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Introduction
Bone tissue possesses a natural regenerative capacity, initiating an orderly repair 
process to restore bone integrity once its integrity is compromised [1]. However, this 
spontaneous repair ability is limited and cannot cope with critical-sized bone defects 
[2]. Clinically, the treatment of bone defects includes methods, such as autologous bone 
grafting and allogeneic bone grafting, yet each of these methods has its limitations 
[3]. Autologous bone grafting is constrained by secondary damage to the donor site 
and limited availability, whereas allogeneic bone grafting faces the risk of immune 
rejection [4]. Therefore, the search for a bone regeneration treatment that overcomes 
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the shortcomings of existing therapies has become a central theme in bone regeneration 
research.

Bone scaffolds play an increasingly important role in bone repair as a novel therapeutic 
approach [5]. Currently, bone scaffolds including metal scaffolds, ceramic scaffolds, 
polymer scaffolds, and composite scaffolds are widely constructed and studied, which 
can mimic the structural and mechanical properties of natural bone [6]. Bone scaffolds 
can guide cell adhesion, migration, and proliferation, promote bone tissue repair, and 
shorten the treatment period [7]. Compared to traditional bone defect treatments, bone 
scaffolds have the advantage of being personalizable as the scaffold can be tailored to the 
size and shape of the bone defect site [8]. Some bone scaffolds also have the advantages 
of adjustable composition, structure and mechanical properties, and act as carriers 
for drugs and growth factors to achieve slow release of drugs and local treatment, 
thus greatly improving their biological activity and providing a good basis for their 
application in bone regeneration [9].

Bone repair involves the coordinated participation of multiple cells, such as bone-
marrow-derived mesenchymal stem cells (BMSCs), immune cells, and endothelial cells 
[10]. Redox homeostasis is critical in this process. Typically, there is an intracellular 
oxidative defense system that includes endogenous antioxidant enzymes and low 
molecular weight scavengers (e.g., vitamins, coenzyme Q, selenium, and zinc) [11]. They 
achieve reactive oxygen species (ROS) scavenging by inhibiting ROS production or 
catalyzing the ROS reaction to maintain cellular redox homeostasis as a means to ensure 
cellular function and orderly bone repair. However, under unfavorable conditions, such 
as diabetes, infections, and metabolic diseases, the intracellular oxidative defense system 
tends to fail, leading to accumulation of intracellular ROS, loss of function, and even cell 
death, which greatly impedes bone regeneration [12, 13]. Therefore, there is an urgent 
need to develop antioxidant-based bone regeneration therapies.

Given the importance of redox homeostasis for bone regeneration and the advantages 
of bone scaffolds in bone regeneration, a number of antioxidant bone scaffolds have 
been constructed in recent years [14, 15]. Many typical antioxidant scaffolds are based 
on previous pharmacological studies, where natural substances or enzymes with 
antioxidant properties are encapsulated within bone scaffolds to endow them with 
antioxidant capabilities [15, 16]. With the advancement of nanoscience, a series of 
nanozymes with tunable size and composition have been developed and loaded into 
bone scaffolds [17, 18]. The encapsulation of nanozymes endows these scaffolds with 
efficient ROS scavenging efficiency and diversified functions, providing new ideas and 
methods for antioxidant therapy in bone regeneration.

Currently, research on antioxidant bone scaffolds has been increasing, but there is 
still a lack of summarization. Here, we review the progress of research on antioxidant 
scaffolds in bone regeneration. First, we introduce the negative impacts of oxidative 
stress during the bone repair process. Subsequently, we summarize the types of 
antioxidants and scaffolds. Based on this foundation, we explore the therapeutic 
strategies of antioxidant bone scaffolds based on different functions and review the 
progress of cutting-edge smart antioxidant scaffolds. Finally, we identify the limitations 
of current research and propose prospects for future research directions, aiming to 
provide valuable references and insights for subsequent scientific explorations.



Page 3 of 24Li et al. BioMedical Engineering OnLine           (2025) 24:41  

Bone repair and oxidative stress

Typically, once bone tissue is damaged, blood collects at the site of the bone injury to 
form a hematoma [19]. Subsequently, immune cells, including macrophages, neutrophils, 
and lymphocytes, rapidly recruit to the site, triggering an inflammatory response to clear 
bone debris and resist infection [4]. In the early stages of inflammation, bone repair-
related cells such as BMSCs, vascular endothelial cells, and fibroblasts are recruited 
to the site of bone injury under the mediation of cytokines secreted by immune cells 
[20]. Several days after bone injury, inflammation gradually subsides, and macrophages 
transition from the M1 to the M2 phenotype, secreting anti-inflammatory factors and 
growth factors that promote the proliferation and differentiation of bone repair-related 
cells [21]. During the bone formation phase, granulation tissue is gradually replaced by 
fibrous tissue, forming fibrous callus. Subsequently, depending on the location of the 
bone injury, endochondral ossification or intramembranous ossification occurs to form 
the initial bone [22]. Finally, under mechanical stimulation, osteoblasts and osteoclasts 
act synergistically to achieve bone remodeling through orderly bone resorption and 
formation, restoring the normal structure of the bone [23].

Diabetes, hormonal fluctuations (such as the decline in estrogen levels after 
menopause), infections, inflammation, and the natural aging process are all factors that 
may trigger oxidative stress, posing significant challenges to the repair of bone defects 
[24, 25]. The excessive generated ROS damages the DNA, proteins, and lipids of BMSCs 
and osteoblasts, disrupting their differentiation function, and reducing the synthesis 
and mineralization of the bone matrix, thereby hindering the formation of new bone 
[26]. Furthermore, oxidative stress can also inhibit the proliferation, migration, and tube 
formation ability of vascular endothelial cells, impeding angiogenesis, a critical step in 
the bone regeneration process [27, 28]. Under the influence of oxidative stress, immune 
cells at the bone defect site continue to be activated and secrete pro-inflammatory 
factors, thus creating a vicious circle that further exacerbates oxidative stress and 
makes it difficult for the bone defect site to transition from an inflammatory state to a 
regenerative state [29]. In addition, the excessive accumulation of ROS can also activate 
the RANKL/OPG pathway, promoting the formation and activation of osteoclasts, 
exacerbating bone loss, and further worsening the condition of bone defects [30]. It 
is worth noting that even bone implants used as therapeutic treatments may trigger 
local inflammation in the periphery after implantation, which in turn induces cellular 
oxidative stress and adversely affects the bone repair process [31, 32]. Therefore, the 
application of antioxidant therapy in the field of bone regeneration holds broad potential 
value in the treatment of bone defect repair.

Classification of bone scaffolds

Bone scaffolds including metal scaffolds, ceramic scaffolds, polymer scaffolds, and 
composite scaffolds are currently commonly used scaffolds for bone tissue engineering 
[6]. Metal bone scaffolds, such as titanium (Ti), magnesium, zinc, and stainless steel, 
are widely used for bone defect repair due to their excellent mechanical properties and 
biocompatibility [33]. Traditionally, titanium and its alloys are most commonly used due 
to their biologically inert nature. However, their lack of biodegradability often requires 
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secondary surgery for removal [34]. In recent years, magnesium alloys and zinc alloys 
have gained attention due to their biodegradability and bioactivity [35]. Among them, 
magnesium-based scaffolds exhibit mechanical strength similar to bone and release 
magnesium ions, which promote bone integration and vascularized bone regeneration 
[36]. Similarly, zinc ions released from zinc-based scaffolds play an important regulatory 
role in the composition of zinc finger proteins and various enzymes [37, 38]. It is 
worth noting that surface modification and alloying techniques can help regulate the 
degradation rate and mechanical strength of metal bone scaffolds, thereby improving 
their biocompatibility and osteointegration capacity, showing potential in bone 
regeneration [39].

Ceramic scaffolds, including calcium phosphate, hydroxyapatite, and bioactive glass, 
mimic the composition of natural bone minerals and possess good osteoconductivity 
and osteoinductivity [40]. Among them, calcium phosphate and hydroxyapatite scaffolds 
release calcium ions and phosphate ions, which are major components of bone tissue. 
These ions can regulate the proliferation and differentiation of osteoblast lineage and 
facilitate rapid bone formation on the scaffold surface [41]. Similarly, bioactive glass, as 
a type of silicate glass, can react with the physiological environment, releasing ions such 
as calcium, phosphate, and silicon that promote bone formation [42]. These ceramic 
scaffolds can further enhance their bioactivity and osteointegration capacity through ion 
doping, surface modification, and optimization of microstructure, making them highly 
promising for bone regeneration [43, 44].

Polymer scaffolds, as three-dimensional network structures similar to the extracellular 
matrix, have gained considerable attention in bone tissue engineering in recent years 
due to their ability to support cell adhesion and growth [45]. Commonly used polymer 
scaffolds for bone regeneration include polysaccharides (e.g., hyaluronic acid, alginate, 
chitosan, and cellulose), proteins (e.g., gelatin, fibronectin, and collagen), and synthetic 
polymers (e.g., polylactic acid, polycaprolactone, polyurethane, and polyethylene glycol) 
[46]. Owing to their mild fabrication methods, appropriate degradation characteristics, 
and drug release kinetics, these polymer scaffolds are well-suited for delivering bioactive 
molecules, such as natural enzymes and growth factors [47, 48]. Furthermore, stable 
functionalized scaffolds can be obtained by modifying the polymer molecules, which 
helps to improve the bioactivity and mechanical properties of the scaffolds [49]. 
Particularly in recent years, hydrogel scaffolds based on dynamic chemical bonds have 
been extensively developed, enabling these scaffolds to respond to the pH, glucose, and 
ROS in the bone microenvironment, achieving intelligent and controllable drug release 
properties, which further facilitate bone tissue repair [50].

Although metals, ceramics, and polymers exhibit good bone regeneration properties 
as scaffolds, they still have some limitations. For example, metal scaffolds lack bioactivity, 
and polymer scaffolds have inadequate mechanical properties [51, 52]. Therefore, in 
recent years, a series of studies have been devoted to constructing composite material 
scaffolds. For instance, bioactive glass coatings have been applied to metal scaffolds 
to enhance their bioactivity, and nano-ceramic particles have been added to polymer 
scaffolds to improve their mechanical properties [53–55]. In summary, the design of 
composite bone scaffolds aims to combine the advantages of multiple materials, thereby 
improving the efficiency of bone repair.
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Antioxidants

Nonenzymatic antioxidants

Currently, widely used nonenzymatic antioxidants encompass a variety of natural 
compounds, such as vitamins (e.g., vitamin C and vitamin E), polyphenols (e.g., quercetin 
and anthocyanins), carotenoids, and melatonin [56]. These antioxidants not only have a 
wide range of sources and low production costs but also demonstrate excellent stability 
and high biocompatibility, making them ideal adjuncts for bone regeneration. When 
these antioxidants are applied, they effectively activate signaling pathways associated 
with oxidative stress, such as Nrf2/Keap1, thereby upregulating the expression of 
various antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GPx), and heme oxygenase-1 (HO-1) [57]. The increased 
expression of these enzymes significantly increased the cellular scavenging of ROS and 
effectively attenuated oxidative stress damage to bone tissue. Some antioxidants, such 
as polyphenols, can also clear ROS through reactions with free radicals and chelation of 
metal catalysts [11]. It is noteworthy that during the process of bone regeneration, some 
nonenzymatic antioxidants demonstrate the potential to promote the proliferation and 
differentiation of bone progenitor cells [58, 59]. Through their antioxidant properties 
and regulation of cellular metabolism and function, these antioxidants contribute to 
accelerating the regeneration of bone tissue, playing a positive role in bone defect repair 
[59]. Moreover, certain antioxidants exhibit multifunctional characteristics during bone 
regeneration. Besides their role in combating oxidative stress, they also exert multiple 
effects, such as antibacterial, anti-inflammatory, and promotion of angiogenesis [60, 61]. 
This multidimensional regulatory mechanism makes these antioxidants have broader 
prospects for application in the field of bone regeneration.

Enzymatic antioxidants

Enzymatic antioxidants constitute a category of enzymes with specific catalytic 
activity that can directly participate in redox reactions, converting ROS into non-toxic 
substances, thereby protecting cells from oxidative stress damage. Common natural 
antioxidant enzymes include SOD, CAT, and GPx [62]. Among them, SOD catalyzes the 
dismutation of superoxide anion into  H2O2 and  O2, while both CAT and GPx possess the 
ability to eliminate  H2O2. Although these natural enzymes exist in human cells, under 
certain conditions unfavorable for bone regeneration, such as infection or diabetes, the 
expression of intracellular antioxidant enzymes may decrease [63]. Once the antioxidant 
system fails to clear ROS, ROS accumulation leads to oxidative stress, further reducing 
the expression of endogenous antioxidant enzymes in cells, resulting in a vicious cycle. 
Therefore, delivering natural enzymes directly to the site of bone injury can compensate 
for the inadequate expression of endogenous antioxidant enzymes in cells and enhance 
local antioxidant capacity.

Nanozymes

The complex synthesis and purification, high production and storage costs, and 
poor stability of natural enzymes limit their further application [64]. Therefore, in 
recent years, nanozymes have gradually been considered as a potential alternative to 
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natural antioxidant enzymes. Compared to natural enzymes, nanozymes can be easily 
constructed through simple chemical reactions and possess high catalytic activity as 
well as excellent stability, and are able to withstand fluctuations in the pH of the tissue 
microenvironment [65]. Currently, nanozymes used to mimic antioxidant enzymes 
mainly consist of variable-value metal-based materials, such as cerium, manganese, 
and molybdenum [66, 67]. They can mimic the activities of enzymes such as SOD, 
CAT, and GPx to eliminate ROS. It is worth noting that some nanozymes can exhibit 
multiple enzyme-like activities simultaneously, enabling the construction of cascade 
reaction systems [3]. In conclusion, nanozymes have provided numerous innovative 
opportunities for antioxidant therapy in tissue regeneration, thereby driving the 
conception and implementation of novel bone regeneration strategies.

Antioxidant bone scaffolds
Clinically, existing bone scaffolds (such as titanium and titanium alloys) are typically 
biologically inert, with their primary functions being to provide mechanical support and 
limited osteoconduction [68]. When these scaffolds are used, bone repair still depends 
on the body’s intrinsic bone healing capacity. However, in specific conditions, such as 
infections, diabetes, or aging, elevated oxidative stress disrupts the balance of the bone 
microenvironment, leading to delayed bone healing or even bone nonunion [69, 70]. 
In contrast, antioxidant bone scaffolds reverse oxidative stress-induced imbalances 
in osteoblast and osteoclast activity, persistent inflammatory activation, and impaired 
angiogenesis by scavenging ROS, therefore, enhancing the body’s bone repair capacity 
[71–73]. Due to the restoration of cellular functions, antioxidant scaffolds exhibit 
advantages in bone integration and healing time, thereby providing a more ideal solution 
for bone regeneration.

Currently, antioxidant bone scaffolds are primarily based on metal, ceramic, and 
polymer materials, which typically lack inherent antioxidant properties. After selecting 
appropriate base materials, it is necessary to introduce antioxidants into bone scaffolds 
through methods, such as direct mixing, surface modification, chemical bonding, 
or nanoparticle loading to endow them with antioxidant characteristics [74]. The 
prepared scaffolds should undergo clear evaluations of mechanical properties, pore 
size, percentage porosity, degradation performance, and antioxidant release properties 
[75]. Furthermore, in vitro and in vivo experiments are required to verify the biosafety, 
antioxidant properties, and bone regeneration-promoting effects of the scaffolds. 
At present, a series of antioxidant bone scaffolds have been constructed and have 
demonstrated excellent ability to alleviate oxidative stress and effectively promote bone 
regeneration in experiments [76, 77]. Therefore, the composition and function of some 
typical antioxidant bone scaffolds are described (Table 1). Subsequently, we introduced 
antioxidant bone scaffolds according to treatment strategies (Fig. 1).

Antioxidant strategies targeting osteoblast lineage

The osteoblast lineage plays a central role in bone regeneration. During the process of 
bone regeneration, BMSCs are recruited to the site of injury, where they differentiate 
into osteoblasts under the regulation of growth factors [86]. Osteoblasts are capable of 
synthesizing bone matrix and forming osteocalcin nodules, and eventually transform 
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Table 1 Representative antioxidant scaffolds for bone regeneration

PCL: polycaprolactone; OD: oxidized dextran; MHA: 3-aminopropyltriethoxysilane and nano-hydroxyapatite doped 
micro-arc oxidation; PLA: polylactide; PEEK: polyetheretherketone; TPG: tea polyphenol-reduced graphene; ChSMA: 
methacryloylated chondroitin sulfate

Bone scaffold Antioxidants Outcome Refs.

Salicin-laden PCL Salicin The scaffold exhibited potent free radical 
scavenging activity, promoted osteogenic 
differentiation of BMSCs, and accelerated 
rats’ femoral defect repair

[78]

Titanium rods with procyanidin/mucin 
coating

Procyanidin The surface coating of the implant 
effectively alleviated the oxidative stress 
induced by  H2O2 in BMSCs and promoted 
the osteogenic differentiation of BMSCs 
by activating Wnt/β-Catenin signaling 
pathway, which ultimately accelerated 
in vivo osteogenesis

[79]

OD-MHA/Mg OD OD-MHA slowed down the degradation 
of Mg scaffolds and avoided oxidative 
stress and MC3T3-E1 cells apoptosis 
induced by large amounts of magnesium 
ions. In addition, OD-MHA/Mg effectively 
exerted antibacterial, pro-angiogenic and 
reduced osteogenic differentiation effects, 
accelerating the repair of femoral defects

[80]

Astaxanthin–collagen aerogels Astaxanthin Aerogels alleviated oxidative stress in 
BMSCs by activating the NRF2/HO-1 
signaling pathway and promoted bone 
regeneration in rats

[81]

Silibinin-modified hydroxyapatite-coated 
titanium rods

Silibinin Silibinin-modified hydroxyapatite-coating 
activated the SIRT1/SOD2 signaling 
pathway to alleviate high glucose-
induced oxidative stress in MC3T3-E1 cells, 
promoted the osteogenic differentiation 
function of MC3T3-E1 cells under high 
glucose treatment, and accelerated the 
osseointegration of titanium rods in 
diabetic rats

[82]

Metal–polyphenolic network-coated 
scaffolds(PCL, PLA or PEEK)

Catechol Metal–polyphenolic networks effectively 
alleviated  H2O2-induced oxidative stress in 
MC3T3-E1 cells, promoted calcium nodule 
formation, and accelerated the repair of 
cranial defects in rats

[83]

Gelatin–alginate-nCeO2 hydrogel CeO2 Hydrogel scaffolds with SOD and CAT-
like activities promoted MC3T3-E1 cell 
adhesion, proliferation and osteogenic 
differentiation, and facilitated femoral 
defect repair in rats

[18]

TPG@ChSMA TPG The TPG released from the hydrogel 
scaffold activated the SIRT1/PI3K/AKT 
pathway to mediate the clearance of ROS, 
alleviating the senescence of BMSCs, and 
promoted the repair of bone defects in 
aged osteoporotic rats

[84]

MON(CuMn)-Q-J hydrogel MON(CuMn)-Q MON(CuMn)-Q possessed sonodynamic 
antibacterial effects and mediated 
antioxidant actions through SOD and 
CAT-like activities as well as quercetin–
metal chelation, effectively exerting anti-
inflammatory, pro-angiogenic, and bone 
repair functions

[85]
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into osteocytes that are embedded in the bone matrix to form complete bone tissue 
[87, 88]. Throughout this process, elevated levels of ROS impair the differentiation 
and function of osteoblast lineage cells, resulting in reduced mineralization and 
compromised bone matrix formation [76]. In addition, oxidative stress triggers apoptotic 
pathways within the osteoblast lineage, reducing osteoblast numbers and hindering 
bone regeneration, thereby delaying bone repair and exacerbating osteoporosis [89]. In 
view of this, the introduction of antioxidant bone scaffolds as an innovative strategy to 
modulate the redox balance holds promise in buffering the negative effects of oxidative 
stress, maintaining the proliferative capacity and differentiation of the osteoblast lineage, 
thereby providing a conducive microenvironment for bone regeneration.

Embedding a series of antioxidants capable of directly reacting with ROS into bone 
scaffolds is a straightforward approach for the construction of antioxidant bone scaffolds 
[90, 91]. The released antioxidants can be used to scavenge cellular ROS, thus achieving 
antioxidant effects. Tan et  al. have constructed magnesium-seamed C-alkylpyrogallol 
arene cages  (PgC3Mg) metal–organic cages with ROS scavenging capabilities and 
incorporated them into gelatin methacrylate (GelMA) hydrogels, resulting in a GelMA/
PgC3Mg composite hydrogel [92]. In this study, the C-alkylpyrogallol arene cages  (PgC3) 
exhibited efficient ROS scavenging efficiency, effectively reducing the accumulation of 
ROS in BMSCs induced by  H2O2. Furthermore, the release of  Mg2+ from the GelMA/
PgC3Mg hydrogel further promoted the adhesion of BMSCs and the expression of 
osteogenic-related genes, such as ALP, RUNX2, OCN, and OPN, ultimately accelerating 
the repair of skull defects in rats. Similarly, variable valence metal compounds have 
attracted widespread attention in the field of bone regeneration as efficient and stable 
antioxidants. It has been reported that the reversible conversion between Ce(III) and 
Ce(IV) in  CeO2 nanoparticles (NPs) endows them with SOD and CAT-like activities 
[93]. Recently, Zhang et  al. utilized 3D printing technology to construct a bioactive 
glass scaffold doped with  CeO2 NPs  (CeO2–BG) (Fig.  2A) [94]. The incorporation of 
 CeO2 NPs not only imparted antioxidant properties to the scaffold but also enhanced 
its mechanical performance and promoted the adhesion of osteoblasts and bone-
forming capabilities (Fig.  2B–D). Similarly, Liao et  al. constructed a GelMA hydrogel 

Fig. 1 Therapeutic strategy of antioxidant scaffolds for bone regeneration
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containing molybdenum-based polyoxometalate nanoclusters (POM), which possessed 
ROS scavenging abilities. The GelMA/POM hydrogel also activated the osteogenic 
differentiation of MC3T3-E1 cells through the PI3K/AKT signaling pathway, promoting 
bone defect repair in diabetic mice [95].

Although the direct incorporation of antioxidants is one of the most classic methods 
for constructing antioxidant scaffolds, it has the disadvantage of uncontrolled rapid 
release of antioxidants from the scaffold [97]. Once the antioxidants are released 
rapidly, there is a risk of cytotoxicity due to their excessive accumulation, as well 
as the possibility of being inactivated by the body, leading to a loss of sustained 
antioxidant effect. To achieve a controlled release of antioxidants and maintain a 
continuous ROS-scavenging capability, Wang et  al. developed a glutathione (GSH)-
grafted GelMA hydrogel (GelMA–g-GSH) [98]. Compared to GelMA directly 
loaded with GSH, GelMA–g-GSH exhibited a slower GSH release rate. GelMA–g-
GSH continuously scavenged accumulated ROS in stressed MC3T3-E1 cells through 
the GSH–GSSG cycle, activated the PI3K/AKT pathway, and promoted osteoblast 
differentiation and the repair of cranial defects in diabetic mice.

In osteoporotic patients, mitochondrial dysregulation and impaired energy 
metabolism were present in BMSCs isolated from ovariectomized rats 

Fig. 2 Antioxidant bone scaffolds for osteogenesis. A Schematic illustration of  CeO2–BG scaffolds for 
antioxidant therapy in bone regeneration. B Detection of ROS in osteoblasts by DCFH–DA probe after 1 h 
of  H2O2 treatment. Scale bars: 500 μm. C ALP staining images of osteoblasts after different times of scaffold 
treatment. D Micro-CT images of rat tibial defects after 12 weeks of scaffold implantation. Adapted from [94], 
American Chemical Society, 2023. E Schematic illustration of the Se@SF/CPC bone scaffold for osteoporotic 
bone defect repair in ovariectomized rats. F Micro-CT images of femoral defects in ovariectomized rats 
treated with different bone scaffolds. Adapted from [96], Oxford University Press, 2023



Page 10 of 24Li et al. BioMedical Engineering OnLine           (2025) 24:41 

(OVX–BMSCs), manifested by decreased mitochondrial membrane potential, 
reduced ATP production, and excessive accumulation of ROS, which led to impaired 
osteogenic differentiation of BMSCs and disturbed bone regeneration [99]. Therefore, 
activation of the endogenous antioxidant system of cells through bone scaffolds is 
considered an effective treatment for osteoporotic bone defects. Recently, Zhou et al. 
found that  Na2SeO3 significantly activated the expression of the antioxidant enzyme 
GPx1 (a selenium-dependent enzyme) in OVX–BMSCs, promoting the restoration 
of mitochondrial function and reducing intracellular ROS levels [96]. In contrast, 
silencing GPx1 eliminated the beneficial effects of  Na2SeO3 on mitochondrial 
function. Based on this, they developed a  Na2SeO3-doped silk fibroin/calcium 
phosphate cement (SF/CPC) scaffold (Se@SF/CPC) (Fig. 2E). The Se@SF/CPC scaffold 
promoted the expression of alkaline phosphatase and calcium deposition in OVX–
BMSCs, thereby accelerating the repair of osteoporotic bone defects (Fig. 2F). It has 
been reported that melatonin can upregulate intracellular antioxidant genes, such as 
SOD, CAT, GPx, and HO-1, thereby restoring cellular function through the activation 
of the endogenous antioxidant system. In another study, Gu et  al. developed a silk 
fibroin scaffold loaded with melatonin (SF@MT) for the treatment of osteoporotic 
bone defects [100]. The released melatonin can activate the SIRT1/SOD2 pathway in 
BMSCs from ovariectomized rats, restoring mitochondrial energy metabolism and 
antioxidant function. This process promoted the differentiation of osteoblasts, matrix 
synthesis, and mineralization, thereby accelerating the regeneration of bone defects 
in the femur of ovariectomized rats.

Antioxidant strategies for angiogenesis in bone regeneration

Newly formed blood vessels play a crucial role in bone repair. A series of processes 
involved in bone regeneration rely on neovascularization, including the recruitment of 
neutrophils and monocyte/macrophage lineage cells and the homing of stem cells [101, 
102]. The newly formed blood vessels can also supply oxygen, nutrients, and growth 
factors while removing metabolic waste, thereby preventing exacerbated oxidative stress 
in cells [102]. Chen et al. recently incorporated melatonin-loaded polylactic–co-glycolic 
acid nanoparticles (MT@PLGA) and sodium alginate hydrogel into polycaprolactone/β-
Tricalcium phosphate (PCL/β-TCP) scaffolds to obtain PCL/β-TCP/SA/MT scaffolds 
[73]. Even under conditions of high glucose-induced stress, PCL/β-TCP/SA/MT 
scaffolds can still promote endothelial cell proliferation, migration, and tubule formation. 
This pro-angiogenic effect is associated with the activation of the NRF2/HO-1 signaling 
pathway, involving downstream antioxidant enzyme activation to alleviate oxidative 
stress and directly promote vascular endothelial growth factor (VEGF) production. In 
addition, the scaffold can alleviate oxidative stress in BMSCs, restore their osteogenic 
differentiation ability, and effectively promote cranial defect repair in diabetic mice.

Type H vessels, a subtype of blood vessels discovered in recent years, are distributed 
in the epiphysis of bones [103]. They are characterized by endothelial cells with high 
expression of CD31 and endomucin (Emcn) [104]. Type H vessels are considered major 
participants in the "vascularization-osteogenesis coupling" process, because they are 
surrounded by a large number of osteoprogenitors expressing high levels of Osterix and 
RUNX2. In addition, endothelial cells within type H vessels can secrete cytokines, such as 
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noggin and VEGF, stimulating the proliferation and differentiation of osteoprogenitors, 
and thereby promoting bone formation [104, 105]. Recently, Zhou et al. synthesized a 
hydrogel composed of GelMA, acrylyl-β-cyclodextrin, and reduced graphene oxide 
functionalized with β-cyclodextrin (GM/Ac-CD/rGO0.6) [106]. Application of GM/
Ac-CD/rGO0.6 in vivo was found to effectively eliminate ROS accumulation at the edge 
of cranial defects, thereby promoting bone regeneration in vivo. Importantly, there was 
also increased formation of type H vessels in the treatment group. Further RNA-seq 
evaluation revealed that GM/Ac-CD/rGO0.6 cleared excessive ROS accumulation in 
stressed human umbilical vein endothelial cells (HUVECs) and activated the miR-200C/
ZEB1/Notch1 signaling pathway to increase the formation of type H vessels, thereby 
contributing to bone tissue regeneration.

Antioxidant therapy combined with bone immunomodulation strategies

Bone regeneration is closely related to immunity. Among the various immune cells 
involved in bone repair processes, macrophages play a pivotal role in regulating 
the microenvironment of bone regeneration sites due to their unique ability to 
transform between M1 and M2 phenotypes, thus becoming the primary target for 
immunomodulation in current antioxidant bone scaffolds [107]. Specifically, upon 
activation, M1 macrophages secrete inflammatory cytokines, such as tumor necrosis 
factor-α (TNF-α), interleukin (IL)−1β, IL-6, and IL-23, which interfere with the normal 
function of osteoblasts, thereby affecting the formation and mineralization of bone 
matrix [108–111]. Conversely, M2 macrophages release anti-inflammatory cytokines 
and growth factors, such as transforming growth factor-β (TGF-β), bone morphogenetic 
protein-2 (BMP-2), IL-4, IL-10, and IL-13, which actively promote bone formation 
[110–112].

Currently, the anti-inflammatory and antioxidant properties inherent in certain 
natural polyphenols are being utilized to construct bone scaffolds that integrate immune 
modulation and antioxidant functions. These antioxidants not only protect BMSCs 
from oxidative stress but also directly promote the M2 polarization of macrophages. 
Recently, Li et  al. have developed a proanthocyanidin optimizing chitosan scaffold 
(ChiO) with a microchannel structure using directional freeze-drying technology [113]. 
The scaffold was able to inhibit lipopolysaccharides (LPS)-induced M1 polarization of 
macrophages and collaboratively induced M2 polarization of macrophages through its 
directional pore structure and proanthocyanidin, thus achieving the regulation of the 
immune microenvironment. Furthermore, the proanthocyanidin in ChiO promoted 
better scaffold adhesion of BMSCs through polyphenol/protein adsorption, assisted 
in scavenging intracellular ROS induced by  H2O2 in BMSCs, ultimately promoting 
osteogenic differentiation of BMSCs and accelerating the repair of rabbit skull defects. 
Similarly, Wang et  al. constructed a hydrogel loaded with tannic acid (SFMA–LAP@
TA), where the loaded tannic acid promoted M2 polarization of macrophages and 
alleviated oxidative stress in BMSCs caused by the conditioned medium of inflammatory 
macrophages (induced by LPS), thereby promoting the repair of rat skull defects [114].

The anti-inflammatory function of some antioxidants not only involves inhibiting 
pro-inflammatory signaling pathways (such as MAPK and NFκB) but also 
involves scavenging ROS in immune cells [115, 116]. Zhou et  al. constructed a 
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polypyrrole–polydopamine–hydroxyapatite (PPy–PDA–HA) coating on Ti scaffolds 
via a layer-by-layer pulse electrodeposition method [117]. In this construct, electrons 
in PPy–PDA were captured by ROS, converting the catechin groups in PPy–PDA 
NPs into quinones and the dedoped state of PPy into the doped state, thus achieving 
antioxidant functions and effectively reducing ROS levels in RAW 264.7 cells. In 
addition, certain scaffolds averted M1 polarization due to excessive ROS accumulation 
by stimulating the intrinsic antioxidant systems within macrophages, consequently 
preventing the accumulation of inflammatory cytokines such as TNF-α and IL-1β 
that are detrimental to bone repair. In another study, Chen et  al. have constructed 
a Se-doped mesoporous bioactive glass (Se–MBG) [118]. The presence of Se in the 
material can increase the expression of GPx4, a peroxide-scavenging enzyme, to 
eliminate ROS within macrophages, reduce mitochondrial swelling, and promote the 
recovery of mitochondrial oxidative phosphorylation, thus inducing M2 polarization 
of macrophages. In  vivo, the Se–MBG scaffold significantly promoted the repair of 
critical-sized skull defects in rats, and this enhancement of bone regeneration was 
not observed in macrophage depletion models, further demonstrating the immune-
modulatory bone regeneration effect of the Se–MBG scaffold. Similarly, Huang et  al. 
incorporated selenium nanoparticles into poly (lactic acid–carbonate) (PDT) and 
β-tricalcium phosphate (β-TCP) to obtain PDT–TCP–SE scaffolds for the treatment of 
osteoporotic bone defects [119]. This scaffold was able to restore the decreased SOD 
and GSH activities in macrophages induced by erastin, a ferroptosis inducer, preventing 
ROS accumulation and promoting M2 polarization of macrophages. In addition, the 
PDT–TCP–SE scaffold could also restore the antioxidant capacity of BMSCs through 
the SIRT1/NRF2/GPx4 signaling pathway, alleviating the inhibition of osteogenic 
differentiation caused by erastin.

Antioxidant strategies for attenuating osteoclast formation

Osteoclasts, as a component of the hematopoietic monocyte–macrophage system, 
are primarily responsible for bone resorption and play a crucial role in the growth, 
repair, and remodeling of bone [120]. During bone regeneration, osteoclasts are often 
activated to clear damaged bone tissue through their resorptive function, thereby 
creating space for new bone growth. However, excessive oxidative stress, resulting from 
infections, diabetes, or osteoporosis, can lead to the hyperactivation of osteoclasts, 
thereby accelerating bone resorption and damage [121, 122]. Li et al. recently designed 
a manganese-containing β-tricalcium phosphate (Mn–TCP) bioceramic to inhibit 
osteoclast activation [123]. Specifically, Mn–TCP can effectively suppress oxidative 
stress and osteoclast formation induced by RANKL signaling by clearing ROS and 
activating the expression of antioxidant key signaling molecule NRF2 in macrophages. 
This ultimately promotes the repair of osteoporotic bone defects.

In patients with osteoporosis, excessive osteoclast activation is accompanied by 
the impairment of osteoblast precursor cell differentiation and osteoblast function 
due to oxidative stress [124]. Therefore, the development of antioxidant scaffolds that 
concurrently inhibit osteoclast activation and promote bone formation holds significant 
practical value. Recently, Chen et  al. constructed a Ti implant (AHT–Ce/SrMOF) 
coated with a Ce/Sr/p-xylylenebisphosphonate metal–organic framework [125]. Ce 
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and Sr collectively imparted SOD and CAT-like activities to the AHT–Ce/SrMOF, 
which were utilized to scavenge mitochondrial ROS, thereby restoring mitochondrial 
autophagy and fusion. This implant ultimately led to the recovery of BMSC osteogenic 
differentiation functionality under osteoporotic conditions. Furthermore, the presence 
of p-xylylenebisphosphonate (PXBP) within the Ce/SrMOF also served to inhibit 
osteoclastogenesis. In  vivo, the AHT–Ce/SrMOF augmented the osseointegration 
capability of titanium implants in an osteoporotic rat model. Considering that 
infection is a trigger for abnormal osteoclast activation, Huang et  al. constructed a 
PATGP@PDA + Ag microsphere-based microscaffold by modifying aniline tetramer 
(AT) substituted polyphosphazene (PATGP) with polydopamine (PDA) and further 
loading it with silver nanoparticles (Ag NPs) [126]. Ag NPs significantly enhanced their 
antibacterial capabilities, while PATGP possessed ROS scavenging abilities due to its 
electron donor structure, which could be used to prevent BMSCs from oxidative stress 
interference. When applied to infective cranial bone defects, the microscaffold effectively 
reduced osteoclast activation caused by infection and accelerated bone repair. In another 
study, Xu et al. constructed a gallium (III)–phenolic coating composed of gallium and 
tannic acid on the surface of titanium implants [127]. The scaffold upregulated the 
expression of antioxidant genes Nqo1, Sod2, Sirt1, and Nrf2 in MC3T3-E1 cells, thereby 
restoring the osteogenic capacity of osteoblasts. In addition, gallium ions directly 
downregulated the expression of genes related to osteoclast differentiation (c-Fos, 
NFATC1) and bone resorption (CTSK, TRAP), inhibiting osteoclastogenesis. In  vivo, 
the gallium (III)–phenolic coating also exhibited antibacterial properties through 
photothermal effects, ultimately promoting osseointegration of the implant.

Integrated antioxidant and anti‑tumor therapeutics

Malignant bone tumors are invasive and destructive, which can directly erode and 
destroy bone structures, leading to bone dissolution and defects [128]. Therefore, many 
bone tumor patients who have undergone surgical treatment not only need to deal with 
the risk of tumor residuals, but also must face the challenges brought by bone defects. 
In recent years, scaffolds with both anti-tumor properties and bone regeneration 
capabilities have increasingly become the focus of research. In the study by Sistanipour 
et  al., catechin-conjugated mesoporous hydroxyapatite nanoparticles (Cat@MHAP) 
were prepared on glass electrodes [129]. In vitro studies revealed that Cat@MHAP films 
inhibited the proliferation of osteosarcoma cells and scavenged ROS in cells, supporting 
the growth and osteogenic differentiation of MSCs, indicating its potential application 
in the treatment of bone defects after surgery for osteosarcoma patients. In another 
study, Gupta et  al. constructed a composite scaffold consisting of doxorubicin-loaded 
and exosome-loaded nanocement, as well as a polymer film (PUAOC) containing Cissus 
quadrangularis (CQ) extract, for anti-osteosarcoma therapy and bone regeneration 
restoration [130]. In this study, doxorubicin effectively inhibited the proliferation of 
osteosarcoma cells, while exosomes and CQ scavenged ROS to protect MC3T3-E1 
cells. In a tumor xenograft model, this composite scaffold successfully prevented tumor 
cell proliferation and promoted bone formation, contributing to the prevention of 
pathological fractures. These integrated scaffolds for anti-tumor and bone regeneration 
provide hope for bone regeneration after bone tumor surgery, yet such research is still 
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scarce. This may be due to the inherent contradiction between anti-tumor and bone 
regeneration strategies, as many current anti-tumor strategies rely on ROS-induced 
tumor cell death, which is contradictory to the low oxidative stress required for bone 
formation.

Smart antioxidant bone scaffolds

As an advanced material, smart biomaterials have exhibited tremendous potential and 
promising prospects in the field of bone tissue regeneration. These unique materials are 
capable of intelligently adjusting their physical and chemical properties in response to 
changes in the external environment, such as fluctuations in pH, temperature, or glucose 
concentration, thereby achieving precise controlled release of drugs, growth factors, 
or other bioactive substances [131, 132]. According to the studies on antioxidant bone 
scaffolds for bone regeneration published in recent years, it is evident that current 
smart bone scaffolds predominantly utilize hydrogel materials. This preference may be 
attributed to the relative ease with which reactive groups can be introduced into the 
constituents of hydrogels, thereby endowing the bone scaffolds with responsiveness 
to the bone microenvironment [133, 134]. Here, we will introduce several therapeutic 
strategies of smart antioxidant bone scaffolds currently used for bone regeneration 
based on existing studies.

The significant advantage of smart hydrogels in addressing bone defects lies in 
their ability to match the shape of bone injury sites. Recently, Li et  al. designed an 
injectable thermosensitive hydrogel (Res@CHAp/Col I/PLEL) based on amphiphilic 
triblock copolymer poly(D,L-lactide)poly(ethylene glycol)–poly(D,L-lactide) (PDLLA–
PEG–PDLLA, PLEL) for loading porous carbonate hydroxyapatite (CHAp) spheres 
and collagen I (Col I) [135]. This system existed as a homogeneous solution at room 
temperature, which can be injected to fill bone defects upon entering the body and 
subsequently transformed into a gel. Following gel formation, resveratrol (Res) and 
dexamethasone with strong antioxidant activity were released from CHAp spheres, 
effectively clearing ROS in macrophages and promoting their M2 polarization. In 
addition, Res@CHAp/Col I/PLEL can regulate angiogenesis and BMSCs osteogenic 
differentiation, promoting the repair of spongy bone defects.

The physicochemical microenvironment at the site of bone injury can serve as 
an effective signal to regulate the degradation properties of bone scaffolds, thereby 
achieving drug release that responds to the bone microenvironment [136]. In a recent 
study, the antioxidant enzyme catalase and PFC@PLGA/PPS co-loaded liposomes 
(CCP-L) were incorporated into hydrogels (CPP-L/GelMA) (Fig.  3A) [137]. CPP-L/
GelMA not only triggered PFC@PLGA/PPS degradation via ROS to release oxygen, 
but also converted ROS into oxygen via catalase, thus achieving ROS scavenging and 
long-term oxygen supply. This scaffold effectively promoted osteogenic differentiation 
through regulation of NRF2–BMAL1–autophagy pathway, promoted angiogenesis, and 
inhibited osteoclast formation through ROS scavenging and improvement of hypoxic 
microenvironment, ultimately accelerating the repair of cranial defects (Fig.  3B–H). 
In diabetic bone defects, high glucose also acts as a degradation regulator of the bone 
scaffold and a substrate for cascade reactions. Recently, Liu et  al. developed a Mn@
Co3O4@Pt nanozyme with multi-enzyme-like activities, encapsulated within a hydrogel 
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composed of poly(vinyl alcohol) (PVA) and phenyl boric acid-modified sodium alginate 
(Alg–PBA) [138]. When applied to diabetic bone defects, the hydrogel released Mn@
Co3O4@Pt in a glucose-responsive manner, catalyzing glucose and superoxide anion 
to produce  H2O2 through glucose oxidase (GOx)-like activity and SOD-like activity, 
respectively. Subsequently,  H2O2 was further catalyzed to oxygen via CAT-like activity, 
achieving dual regulation of hyperglycemia and ROS in the local bone defect area, 
thereby providing a favorable microenvironment for bone regeneration.

Compared to the microenvironment-responsive drug delivery systems based on 
dynamic chemical bonds, the antioxidant scaffolds responsive to ultrasound exhibited 
a more proactive character due to their capability of remotely controlling drug release 
[139]. Recently, RES@poly(lactic–co-glycolic acid) nanobubbles (PLGA NBs) were 
encapsulated within GelMA/HAMA hydrogels to obtain UCE hydrogels [140]. Under 
ultrasound induction, UCE hydrogel released resveratrol, effectively inhibiting the 
secretion of inflammatory factors such as TNF-α and IL-1β in macrophages by 
scavenging ROS and inhibiting the phosphorylation of the NF-κB pathway, thus 
achieving the control of acute immune peaks within 24–48 h after bone injury. In vivo, 

Fig. 3 Smart antioxidant bone scaffolds for bone regeneration. A Schematic illustration of CPP-L/GelMA 
scaffold for bone regeneration. B Tube formation images after treatment of HUVECs with different bone 
scaffolds. C ALP staining images of MC3T3-E1 cells after different treatments. D Alizarin red staining of 
MC3T3-E1 after different treatments. E TRAP staining of RAW 246.7 differentiated osteoblasts subjected to 
different treatments. F Micro-CT images of cranial defects after 4 and 8 weeks of treatment. G H&E staining 
of cranial defects after 8 weeks of treatment. H CD31 immunohistochemical staining of cranial defects after 
different treatments. Scale bars: 100 μm for B, C, D and E scale bars: 500 μm for F and the upper row of 
G scale bars: 50 μm for the second row of G and H. Adapted from [137], Elsevier, 2023
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UCE hydrogel effectively regulated the spatial–temporal bone immune disorder and 
promoted the repair of skull defects.

Light-responsive scaffolds are gaining attention in the field of bone tissue engineering 
due to their non-contact and controllable advantages [141]. The application of light-
responsive scaffolds in tissue regeneration typically involves photothermal effects or 
photodynamic therapy, which induce bacterial ROS accumulation and death to exert 
antibacterial effects [142]. In addition, the photothermal effect can modulate the 
release characteristics of antioxidants by altering the temperature, thereby increasing 
the efficiency of drug utilization [143]. However, there is an inherent contradiction 
between ROS-based antibacterial therapies and antioxidant therapies, resulting in a lack 
of synergistic applications between phototherapy and antioxidant therapies. In recent 
years, with the continuous exploration of mild photothermal therapy, some studies have 
found that bacteria are sensitive to mild photothermal therapy at 42–43 °C, whereas it 
is safe for bone repair-related cells in this temperature range, and even have osteogenic 
differentiation-promoting and anti-inflammatory functions [141, 144]. Recently, Ding 
et  al. constructed TA–D-Tyr NPs through the self-assembly of D-tyrosine (D-Tyr) 
and tannic acid, and created a hydrogel coating loaded with TA–D-Tyr NPs on the 
surface of titanium (Ti–G–TA–D-Tyr) [145]. By utilizing the synergistic effect of the 
mild photothermal effect of 43 °C, the biofilm solubilizing properties of D-Tyr, and the 
antibacterial effect of tannic acid, Ti–G–TA–D-Tyr demonstrated enhanced anti-biofilm 
and anti-planktonic bacterial activity, exhibiting excellent osteointegration performance 
in infected bone defects. In another study, Zhu et al. constructed a dynamic GAD/MC 
hydrogel composed of copper-containing  Ti3C2Tx MXene nanosheets, GelMA, and 
alginate–graft–dopamine, and elucidated the synergistic promotion of bone regeneration 
through mild photothermal therapy and antioxidant therapy [146]. Specifically, the 
phenolic–quinone groups of alginate–graft–dopamine and the electron transport 
capabilities of  Ti3C2 MXene synergistically exhibited potent ROS scavenging abilities. In 
addition, mild photothermal effects (at 42 °C) further enhanced the antioxidant effect of 
this system. In diabetic rats, mild photothermal therapy could assist antioxidant therapy, 
demonstrating enhanced M2 polarization of macrophages, osteogenic differentiation, 
and angiogenic regulation under inflammatory conditions, effectively promoting cranial 
bone repair.

Conclusions and future perspectives
In this study, we first elucidated the mechanisms by which oxidative stress impedes bone 
repair. Subsequently, we categorized and summarized the commonly used bone scaffolds 
and antioxidants to enhance the understanding of antioxidant scaffolds. In addition, we 
review the progress in the application of antioxidant bone scaffolds, focusing on their 
regulatory strategies in cellular functions. Finally, due to the rapid development of smart 
biomaterials in recent years, we also highlighted recent progress and representative 
strategies in the application of microenvironment-responsive, ultrasound-responsive, 
and light-responsive antioxidant scaffolds for bone regeneration. In conclusion, 
advancements in antioxidant bone scaffolds have expanded therapeutic options for 
promoting bone regeneration.
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However, it is worth noting that these emerging antioxidant bone scaffolds are 
currently still in the laboratory research stage. Although they have shown great 
potential in bone regeneration, there are still several challenges to be addressed 
before clinical application:

1. Bone repair is a coordinated process involving various cells. However, research on 
antioxidant scaffolds mainly focuses on their biological effects on osteoblast lineage, 
endothelial cells, macrophages, and osteoclasts, while studies on how antioxidant 
actions affect neural regeneration or other immune cells (such as T cells and 
neutrophils) are still lacking.

2. The current material selection for metal scaffolds still mainly relies on titanium. 
However, research on the antioxidant performance of degradable multifunctional 
metal scaffolds (such as magnesium, zinc, iron, strontium, manganese, calcium, 
and their alloys) remains scarce. In addition, when studying degradable antioxidant 
bone scaffolds, the matching of scaffold degradation rate with bone regeneration rate 
needs to be considered.

3. The microstructural characteristics of scaffolds, such as morphology and pore, 
significantly influence cellular behavior. While pursuing antioxidant performance, 
it is necessary to ensure that scaffold design supports cell growth and migration to 
enhance its efficacy in bone regeneration therapy.

4. When antioxidants are loaded into scaffolds, the scaffold and antioxidants should 
be regarded as an integrated whole, and their mechanisms of action should be 
comprehensively analyzed, rather than focusing only on the drug itself. Such 
comprehensive analysis helps to better understand the interaction between scaffolds 
and drugs and optimize their therapeutic effects in promoting bone regeneration.

5. With the rapid development of nanotechnology, nanomaterials show great potential 
in the fields of biosensing and molecular detection. However, there are few reports in 
current research on integrating nanomaterials with antioxidant scaffolds to achieve 
integrated diagnosis and treatment.

6. There is a lack of reports on the toxicity of antioxidant scaffolds, which may be 
attributed to publication bias. Moreover, the optimization processes designed to 
ensure the biocompatibility of antioxidant scaffolds are often insufficiently detailed, 
thereby limiting their capacity to provide meaningful guidance for future research. 
On the other hand, further studies are required to investigate the long-term 
biocompatibility of these scaffolds, ensuring their safety and reliability for clinical 
applications.

7. Before transitioning antioxidant scaffolds from the laboratory research stage to 
clinical application, it is necessary to standardize their production processes to 
ensure the consistency of quality and performance in each batch of scaffolds. At 
the same time, ways to reduce costs need to be actively explored to facilitate the 
widespread use of these stents in clinical practice.

In summary, antioxidant bone scaffolds have shown extraordinary potential in the 
field of bone regeneration. With continued research and exploration, antioxidant 
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bone scaffolds are poised to become safer and more efficient therapeutic tools for 
bone regeneration, thus ushering in a new era of bone defect treatment.
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