demonstrated
strong anti-infective effects against common orthopedic pathogens
due to their degradation in bodily fluids.

While Zn-based alloys exhibit a moderate degradation rate
compared to Fe and Mg alloys, their lower strength and elastic
modulus limit their applicability [48,49]. To address this, various
alloying elements have been introduced to develop Zn alloys with
tailored properties [50]. Additionally, Ti and its alloys are widely
regarded as excellent materials for bone implants due to their cor-
rosion resistance, relatively low elastic modulus, and low density
(Fig. S1C). Nonetheless, the limited mechanical and physicochemi-
cal properties of these alloy materials continue to pose challenges
in treating bone diseases. Future research should prioritize the
combination of these materials with various components to impart
multifunctional properties, thereby addressing their shortcomings
in bone repair and enhancing their clinical applications.

3.1.2. BGs

BG establishes a robust biological connection with both soft and
hard tissues, thereby minimizing the risk of infection following im-
plantation during bone reconstruction. As a result, it is commonly
utilized as a bone filler or graft material [51].

A notable feature of BG is its ability to incorporate metal ions-
such as Sr, Cu, Zn, and fluorine-into its structure. Osteoblasts cul-
tured on the surface of titanium-doped BG show a higher prolifer-
ation rate compared to those on 45S5 BG, attributed to the more
controlled release of soluble components. Even small amounts of
Sr2+ have been shown to enhance bone structure stability [52],
stimulate osteoblast activity, reduce osteoclast activity [53], and
promote new bone tissue formation. Zn and Cu impart anti-
inflammatory properties to BG [52], allowing it to function as
a therapeutic anti-inflammatory agent [54,55]. Additionally, these
ions contribute antibacterial properties to BG coatings. The inclu-
sion of zinc improves the chemical stability and mechanical prop-
erties of BG [56], while Mgt enhances its biological activity. Mg2*
increases the solubility of BG but decreases the crystallization rate
of hydroxyapatite on its surface [57]. The incorporation of Mg par-
ticles has also been shown to improve the mechanical properties of
BG [58]. Bi?* doping can yield biocomposite materials with pho-
tothermal effects, maintaining biocompatibility and remineraliza-
tion properties akin to hydroxyapatite, while reducing the num-
ber of treatment cycles needed to heal bone defects. Ta doping re-
sults in cell-compatible materials with enhanced biological activity
and strength [59]. Ta-doped BG cements exhibit favorable rheolog-
ical properties, hardness, radiation impermeability, and antibacte-
rial effects, making them suitable for applications such as sternum
fixation [60]. Aluminum (Al) increases the density and microhard-
ness of BGs with high phosphorus content due to the formation
of PO-Al bonds. Notably, the 6% Al content significantly enhances
biological activity and cell proliferation rates [61]. Niobium-doped
45S5 BG shows improved bioactivity [62], while the addition of
Fe3* and Co?* brings greater density and compressive strength,
enhancing the biological function of BG and promoting bone for-
mation [63]. Moreover, elements like Si, Ca, and phosphorus (P)
released from BG can activate signaling pathways that mediate the
differentiation of bone marrow mesenchymal stem cells into os-
teoblasts, thereby promoting bone tissue regeneration and repair.

Despite significant advancements, further research is essential
to enhance the mechanical properties of BG for the effective re-
pair of larger bone tissue defects in vivo. Additionally, aligning
the degradation rate of BG with the pace of new bone forma-
tion, as well as improving repair efficiency and reducing costs, re-
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Table 1
The typical examples of metal alloys and BGs for the treatment of bone disease.
Type Bracket/composite material Characteristics Ref.
Metal alloy Fe-based alloys Good mechanical properties; great biocompatibility; slow degradation rate [46]
Mg-based alloys Antibacterial effect, density, and elastic modulus similar to the bone [47]
Zn-based alloys Moderate degradation rate; low strength; low elastic modulus [48,49]
Ti-based alloys Corrosion resistance; low density; low elastic modulus [65]
BGs Zn-based BGs Anti-inflammatory; antibacterial; good stability and mechanical properties [54,55]
Cu-based BGs Anti-inflammatory; antibacterial; activate signaling pathway [55]
Mg-based BGs Increase solubility and improve mechanical properties [57]
Bi-based BGs Photothermal properties; preservation of biocompatibility; and mineralization characteristics [59]
Ta-based BGs High strength; good biological activity; enhance the aesthetic effect [60]
Al-based BGs Enhance density and hardness; improve biological activity [61]
Ni-based BGs Promote biological activity [62]
Fe/Co-based BGs Improve density and compressive strength; enhance biological activity [63]

mains a critical area for future investigation [64]. Some common
macroscale metal-based materials aforementioned are summarized
in Table 1 [46-49,54,55,57,59-63,65].

3.1.3. Bioceramic scaffolds

Bioceramic scaffolds play a vital role in providing mechani-
cal support by resisting external stress and maintaining the shape
and integrity of tissues. They are biocompatible materials that can
be accepted by the human body without adverse effects, while
also promoting interaction with surrounding tissues to facilitate
growth [66]. Biologically used inert ceramics in research include
alumina (Al,03) [67], Ti dioxide (TiO,) [68], zirconia (ZrO,), zinc
oxide (ZnO) [69], and silicon nitride (Si3N4). These bioceramics
are biologically active or bioabsorbable, meaning they can trig-
ger chemical and biological responses in the physiological environ-
ment, thereby promoting bone growth and repair. Most porous bio-
ceramic scaffolds enhance cell migration and proliferation, improve
the transport of nutrients and metabolites, and facilitate bone in-
tegration and vascular reconstruction [70]. Additionally, these scaf-
folds can release bioactive substances that stimulate cell prolifera-
tion and differentiation, ultimately supporting bone repair. Among
biodegradable bioceramic materials, scaffolds doped with Mg+
have demonstrated superior degradation and osteogenic effects in
vivo. It is important to note that high concentrations of Mgt can
exhibit cytotoxicity and inhibit new bone formation [71]. To create
a highly uniform CaSiO, scaffold with a pore-controlled structure
and excellent mechanical properties, Wu et al. successfully utilized
3D printing technology prepared this scaffold. The results demon-
strated that the CS scaffolds exhibited not only outstanding com-
pressive strength but also satisfactory apatite mineralization ca-
pabilities and a high level of bone defect healing, indicating that
3D-printed CS scaffolds hold significant potential for bone tissue
regeneration [72]. Similarly, Zhu et al. developed a Sr-containing
bioceramic scaffold and found that it significantly promoted the
proliferation of rBMSCs, increased alkaline phosphatase (ALP) ac-
tivity, and elevated the expression of osteogenic-related genes [73].
Additionaly, Deng et al. prepared a Mg-doped bioceramic scaffold,
which proved effective in regenerating cartilage and subchondral
bone tissue. This efficacy is primarily attributed to the synergis-
tic effects of the metal ions released by the scaffold, which signifi-
cantly stimulate chondrocyte maturation and cartilage regeneration
[74].

Despite their advantages, bioceramic scaffolds used as implant
materials in bone regeneration engineering pose a risk of infec-
tion. Drug therapy is typically employed to manage associated in-
fections. To achieve localized and targeted therapeutic effects, re-
searchers such as Unnithan et al. have introduced antibiotics or
other drugs into bioceramic scaffolds, controlling their structural
characteristics to enhance efficacy [75]. Radmansouri et al. pre-
pared Mg-Ca-Ti-dioxide scaffolds loaded with doxycycline, demon-

Fig. 3. (A) SEM images and photos of calcium sulfate based composite bioceramic
bone cement: (a) Calcium sulfate, (b) 15% by weight mesoporous magnesium sili-
cate, (c) 30% by weight mesoporous magnesium silicate, (d) photos of bone cement.
(B) SEM images of bioceramic scaffolds on cell morphology: (a, b) 45S5 BG scaffold,
(c, d) drug free chitosan PVP-45S5 Bioglass bone scaffold, and (e, f) vancomycin
loaded chitosan/PVP-45S5 Bioglass bone scaffold. Reproduced with permission [77].
Copyright 2024, Elsevier.

strating excellent drug release capabilities, biological activity, and
antibacterial efficacy [76]. The combination of metal-loaded bioce-
ramic scaffolds with antibiotic strategies can yield a dual benefit:
promoting bone repair while preventing implant infections. This
approach is increasingly favored for clinical applications. Therefore,
bioceramic scaffolds can be partially or completely absorbed by
the human body without associated infection risks, underscoring
their advantages over metal scaffolds in various medical applica-
tions (Fig. 3) [77].

3.2. Microscale metal-based biomaterials

Due to limited corrosion resistance, low cell proliferation rates,
and bacterial adhesion associated with traditional orthopedic im-
plants, complications and implant failures have frequently been
reported [78]. The demand for advanced materials in orthope-
dic applications is on the rise. In addition to the aforementioned
macroscale metal-based biomaterials, recently microscale metal-
based biomaterials might offer innovative solutions to the chal-
lenges faced by the orthopedic industry, generating significant
interest. Most metal-based biomaterials with microscales consist
of nanoscales, including NPs, thin films, or other microstructural
forms. They exhibit superior physical, chemical, and mechanical
properties compared to traditional materials, with a strong focus
on surface characteristics such as biocompatibility, antibacterial
properties, and cell adhesion, making them ideal for integration
into orthopedic implants and scaffolds. As a result, metal-based
biomaterials with tailored microstructures are emerging as promis-
ing candidates for tissue engineering scaffolds, ushering in a new
era in this field [79].
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3.2.1. Metal NPs

Benefited from the nanoscale size, high surface area-to-volume
ratio, and distinctive physical and chemical properties, metal NPs
have become promising candidates for producing tissue engineer-
ing scaffolds [63]. Compared with traditional biomaterials, metal
NPs can significantly enhance cell growth and facilitate the repair
of bone injuries. Their superior properties enable them to deliver
bioactive molecules, control nutrient acquisition, and improve the
adhesion performance of cell implantation scaffolds. The unique
characteristics of metal NPs have opened new avenues in bone tis-
sue engineering [80]. Commonly studied metal NPs include gold
(Au), Ag, Fe, Al, Cu, Zn, and Mg, most of which are recognized for
their excellent antibacterial properties and adjustable mechanical
characteristics. Although some metal NPs can induce apoptosis or
trigger reactive oxygen species (ROS) and DNA damage, it has been
established that, when appropriately sized and dosed, most metal
NPs are beneficial.

(1) AuNPs: In recent decades, AuNPs have gained prominence
in bone tissue engineering profiting from their low toxicity,
antibacterial activity within scaffold microenvironments, and
high biocompatibility [81]. AuNPs are recognized as novel
osteogenic agents capable of inducing the osteogenic differ-
entiation of stem cells through various signaling pathways,
including the Wnt/B-catenin, ERK/MAPK, and p38/MAPK
pathways [82,83]. Amorosa et al. [12] developed an in-
jectable hydrogel system incorporating functionalized AuNPs
to enhance bone differentiation, confirming both the bio-
compatibility of AuNPs and their osteogenic potential. Simi-
larly, Heo et al. [84] integrated AuNPs into Ti implants, prov-
ing that these NPs can significantly enhance bone integra-
tion in vitro. Furthermore, Amina et al. highlighted the abil-
ity of AuNPs to carry various therapeutic agents, including
drugs, peptides, proteins, DNA, and RNA, suggesting their
potential for advancements in molecular diagnosis and nan-
otherapy in bone-related research [85]. However, Jia et al.
[86] reported that AuNPs with sizes ranging from 1 to 2
nanometers exhibited acute toxicity to various cell lines,
indicating that cellular uptake could lead to apoptosis or
necrosis and potential accumulation in organs.

(2) AgNPs: AgNPs could be found in diverse fields, including
coatings and tissue regeneration, owing to their potent bio-
logical properties [87]. Numerous studies have revealed that
AgNPs possess antibacterial properties, making them ideal
candidates for wound dressings and bone substitutes. Xu
et al. [88] observed that during the repair of bone-related
conditions, only Ag™ are released to target bacterial infec-
tions. Meanwhile, Prabhu et al. [89] found that AgNPs can
infiltrate bacterial cells, leading to damage of the cell mem-
branes and subsequent cell death. Vadakkan et al. [90] ob-
served that treating Escherichia coli and Staphylococcus au-
reus with AgNPs could lead to cell surface damage and sig-
nificant ROS production, thus inhibiting bacterial growth.
However, AgNPs can also cause harm to human cells, includ-
ing ROS [91] generation and DNA damage [92]. The toxicity
of AgNPs is influenced by factors such as particle size, mor-
phology, surface chemistry, aggregation level, and dosage.
Research has shown that loading AgNPs onto various carri-
ers can mitigate their toxicity. Gao et al. [93] incorporated
Ag oxide NPs into Ti oxide nanotubes, obtaining a struc-
ture that exhibited improved cell compatibility and reduced
toxicity, while promoting osteoblast proliferation and dif-
ferentiation. Sun et al. [94] created an innovative collagen
scaffold that encapsulates silver NPs along with BMP-2, il-
lustrating enhanced antibacterial activity. This study indi-
cated that, although Ag exhibits cytotoxicity above a certain

(4)

(5)
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threshold, controlled release of an appropriate amount of Ag
can achieve antibacterial effects without harming surround-
ing tissues [90,95]. Additionally, Nandi et al. [96] reinforced
the adhesion of AgNPs through heat treatment, showcasing
a promising approach for the treatment of osteomyelitis.
AINPs: Al is a biologically inert metal and serves as an es-
sential element for life. However, AINPs have been applied
broader in orthopedic implants than Al itself. Research in-
dicates that modified alumina materials, particularly those
treated with porous ceramic coatings, exhibit favorable bone
integration properties, and can help to mitigate the risk of
long-term implant failure. Hasan et al. discussed how Al-
NPs can adhere to bacterial cell walls, deform them, and ul-
timately lead to cell death, thus causing their antibacterial
properties [97,98]. Yu et al. [99] illustrated that the presence
of Al,03 contributes to the formation of interconnected mi-
croporous scaffolds, which are vital for cell adhesion, nutri-
ent transport, and proliferation, thereby improving the me-
chanical and biological properties of various bone scaffolds.
Derazkola et al. [100] found that incorporation of AINPs
into PMMA nanocomposites improved their physical proper-
ties, such as hardness, flexural strength, and tensile strength.
Similarly, Farjaminejad et al. [101] explained that AINPs in-
creased the mechanical strength of B-tricalcium phosphate
(B-TCP) scaffolds while promoting alkaline phosphatase pro-
duction and calcium phosphate deposition. However, alu-
mina NPs may exhibit toxicity, as Hashimoto et al. observed
their cytotoxicity and genotoxicity associated with ion re-
lease [102,103]. Zhang et al. [104] noted that AINPs can en-
ter cells and induce ROS production, raising potential tox-
icity concerns. AINPs serve as effective reinforcing agents
for scaffolds, enhancing their physical, chemical, mechani-
cal, and biological properties but still presenting cytotoxicity
challenges.

CuNPs: CuNPs have attracted interest in bone tissue engi-
neering due to their distinctive antibacterial properties and
their capacity to promote collagen fiber deposition and an-
giogenesis. Eivazzadeh-Keihan et al. noted that Cu supple-
mentation in biomedical studies is associated with a de-
crease in bone mass and mechanical strength, suggesting
that Cur is critical in bone formation [105]. Recent stud-
ies have highlighted the potential of CuNPs as novel bone
substitutes. The large surface area to volume ratio of Cu al-
lowed it as a promising antibacterial agent [53] and a can-
didate for treating osteoporosis [106]. Sahmani et al. [107]
enhanced the mechanical properties and cell viability of hy-
droxyapatite (HA) scaffolds by incorporating copper oxide
NPs. Despite their positive charge attributes in biomedical
applications, CuNPs have been linked to strong inflamma-
tory responses and cytotoxicity. To deal with these con-
cerns, researchers have explored coating CuNPs with bio-
compatible materials, such as natural and synthetic poly-
mers, to create novel nanocomposites. Tabesh et al. [108]
integrated chitosan with CuNPs to create an antibacterial
coating, exhibiting the optimal antibacterial efficacy against
both Gram-positive and Gram-negative bacteria. Hengel et al.
[109] functionalized bone implants with varying percent-
ages of silver and CuNPs to enhance their antibacterial and
bone-conducting properties. Collectively, these studies indi-
cate that composite nanosystems incorporating CuNPs can
enhance the mechanical properties of nanocomposites used
in bone tissue engineering, while providing antibacterial and
therapeutic benefits for osteoporosis.

ZnNPs: Zn is a crucial element found in all biological tis-
sues, where it plays a significant role in bone mineralization,
contributes to cell membrane integrity, and facilitates patho-
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logical calcification [110]. Previous research has shown that
Zn enhances cellular compatibility [111]. Afshar et al. [112]
utilized Zn silicate mineral NPs on the surfaces of nanofiber
scaffolds, resulting in improved cell compatibility and pro-
moting both stem cell proliferation and osteogenic differen-
tiation. Zhang et al. [113] developed a metal-polyphenol net-
work (MPN) coating composed of protocatechuic acid and Zn
ions (PCA+Zn2"), proving its potential as an innovative bone
membrane with excellent biocompatibility and the ability
to regulate oxidative stress. Hu et al. [114] reported that
Zn-doped Ti dioxide coatings exhibited antibacterial prop-
erties, promoting the adhesion, proliferation, and differen-
tiation of rBMSCs. However, He et al. [115] cautioned that
Zn-doped coatings can generate ROS, inducing damage to
bacteria through contact killing, while released Zn?* may
inhibit the growth of planktonic bacteria. Kononenko et al.
[116] illustrated similar concentration-dependent cytotoxic-
ity across all tested Zn compounds, confirming that Zn ox-
ide NPs have the potential to induce genotoxic effects and
interfere with cellular defense mechanisms. ZnNPs are fre-
quently integrated with other biomaterials to achieve a di-
verse array of properties, including antibacterial efficacy, cell
compatibility, and corrosion resistance [117]. Conversely, ex-
cessive exposure to Zn can cause cell apoptosis or necrosis
[118].

(6) MgNPs: Mg is an essential element for human health
[119], exhibiting several unique properties, including os-
teogenic stimulation, biocompatibility, and biodegradability.
Compared to other metals, Mg possesses a lower Young's
modulus [120], this increases the potential applications of
MgNPs in orthopedic implants and scaffolds. In bone engi-
neering, magnesium predominantly plays a significant role
in the form of oxides. Mg oxide NPs are often used in
combination with hyaluronic acid in bone substitutes [121].
Nogueira et al. [103] created a porous sodium alginate scaf-
fold incorporated with Mg oxide NPs, significantly enhanc-
ing the scaffold’s mechanical strength and antibacterial ca-
pabilities. Similarly, Dietler et al. [122] incorporated MgNPs
into BG-based scaffolds to improve their biological behav-
ior and antibacterial effects. Thus, MgNPs are widely utilized
primarily because of their advantageous mechanical prop-
erties and antibacterial efficacy. However, Ghobadian et al.
[123] reported that varying concentrations of Mg oxide NPs
can induce cell apoptosis, DNA damage and the production
of intracellular ROS.

The types of metal NPs mentioned are mainly summarized in
Table S1 (Supporting information). This mainly summarizes their
unique advantages, potential problems, applications forms, and
therapy effects.

3.2.2. Metal nanotubes

Metal nanotubes have emerged as a promising platform for
bone regeneration thanks to their superior biological properties,
including geometric shape, porosity, chemistry, and biocompati-
bility [124]. Carbon nanotubes are known for their highly stable
physical and chemical properties, which contribute to their poten-
tial in promoting the attachment and proliferation of osteoblasts,
as well as the differentiation of mesenchymal stem cells [125].
However, the toxicity of carbon nanotubes upon entering the hu-
man body raises concerns, possibly due to the production of ROS,
which can damage cells [126]. Beyond carbon nanotubes, a vari-
ety of materials-including metals, metal oxides, metal sulfides, and
metal-organic frameworks (MOFs) can form tubular nanostructures
under specific conditions [127]. These materials are progressively
being applied in the field of bone regeneration. Metal nanotubes
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have shown broad application prospects in the field of drug deliv-
ery, bone repair, gene transfer, and cell isolation. This section pri-
marily focuses on the applications of metal nanotubes and metal
oxide nanotubes in bone repair engineering.

(1) Single metal nanotubes

Recently, the use of metal nanotubes in bone tissue engineering
has advanced significantly. The surface morphology of these nan-
otubes plays a vital role in promoting bone integration by affecting
the adhesion, shape, proliferation, and differentiation of osteogenic
cells [126]. Ti nanotubes are the most widely utilized metal nan-
otubes for treating bone diseases, typically prepared via electro-
chemical oxidation. Research has shown that Ti nanotubes (TNT),
benefiting from their nanoscale and physicochemical properties,
can mimic the layered structure of natural osteogenic tissue. This
indicates that TNT can facilitate the differentiation of mesenchy-
mal stem cells into osteoblasts [128,129]. Based on this, to further
explore cellular behavior and tissue response related to Ti nan-
otubes in bone repair, Huang et al. [130] proposed that the os-
teogenic process on TNT is related to the cytoplasmic transport
of YAP, which reduces the likelihood of YAP/Runx2 binding and
enhances the repair of bone-related conditions. Although research
on single metal nanotubes in bone diseases is limited, the com-
bination of two or more metals to create composite metal nan-
otubes presents a promising strategy for inducing new bone for-
mation and achieving tighter bone integration [131]. Studies have
shown Mg-doped nanotubes on Ti implants [132], suggest that
these bifunctional Mg-doped Ti nanotubes effectively combat bac-
terial infections and mitigate bone resorption. Gérard et al. proved
that Sr-cobalt metal composite nanotubes stabilize HIF-1«, activate
the target gene VEGF, and enhanced bone integration around im-
plants. However, excessive incorporation of metal nanotubes can
lead to cytotoxicity. Similarly, Ta, another valve metal with excel-
lent biocompatibility, outperforms titanium in terms of bone inte-
gration and corrosion resistance [133]. Wang et al. proposed that
Ta nanotubes (Ta NT) can enhance protein adsorption, stimulate
osteoblast activity, and promote early bone integration through
implant interlocking [134]. Based on the previous research, Wu
et al. [135] successfully modified titanium substrates with Ta-NT
and Ta-Cu NT coatings through magnetron sputtering and anodiz-
ing techniques. Their study indicated that Ta-Cu NT, as a novel Ti-
based implant delivery system, combines the beneficial properties
of multiple metallic elements, improving antibacterial, angiogenic,
and osteogenic effects.

In summary, while there is limited research on single metal
nanotubes for bone diseases, composite metal nanotubes can effec-
tively prevent bone infections and osteolysis, enhance antibacterial
activity, promote angiogenesis, and present favorable therapeutic
effects in bone-related conditions.

(2) Metal oxide nanotubes

Metal oxide nanotubes can significantly enhance the adhesion
and proliferation of mesenchymal stem cells, with varying effects
depending on their diameters and lengths [136]. Among metal ox-
ide nanotubes, Ti dioxide nanotubes are the most prevalent. Most
studies utilized Ti surface-prepared metal oxide nanotubes via an-
odic oxidation etching, significantly enhancing the differentiation
of bone marrow mesenchymal stem cells into osteoblasts [137].

An additional advantage of Ti dioxide nanotubes is their open
geometric structure at one end, which allows them to serve as
potential carriers for bioactive agents [138]. Furthermore, metal
NPs such as Ag, Sr, and Zn have been incorporated into Ti diox-
ide nanotubes to enhance the implant bone integration [139]. Yan
et al. [140] prepared Mg2*-doped Ti dioxide nanotube arrays on
Ti surfaces through electrochemical anodization and hydrothermal
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Fig. 4. (A) Schematic diagram of synthesis of single-crystal Co-MOF nanotubes. Re-
produced with permission [144]. Copyright 2018, American Chemical Society. (B)
Schematic illustration for the synthesis and structure of Co?* doped single crystal
MOF nanotubes. (C) The morphology and elemental mapping characteristics of Co-
N/CNTs are presented: (a, b) SEM images depict the surface structure. (c-e) HRTEM
images provide detailed insights into the internal features. (f) EDS elemental im-
ages illustrate the elemental distribution within the Co-N/CNTs. The illustration in
(e) highlights the high-resolution lattice structure of CoNPs. Reproduced with per-
mission [143]. Copyright 2021, Elsevier.

treatment, promoting the proliferation and differentiation of bone-
forming cells. The incorporation of Mg into the nanotubes as Mg-
TiO3 accelerated the proliferation of BMSCs on the surface of the
MgNT. Moreover, Cheng et al. [141] created Ca-doped TiO, nan-
otube films through anodic oxidation and hydrothermal treatment,
indicating that the nanotube structure remained intact, effectively
enhancing the adhesion, diffusion, and proliferation of osteoblasts
in vitro. In a similar vein, Pan et al. [142] prepared Sr/Ag-doped
Ti dioxide (TiO,) nanotube arrays on Ti surfaces, highlighting the
osteogenic behavior, biocompatibility, and antibacterial activity of
these composite nanotubes through ultraviolet (UV) irradiation. In
a departure from traditional methods, Wang et al. [143,144] re-
ported the first cobalt (Co)-doped single crystal MOF nanotube
(Figs. 4A and B), presenting a new strategy for manufacturing
MOF nanotubes and related one-dimensional metal nanostructures,
serving as an inspiration for bone-related disease repair strategies.

Qiao et al. found that Sr-doped TiO, (SrTiO3) nanotubes can sig-
nificantly increase the expression of osteoblast-related genes dur-
ing the osteogenic process, independent of osteogenic differentia-
tion factors [145]. Escobar et al. [146] introduced lanthanum into
the biological interface of SrTiO; nanotubes (LSTN), and the ob-
tained metal composite oxide nanotubes exhibited excellent hy-
drophilicity and protein adsorption capabilities, which are critical
for osteoblast adhesion to the nanotube surface. Remarkably, LSTN
certified no cytotoxicity while promoting bone cell proliferation
and differentiation. Si, recognized as a vital trace element for hu-
man bone and cartilage growth, has also been incorporated into
biomaterials or coatings to promote the proliferation and differen-
tiation of osteogenic cells [147]. Carvalho et al. explained that Si-
doped TiO, films/coatings exhibit osteogenic and angiogenic prop-
erties, attributed to the presence of Si [148].

In conclusion, metal oxide nanotubes, particularly Ti dioxide
nanotubes and their composites, show significant promise in en-
hancing bone regeneration through improved cellular interactions
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Fig. 5. Schematic diagram of the controlled morphology and size of MOF crystals.
By changing the synthesis method, (adding metal ions) MOFs can be made into var-
ious shapes as needed. Reproduced with permission [150]. Copyright 2022, Elsevier.

and functional properties, becoming suitable candidates for the ad-
vanced bone repair applications.

3.2.3. MOFs

When designing and synthesizing MOFs for tissue engineering,
several critical factors must be considered. These include the struc-
ture and characteristics of the damaged tissues, the implementa-
tion of safe manufacturing methods, and the selection of appro-
priate metal ions, ligands, and functional groups to facilitate tissue
regeneration (Fig. 5) [149,150].

Nanoscale MOFs possess unique properties such as high inter-
nal surface area, significant porosity, excellent thermal and chem-
ical stability, mechanical robustness, biocompatibility, and tunabil-
ity. Moreover, they can be easily recycled and reused [151]. There-
fore, incorporating nanoscale MOFs into scaffolds is highly advan-
tageous for the regeneration of damaged tissues.

Research indicates that modifying biomaterials with MOFs and
nanoscale MOFs can alter the physicochemical properties of scaf-
folds, including surface roughness, functional groups, porous struc-
ture, and hydrophilicity. These changes are likely responsible for
promoting cell adhesion and biological responses. Additionally,
nanoscale MOFs can serve as carriers within polymer scaffolds to
load essential growth factors for cell differentiation and antibi-
otics to prevent infections [149]. MOFs can enhance the mechanical
properties of scaffolds designed for various types of bone defects,
fractures, or atypical designs. The incorporation of specific drugs
into these scaffolds can further aid in infection prevention, mit-
igate excessive immune responses during inflammation, and pro-
mote tissue regeneration. For instance, Lu et al. [152] constructed
a Mg/Zn MOFs coating on alkali-treated Ti surfaces, demonstrat-
ing good stability and early anti-inflammatory properties on natu-
ral Ti substrates. The nanoscale structure and topological features
of nanoscale MOFs enhance the physical and chemical properties
of scaffolds, enabling effective drug loading, ion release, and the
regulation of transplanted stem cells’ attachment, proliferation, and
differentiation, thus broadening their applications in bone-related
diseases and repairs. Liu et al. [153] incorporated Cu?* into Mg-
MOFs, highlighting the combined benefits of low-concentration Cu
and Mg binding, which exhibited antibacterial, osteogenic, and an-
giogenic properties. This approach provides valuable insights for
advancing the treatment of bone diseases. Similarly, Rojas et al
[154] introduced a Zn-based MOF that demonstrated high stabil-
ity in phosphate-buffered solutions at pH 7.4 but significant degra-
dation at lower pH levels. As a nano drug carrier, this metal ion
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MOF releases biomolecules and therapeutic agents in acidic envi-
ronments, making it an attractive option for biomedical applica-
tions, drug delivery systems, and tissue engineering.

In summary, the integration of MOFs into composite scaffolds
or coatings, along with the use of drug-targeting systems and ad-
vanced material technologies, represents a promising avenue for
future research and progress in the field of MOFs.

4. Application of metal-based biomaterials in different bone
diseases

Bone is a dynamic tissue that undergoes continuous remodel-
ing, characterized by highly regulated interactions between bone
formation and resorption. This intricate process is crucial for life-
long bone repair and renewal, involving various biological medi-
ators, including growth factors, cytokines, hormones, and regula-
tory signals. The balance of these mediators is vital for maintaining
healthy bone structure and function [155]. However, disruptions in
the activity of cells responsible for remodeling can lead to various
bone-related diseases, including osteoporosis, bone dysfunction,
osteosarcoma, OA, and metastatic bone cancer [156]. These condi-
tions significantly affect the patients’ quality of life and may even
pose life-threatening risks. Although several treatment options uti-
lizing advanced bioactive biomaterials are currently available, there
remains a substantial need for innovative solutions capable of fully
healing and restoring bone to its original state. In this context,
metal-based biomaterials show promise as effective repair mate-
rials for bone tissue diseases. Comprehensive discussion regarding
the application of metal-based materials in various bone diseases
are provided in Supporting information (4.1-4.4, Figs. S2-54).

5. Conclusion and prospect

In recent decades, metal-based biomaterials have become es-
sential in tackling the challenges related to the repair of bone
diseases, their remarkable properties-such as promoting cell mi-
gration, inducing angiogenesis, upregulating osteogenic genes, and
activating the immune system-have positioned them as critical
components in the field of regenerative medicine. This article re-
views various macroscale and microscale metal-based biomate-
rials employed to enhance bone integration and repair. Recent
research has primarily concentrated on improving the biological
activity of these metal materials through physical and chemical
treatments, as well as utilizing composite forms to modify their
surfaces. However, despite the superior mechanical properties of
many metal materials, there is still a lack of comprehensive re-
ports on safety, degradation behavior, corrosion resistance, stability
of loading techniques, infection risk assessment, and rates of new
bone formation associated with these materials. Furthermore, the
physiological and pathological conditions of individual patients can
impact the effectiveness of metal materials, underscoring the im-
portance of personalized material selection and design. Lastly, cost
considerations are also essential in the development and applica-
tion of metal biomaterials. To better harness metal-based biomate-
rials for bone regeneration and repair, several challenges and issues
must be addressed:

(i) Biocompatibility assurance: Ensuring the biocompatibility
of metal-based materials intended for the repair of bone-
related diseases is paramount. There is a need for the devel-
opment of specialized nanostructures that enhance biologi-
cal activity, alongside the construction of innovative compos-
ite metal biomaterials or microstructures using clinical ani-
mal models of bone defects. This approach will help ensure
the long-term efficacy and stability of these materials.
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(ii) Targeted drug delivery: The repair of bone diseases within
complex pathological microenvironments often entails ad-
dressing inflammation and damage to specific joints or tis-
sues necessitates the development of drug delivery systems
utilizing metal-based materials that can precisely target af-
fected areas while minimizing off-target effects. Nonethe-
less, achieving efficient and selective drug delivery remains a
challenge because of intricate anatomical structures and var-
ious physiological factors.

(iii) Responsive therapeutic systems: Metal-based biomaterials
intended for therapeutic applications should incorporate
drug delivery mechanisms to construct responsive systems
capable of intelligent stimulation. These systems can lever-
age multifunctional responses, including light, heat, mag-
netism, and electricity, while integrating biotechnologies
such as 3D printing and electric field assistance, thus paving
the way for enhanced bone disease repair.

(iv) Scalable manufacturing processes: Optimizing morphologi-
cal features and pore designs, ensuring appropriate chemical
compositions, shapes, and sizes, and implementing effective
surface modifications are crucial. Enhancements in wetting
properties, biomimicry, adhesion, and bone immune regula-
tion, along with the incorporation of bioactive ingredients,
will facilitate improved bone disease repair.

In summary, the future of metal-based biomaterials in the con-
text of bone disease repair is promising, with ongoing research fo-
cused on optimizing their properties and expanding their applica-
tions in clinical settings. Coping with the outlined challenges will
be crucial in advancing the effectiveness and safety of these inno-
vative materials in regenerative medicine.
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