
R E V I E W

New Strategies for the Treatment of Diabetic 
Foot Ulcers Using Nanoenzymes: Frontline 
Advances in Anti-Infection, Immune Regulation, 
and Microenvironment Improvement
Shuyu Jia1–3, Siyu Wu 4, Min Yi1, Ziqi Jiang1, Xinyu Cai1, Shutong Chen1, Yingzhi Li1–3

1Orthopaedic Medical Center, The Second Norman Bethune Hospital of Jilin University, Changchun, 130041, People’s Republic of China; 2Joint 
International Research Laboratory of Ageing Active Strategy and Bionic Health in Northeast Asia of Ministry of Education, Jilin University, Changchun, 
Jilin Province, 130041, People’s Republic of China; 3Jilin Provincial Key Laboratory of Orthopaedics, Changchun, People’s Republic of China; 
4Department of Hand Surgery, The Second Hospital of Jilin University, Changchun, 130041, People’s Republic of China

Correspondence: Yingzhi Li, Orthopaedic Medical Center, The Second Norman Bethune Hospital of Jilin University, Changchun, 130041, People’s 
Republic of China, Email dlyz2005@jlu.edu.cn

Abstract: Diabetic foot ulcers are one of the most serious consequences of diabetes, arising from vascular impairment of the skin and 
disturbances in the microenvironment. This condition involves pathological changes such as wound infection, hyperglycemia, hypoxia, 
oxidative stress, and cellular dysfunction, necessitating multifaceted interventions. Traditional treatments often target only the wound 
itself, resulting in limited effectiveness. In contrast, nanoenzymes offer a promising therapeutic option due to their excellent 
biocompatibility and tissue permeability. They exhibit higher catalytic efficiency, optimal size and structure, and improved stability 
compared to natural enzymes. Encapsulating various nanoenzymes within novel biomaterials can enhance therapeutic outcomes 
through antibacterial action, glycemic control, oxygen delivery, antioxidative effects, anti-inflammatory properties, and angiogenesis 
promotion. This approach represents a key direction for future diabetic wound treatment. This article summarizes the role of 
nanoenzymes in diabetic wound management and discusses the potential mechanisms of their action. We also provide an outlook 
on their application prospects, aiming to advance their clinical utilization. 
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Introduction
Diabetes is a serious long-term disease, with 425 million people currently diagnosed. By 2045, the prevalence is expected 
to rise to 700 million.1,2 Up to 25% of patients with diabetes develop diabetic foot ulcers (DFUs), which are among the 
most common complications of the condition.3 DFUs generally manifest as difficult-to-heal lesions on the feet and legs, 
marked by an exceedingly protracted or stagnant wound healing process (hemorrhage, irritation, growth, and 
remodeling).4 Furthermore, DFUs are often accompanied by severe infections, leading to prolonged non-healing of 
wounds. Approximately half of DFU patients experience lower limb amputations, which is 15 times more than non- 
diabetic patients.5 Individuals with concurrent DFUs have a higher mortality risk compared to those who do not have 
these ulcers.6 The spatiotemporal coupling of pathological wound microenvironments characterized by hyperglycemia, 
hypoxia, infection, and excessive oxidative stress is a fundamental reason for the challenges in treating DFUs.7 Patients 
with DFUs suffer from physical, psychological, and economic trauma, imposing an enormous strain on public health and 
healthcare systems.

Based on the characteristics of DFUs, standard clinical treatments include surgical debridement, offloading, antibiotic 
therapy, and wound dressings.8 Unfortunately, prolonged and repeated debridement can cause significant pain and 
financial burden for patients. Additionally, the emergence of drug-resistant microorganisms may render antibiotics 
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ineffective. Traditional dressings tend to be functionally limited, requiring frequent changes and failing to adequately 
address issues such as hyperglycemia, hypoxia, and excessive oxidative stress in the wound microenvironment.9 

Consequently, numerous studies are focused on efficiently eliminating various antibiotic-resistant microorganisms 
through multiple approaches,10,11 proposing a range of complex strategies to remodel the pathological wound micro-
environment, including glucose regulation,12 localized oxygen delivery,13,14 photothermal and photodynamic antimicro-
bial therapies,15 and reactive oxygen species (ROS) clearance.16,17 Numerous multifunctional biomaterials, including 
electrospun nanofibers and hydrogels, have been developed to improve the pathological microenvironment and facilitate 
the restoration of the healing cascade in chronic wounds.18–20 These topical formulations minimize the toxic effects 
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associated with renal or oral administration, thereby enhancing patient comfort and therapeutic efficacy.21 Although these 
approaches partially address the shortcomings of traditional dressings, their efficacy in microenvironment remodeling is 
constrained by factors including low tissue permeability, inadequate biocompatibility, and delivery challenges.

Recent studies indicate that enzymes and their analogs significantly enhance the process of wound healing.20,22 The 
human body comprises multiple natural enzymes that collaboratively sustain the stability of the wound microenviron-
ment. When the environment is disrupted, these natural enzymes participate in tissue repair through multiple cascading 
reactions. For example, glucose oxidase can lower local blood sugar levels,23,24 while endogenous antioxidant enzymes, 
such as catalase and superoxide dismutase, can eliminate ROS and generate oxygen,25,26 thereby promoting the 
polarization of macrophages toward an antioxidant phenotype.27 However, natural enzymes are highly sensitive to 
reaction conditions and environmental factors. Their limitations in terms of direct human application and high costs 
hinder their development and widespread use.

Nanoenzymes, as a class of enzyme mimetics, exhibit unique properties that combine those of nanomaterials and 
catalysts.28 They are specialized nanomaterials designed to simulate enzymatic processes, capable of accelerating the 
conversion of substrates into products under physiological conditions.29 Advancements in nanotechnology have led to the 
identification of over 50 distinct nanomaterials exhibiting enzyme-like catalytic activity,30 including metal oxides,31 

noble metal nanocrystals, selenides,32 phosphides,33 nitrides, polymer-metal complexes,34 and metal-organic frameworks 
(MOFs).35 Compared to natural enzymes, nanoenzymes offer higher catalytic efficiency, more favorable size and 
structure, and greater stability, making them widely applicable in fields such as catalysis, environmental science, and 
biomaterials.22 Simultaneously, nanoenzymes can be delivered using biodegradable, safe, and highly stable carriers, 
leveraging the advantages of nanotechnology for controlled release, effectively addressing the spatiotemporal limitations 
of natural enzymes.36,37

However, the large-scale industrialization of nanoenzymes remains challenging, primarily due to the inability of their 
types and structures to achieve precise matching with diverse therapeutic needs.38 Therefore, it is essential to possess 
a thorough understanding of the physiological mechanisms of diseases and the practical clinical requirements from the 
outset of nanoenzyme design. This knowledge will enable the development of categorized biological materials tailored to 
the physicochemical properties of different nanoenzymes, thereby addressing various wound-related issues more 
effectively.

In this article, we summarize the diverse pathogenic pathways implicated in the recovery process of DFUs and their 
contributions to wound healing. We innovatively present a new perspective on the functions of nanoenzymes, integrating 
the challenges faced in clinical practice and outlining the diverse biological functions of nanoenzymes in response to 
different pathophysiological changes. Furthermore, we provide an overview of the current infection control strategies 
utilizing nanoenzymes in wound dressings and their potential applications in wound healing, introducing a novel 
classification based on whether the bactericidal action of nanoenzymes is dependent on reactive oxygen species. We 
discuss the potential mechanisms through which different types of nanoenzymes affect the wound microenvironment and 
cellular physiological functions. Ultimately, we highlight the obstacles and prospective pathways for the development 
and application of nanoenzyme dressings for clinical use.

Wound Characteristics of Diabetes
Compared to other types of chronic wounds, DFUs have a complex microenvironment and more intricate pathogenic 
mechanisms. Factors such as recurrent bacterial infections, hyperglycemia, accumulation of ROS, hypoxia, dysregulation 
of cytokine and growth factor expression, impaired angiogenesis and persistent inflammation all hinder the healing 
process. These factors can prolong one or more stages of wound healing (toxic hydroxyl radicals, irritation, growth, and 
remodeling), thereby increasing the difficulty of clinical treatment for diabetic wounds.36,39

Wound Infection
Infection is one of the critical risk factors for poor wound healing in diabetic patients. Diabetic foot infections can be 
caused by single bacteria, such as Staphylococcus aureus, or by mixed infections involving multiple microorganisms, 
including Staphylococcus, Streptococcus, Enterococcus, Escherichia coli, Candida albicans, and others. The pathogenic 
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bacteria vary widely in type and severity.40 The prevalence of antibiotic-resistant strains, specifically methicillin-resistant 
Staphylococcus aureus (MRSA), is steadily increasing, now accounting for 30% to 40% of all patients with diabetic 
infections.41 AMR, various microbial populations from the external environment, primarily bacteria, can colonize 
wounds and further promote the formation of biofilms.42 These biofilms serve as a protective barrier for the micro-
organisms, hindering immune cells from eliminating them and enabling evasion of host defenses. Biofilms formed by the 
adhesion and accumulation of multiple microorganisms are inherently more challenging to treat than those produced by 
a single species. Notably, Streptococcus pyogenes invades exposed wound surfaces by harboring genes that encode 
a range of virulence factors, including toxins, enzymes, and adhesins.43 Concurrently, Staphylococcus aureus synthesizes 
numerous surface proteins that facilitate recognition and adhesion to host tissue during the early stages of infection, 
thereby significantly complicating the treatment of wound infections.44 Without timely intervention, pathogenic bacteria 
can penetrate deep into the fascia, leading to life-threatening sepsis, which places diabetic ulcer patients at a high risk of 
amputation.

Furthermore, post-amputation trauma intensifies, and the patient’s immune response diminishes, hence heightening 
the chance of post-surgical infections and establishing a detrimental cycle of “infection-amputation-infection.” 
Consequently, it is imperative to manage infections promptly and preserve the damaged limb to enhance outcomes.45

Hyperglycemia
Hyperglycemia is a characteristic feature of the microenvironment in DFUs and is linked to insulin insufficiency or 
resistance. Under typical circumstances, the body regulates blood glucose levels via hormonal and neurological 
mechanisms.46 However, in pathological processes, blood glucose levels can rise and accumulate, leading to the 
induction of various pathological conditions.

In diabetic individuals, heightened blood glucose levels can readily lead to an accumulation of advanced glycation 
end products (AGEs), which subsequently exacerbate cellular or tissue damage. AGEs attach to the receptor for advanced 
glycation end products (RAGE) on cell membranes, triggering downstream signaling cascades that elevate oxidative 
stress and provoke chronic inflammation, so impeding the wound healing process.47

Localized hyperglycemia concurrently restricts the proliferation and migration of epithelial cells and fibroblasts, 
thereby restricting cell proliferation and remodeling processes.48 Elevated blood glucose levels supply ample nutrients 
for bacteria, significantly enhancing the likelihood of infection.49,50

Excessive Oxidative Stress
ROS primarily include hydroxyl radical (·OH), hydrogen peroxide (H2O2) and superoxide anion (O2·–), which can be 
continuously produced during the normal metabolic processes of organisms.51 The unregulated buildup of ROS is 
a characteristic feature of the pathological milieu in DFUs, resulting in considerable inhibition of endogenous stem cell 
viability, extracellular matrix (ECM) production, and growth factor activity.52

Moreover, continuous exposure of the wound to high levels of ROS induces pro-inflammatory factors, exacerbating 
wound inflammation and causing failure in the phenotypic transition of macrophages from M1 to M2 states, thereby 
delaying the regenerative process.53 Early infection-induced inflammation can even trigger a localized inflammatory 
storm, resulting in excessive endogenous ROS production and further disrupting the balance of the wound 
microenvironment.54 The atypical generation of ROS has been recognized as a crucial mediator in the pathophysiology 
of inflammation.

Localized Tissue Hypoxia
Oxygen plays a crucial role in almost every phase of reactive damage and the wound healing cascade, rendering 
sufficient oxygen supply essential for the healing process. In diabetic wounds, increased oxygen consumption by local 
metabolic oxygen depletion, inflammatory cells, and bacterial overload can lead to chronic hypoxia.55

Growing data indicates that hypoxia worsens the already impaired diabetic microenvironment. Prolonged hypoxia in 
chronic wounds adversely affects the production of vascular endothelial growth factor (VEGF), hence hindering 
angiogenesis and wound healing. The nutrients and oxygen essential for healing in newly formed wounds rely on the 
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supply from newly established and regular blood vessels. A reduction in the number of endothelial cells in diabetic 
wounds decreases the quantity of neovascularization and alters the function of normal vessels, further exacerbating 
localized tissue hypoxia. This vicious cycle significantly delays the healing of the wound.56

Consequently, enhancing the dysregulated physiological state in diabetic wounds and augmenting oxygen supply are 
efficacious techniques for addressing significant tissue damage induced by diabetes.

Changes in Cellular Biological Functions
Diabetic wounds are characterized by alterations in various cellular biological functions, leading to persistent chronic 
inflammation and delays in the proliferation and remodeling stages. Macrophages, vascular endothelial cells and 
fibroblasts significant roles in wound healing.

Dysregulation of macrophage phenotypes is a major reason for the prolonged inflammation seen in diabetic wounds. 
Macrophages are categorized into two primary types: the standard M1 lineage, characterized by pro-inflammatory 
actions, and the alternative M2 lineage, which demonstrates an anti-inflammatory phenotype.57 Subsequent to home-
ostasis, M1 macrophages swiftly migrate to the injury site and engage in pathogen phagocytosis by eliminating or 
clearing injured cells during the inflammatory phase. Subsequently, the macrophage population transitions from M1 to 
M2, with M2 macrophages being essential for subsequent vascular regression and remodeling.58

However, in the microenvironment of diabetic wounds, factors such as hyperglycemia and infection disrupt cellular 
homeostasis, leading to immune dysregulation. This results in an excess of immune cells and pro-inflammatory 
cytokines, accompanied by defects in the M1 to M2 transition.59 M1 macrophages continue to release pro- 
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), monocyte chemotactic protein-1 (MCP-1), and 
interferon-gamma (IFN-γ), which prolong the inflammatory phase and delay wound healing.60,61

The diminished quantity of M2 macrophages and the increased M1/M2 ratio result in a deficit of essential growth 
factors, including VEGF, platelet-derived growth factor(MD), and so on, alongside anti-inflammatory cytokines such as 
transforming growth factor-β (TGF-β) and interleukin-10 (IL-10), which are vital for the proliferation and remodeling 
phases.62 Among these, TGF-β is a peptide member of the transforming growth factor-beta (TGF-β) superfamily of 
cytokines. TGF-β reverses and inhibits stimulation of macrophages by blocking signal transduction through receptor 
pathways.63 Interleukins, produced by blood monocytes and tissue macrophages, are important inflammatory molecules; 
specifically, IL-10 has been shown to significantly accelerate the healing process by promoting re-epithelialization and 
angiogenesis.64

Fibroblasts primarily promote wound healing by enhancing granulation tissue formation, remodeling the ECM, and 
facilitating angiogenesis.65,66 However, in the diabetic wound microenvironment, fibroblasts undergo phenotypic changes 
and functional dysregulation. Research indicates that factors such as hyperglycemia, hypoxia, and chronic inflammation 
can cause fibroblasts to exhibit abnormal functional behaviors and phenotypic transformations during wound healing, 
thereby impeding the healing process.48

Vascular endothelial cells are critical for the formation of blood vessels in wounds, and their functions are regulated 
by various cytokines, including PDGF, epidermal growth factor (EGF), TNF-α, VEGF, and angiopoietins, as well as anti- 
angiogenic factors like platelet factor 4(PF-4), thrombospondin 1(TSP-1), tissue inhibitor of metalloproteinases 2(TIMP- 
2) and endostatin.67,68 Among these, PF4, also known as chemokine ligand 4, possesses angiogenesis-inhibiting 
properties.69 TSP1 is a member of the classical platelet reaction protein subfamily and is the first identified endogenous 
angiogenesis inhibitor.70 TIMP-2 is a key regulatory protein composed of 194 amino acids, with a molecular weight of 
approximately 21 kDa, primarily responsible for reducing the activity of matrix metalloproteinases.71 In the wound 
microenvironment of healthy individuals, fibroblasts can release VEGF to activate endothelial cells (ECs), leading to 
enhanced secretion of proteolytic proteins. Subsequently, elevated levels of matrix metalloproteinases (MMPs) from 
macrophages and proteolytic enzymes facilitate the degradation of basement membranes, the migration of endothelial 
cells, and the angiogenic sprouting of new blood vessels into the wound. The recruitment of vascular smooth muscle cells 
(VSMCs) and pericytes further supports angiogenesis.72 However, in chronic non-healing wounds, the balance of 
cytokines is disrupted under the stimulus of chronic inflammation, resulting in insufficient VEGF secretion and hindered 
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cell migration, which further obstructs the formation of new blood vessels.Consequently, reinstating the normal 
physiological functioning of cells is especially vital during the initial phases of wound healing.

However, upon reviewing the current landscape of traditional treatments, no single approach effectively addresses the issues 
of slow, difficult, and poor healing of diabetic wounds. From the perspective of treating chronic wound infections, current 
strategies primarily centered on antibiotic use do not adequately resolve issues related to microbial resistance and biofilm 
formation.73 When considering the improvement of the microenvironment in diabetic wounds, treatments such as hyperbaric 
oxygen therapy for hypoxia,74 the use of VEGF, EGF,75 stem cell therapies,76 or local blood glucose control77—though clinically 
relevant—often function in isolation and can be costly with limited effectiveness in many cases.

In contrast, nanoenzymes can effectively tackle microbial resistance and exert multiple biological functions through 
multi-target action. Therefore, research and synthesis of the physicochemical properties, biological functions, and 
mechanisms of action of nanoenzymes hold significant practical importance.

The Role of Nanoenzymes in Diabetic Wound Healing
Nanoenzymes are nanomaterials with excellent enzyme-like activity, characterized by adjustable catalytic activity, multi-
functionality, and high stability. Traditional preparation methods for nanoenzymes primarily involve physical binding and 
chemical synthesis. Physical methods can be further divided into physical mixing and physical vapor deposition (PVD). 
The former is straightforward but may result in weaker interactions between the nanomaterials and auxiliary materials, 
potentially affecting the stability and catalytic efficiency of the nanoenzymes. In contrast, PVD involves evaporating metals 
or metal compounds and depositing them onto a substrate, allowing for precise control over the composition and thickness 
of the nanomaterials, although it requires sophisticated equipment.78 Chemical methods mainly include sol-gel processes 
and chemical precipitation, both of which are significantly influenced by reaction conditions (such as temperature, reactant 
concentration, and stirring speed), necessitating strict control over these parameters.79

In recent years, with advancements in technology, composite assembly methods have gained attention for producing 
more powerful and versatile nanoenzymes. Liu and his team employed genetic engineering strategies to integrate ionizable 
repeating histidine-glutamic acid sequences onto the outer surface of human ferritin nanocages. Utilizing the tetravalent 
structure, they ingeniously designed tetravalent cascade nanoenzymes with multiple enzyme-like activities, significantly 
enhancing the reaction rates of the nanoenzymes.80 Additionally, to address the challenge of nanoenzyme reusability and 
further improve safety, Simms and his team reported a novel method for synthesizing nanoenzymes under mild, safe, and 
environmentally friendly aqueous conditions, reliably yielding water-stable and highly efficient nanoenzymes.81

These various preparation methods for nanoenzymes lay a solid foundation for their safer and more efficient 
performance in various biological functions. The successfully synthesized nanoenzymes primarily promote the healing 
of chronic wounds associated with diabetic foot ulcers through five key mechanisms.

Antibacterial Effects
The widespread use of antibiotics has resulted in a significant threat to human health due to antimicrobial resistance 
(AMR). There is an urgent need to explore effective strategies to mitigate the spread of AMR. Concurrently, traditional 
antibacterial methods demonstrate limited efficacy in treating chronic wounds, often struggling to penetrate bacterial 
biofilms and thereby failing to effectively eliminate the bacteria.82 Antimicrobial nanoenzymes, owing to their extensive 
antibacterial efficacy and enzyme-like catalytic function, have emerged as formidable instruments in combating anti-
microbial resistance (AMR). The swift advancement of nanotechnology has introduced novel alternatives for addressing 
bacterial diseases.

Five categories of antimicrobial nanomaterials have been extensively reported, including metal nanoparticles (NPs) such 
as Ag, Cu, Au, ZnO, La2O₃, CeO2, and V2O2; carbon-based nanomaterials like carbon nanotubes (CNT), graphene, and 
graphene oxide (GO); borides such as BN; nanopolymers like polycarbonate; and nanocomposites such as La2O₃/Ag-GO. 
These materials have been widely studied for their antibacterial properties.83,84

Transition metal-based nanoenzymes, such as those containing Cu, Mn, and Zn, can induce irreparable oxidative 
damage to bacterial proteins, DNA, and RNA, leading to lipid membrane damage at sites of bacterial infection.3 Based 
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on their mechanisms of action, nanoenzymes can be classified into two main categories: those that rely on ROS for 
bactericidal activity and those that do not.

ROS-Dependent Mechanisms
In recent years, the use of nanoenzymes to mimic peroxidase (POD) activity by converting hydrogen peroxide (H2O2) 
into more inevitably inflicts harm (·OH) for bacterial killing has garnered significant attention.85 This strategy allows for 
a substantial reduction in the concentration of applied H2O2, thereby minimizing potential side effects, and has become 
a widely accepted approach for treating bacterial infections.

The intrinsic non-selectivity of ROS in differentiating normal microbiota from pathogenic bacteria diminishes the 
requisite selectivity for nanoenzymes to be deemed excellent antibacterial agents. Current research is focused on 
implementing various responsive mechanisms to control the timing, quantity, and localization of ROS production, 
enhancing the precision of antibacterial action while mitigating undesired effects on the normal microbial population.

Regulation of Nanoenzyme Reaction Timing 
To mitigate collateral damage, the targeting of nanoenzymes can be adjusted. Some nanoenzymes achieve precise 
localization through responses to external stimuli such as light and acidic microenvironments. Under light stimulation, 
nanoenzymes can enhance their catalytic activity, exhibiting a broad antibacterial spectrum and high spatiotemporal 
controllability.

Some strategies involve enhancing the photothermal performance of nanoenzymes by utilizing co-catalytic reactions 
among various elements. Song and his team successfully synthesized a multifunctional nanoenzyme composed of 
molybdenum sulfide (MoS2) and iron sulfide (FeS2) by hydrothermal method. A series of experiments showed that 
this nanozyme with iron and molybdenum as the main functional components could successfully trigger the Fenton 
reaction to achieve the ideal peroxidase (POD) mimetic activity. The synergistic effect of the two is reflected in that the 
CO catalytic reaction of mo4+/mo6+ redox pair significantly accelerates the conversion of fe2+/fe3+ and thus improves 
the efficiency of chemodynamic therapy (HMMo-Sazyme). In addition, this nanozyme can induce local temperature rise 
by introducing near-infrared (NIR) laser for photothermal therapy (PTT). At the same time, under the stimulation of high 
temperature, the oxidative activity is further enhanced, showing excellent antibacterial activity86 He and his team 
functionalized Pt nanoparticles (Pt-NP) on V2C MXene-based nanomaterials and discovered that this combination 
exhibits a plasmon resonance effect. Subsequent experiments demonstrated an enhanced photothermal conversion 
efficiency of 59.6% and prolonged laser irradiation in the NIR-II region, providing a viable approach to improve the 
photothermal performance of nanoenzymes.87 Du and his team synthesized a defect-rich hybrid nanoenzyme, MoWS2, 
using a hydrothermal method and further enhanced its activity through overheating. In vitro antibacterial assays 
demonstrated that MoWS2 effectively achieves bactericidal activity and biofilm removal through the generation of 
high temperatures and ROS.88

Another strategy involves improving molecular structures to enhance photothermal efficiency. Gao and his team 
developed Cu2O-SnO2 doped polydopamine (CSPDA) triphase yolk-like antimicrobial nanoenzymes, which exhibit high 
photothermal conversion efficiency and Fenton-like peroxidase effects for photothermal and chemokinetic antibacterial 
therapy89 (Figure 1). Lou and his team innovatively utilized triazine-based TP-TA COF to mimic amino acid residues, 
designing hydrophobic voids around the active site. This approach significantly increased the intermolecular contact area, 
thereby endowing the composite material with exceptional photothermal properties.90 Zhou and his team prepared an 
ultrathin PdMo bimetallic nanosheet enzyme, whose atomically thin structure endows it with a high specific surface area, 
abundant active sites, excellent conductivity, and maximized atomic efficiency. Under laser irradiation, it exhibits 
remarkable photothermal and peroxidase-like activities, demonstrating significant bactericidal effects and biofilm degra-
dation efficiency.91

Cao and his group used photoreduction and solvothermal processes to create a unique Ag/Bi2MoO₆ (Ag/BMO) 
nanoenzyme. This enzyme, which was enhanced by charge separation engineering, has NIR-II photodynamic character-
istics and light-activated sustainable peroxidase mimetic activity. With a kill rate of almost 99.9%, the Ag/BMO 
nanoenzyme has remarkable bactericidal activity against methicillin-resistant MRSA. The remarkable antibacterial 
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capabilities of Ag/BMO NPs result from the synergy of peroxidase-like activity, NIR-II photodynamic behavior, and 
acid-facilitated Ag release. Theoretical studies suggest that the incorporation of Ag into BMO promotes the segregation 
of light-induced electron-hole pairs, thereby producing ROS and augmenting peroxidase-like enzymatic activity and 
NIR-II photodynamic efficacy according to the Russell mechanism.92

In addition to relying on external light for localization, nanoenzymes can respond to the acidic microenvironment of 
diabetic wounds by exhibiting catalase-like activity at specific sites, generating substantial amounts of ROS to effectively 
eliminate bacteria. Iron phosphate (FePO₄) nanoenzymes exhibit POD activity when subjected to acidic conditions and 
elevated H2O2 concentrations. In addition to relying on external light for localization, nanoenzymes can leverage the 
localized acidic environment of diabetic wounds as an anchor to express catalase-like activity at specific sites, generating 
substantial amounts of ROS to effectively eradicate bacteria. Jiang and his team immobilized CeO2 and ZnO2 onto scallop 
shell-derived FePOs nanoenzyme materials, creating a multifunctional cascade nanoparticle system through the synergistic 
interaction of these three components.The iron phosphate (FePOs) nanoenzyme can express peroxidase (POD) activity 
under the dual stimulation of an acidic environment and high concentrations of H2O2, facilitating the targeted release of the 
composite nanoenzyme. Concurrently, the H2O2 concentration can promote the self-activation reaction of ZnO2, further 
enhancing the release of ROS from FePOs, leading to amplified oxidative stress, cellular membrane damage, and DNA 
disruption. CeO2 can mitigate excess ROS by transitioning from the Ce4+ to the Ce3+ oxidation state, thereby enhancing its 
capacity to combat chronic inflammation and oxidative stress, which promotes the regeneration of surrounding infected 
tissues. This approach enhances ROS levels at the infection site while simultaneously eliminating excess ROS, thereby 
maximizing the eradication of bacterial biofilms and safeguarding normal tissues from oxidative damage. The research data 
from the team indicates that this nanoenzyme material only releases sufficient reactive oxygen species at a pH of 6.5. Under 
other acidic pH conditions, the activity of this nanoenzyme is significantly reduced. Therefore, the nanoenzymes exhibit 
strong stability and are less likely to be accidentally released in acidic environments outside the target area of diabetic 
wounds, thereby ensuring therapeutic efficacy and demonstrating fewer side effects.93

Li and his team engineered and synthesized an acid-responsive, hydrogen peroxide (H2O2)-self-sufficient Fenton 
catalyst comprising Cu-Fe ELC peroxides (CFE). Under acidic conditions at the infection locus, these nanoparticles 
decompose, liberating free copper ions, iron ions, ELC, and H2O2, thereby instigating a synergistic Fenton reaction and 

Figure 1 (A) A schematic diagram of the synthesis, mechanism, and functional overview of CSPDA in synergistic antibacterial therapy combining PTT and CDT. (B and C) TEM 
images of Cu2O-SnO2,CSPDA. (D) SEM imaging of Staphylococcus aureus after different treatments.(NIR: 1.4 W·cm−2·s-1, CSPDA: 50 μg∙mL−1, Scale bars: 2μm). Reprinted from 
Acta Biomater. Volume 173, Gao J, Yan Y, Gao S, et al. Heterogeneous Cu(2)O-SnO(2) doped polydopamine fenton-like nanoenzymes for synergetic photothermal-chemodynamic 
antibacterial application. 420–431, Copyright 2024, with permission from Elsevier.89
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copper adsorption. The liberated Cu and Fe ions work in concert to enhance the Fenton reaction via a Cu-Fe conversion 
cycle (Cu to Cu2+ and Fe3+ to Fe2+), augmenting the concentration of bioactive •OH at the infection site. Importantly, 
ELC markedly extends the toxicity of Cu2+ by facilitating the transport of excess Cu2+ into bacteria, thereby inducing 
copper poisoning.94 Zhang and his team synthesized a hollow mesoporous molybdenum single-atom nanoenzyme 
(HMMo-SAzyme) via a regulated chemical etching technique and pyrolysis approach. This nanoenzyme is encapsulated 
in a hyaluronic acid layer. Upon entering the wound, the abundant hyaluronidases present in the infected microenviron-
ment degrade the outer hyaluronic acid, thereby exposing HMMo-Sazyme to the acidic environment. This acidic 
condition significantly enhances the catalytic activity of HMMo-Sazyme, facilitating the further conversion of H2O2 

into •OH to eliminate bacteria.95

However, it is undeniable that the targeting specificity of these methods remains insufficient. How can drug design be 
optimized to enhance the targeting capability of nanoenzymes? What strategies can be employed to increase the pH 
sensitivity of nanoenzymes? Is it feasible to utilize antibody-mediated targeting to facilitate the synthesis of nanoen-
zymes? These questions require further investigation.

Regulation of Nanoenzyme Reaction Timing 
In addition to the aforementioned strategies, some nanoenzymes can achieve more sensitive reactivity and precise 
localization by leveraging the responsiveness of platelets to wounds. Platelets, as a principal category of circulating 
blood cells, demonstrate multifunctionality in various microenvironments, including wound healing, inflammation, 
hemostasis, angiogenesis and in their specific binding to biological threats, such as bacteria, due to the diverse receptors 
present on their surfaces. These attributes render platelet membranes suitable vehicles for encapsulating nanomaterials 
and pharmaceuticals, presenting extensive potential applications in the management of inflammation and bacterial 
infections. Shi and his team developed a bio-organic nanoenzyme by encapsulating a FeZn-based bimetallic metal- 
organic framework (MOF) (MIL-88B-Fe/Zn) within a platelet membrane (PM@MIL-88B-Fe/Zn). Utilizing the propen-
sity of platelets to aggregate at wound sites, this approach facilitates the targeted delivery of the nanoenzyme. 
Additionally, the presence of Zn modulates the electronic structure of Fe, further enhancing the catalytic kinetics of 
Fe’s peroxidase-like activity, which generates potent ROS to effectively kill bacteria. This technique effectively resolves 
the issues of inadequate biodegradability, restricted targeting capability, and low reactivity of nano-catalysts in ther-
apeutic applications within the wound microenvironment.96

Moreover, it is noteworthy that nanoenzymes can achieve targeted localization through the recognition of specific 
biomolecular expressions.For example, nanoenzymes can utilize the differential expression of alkaline phosphatase 
(ALP) in pathogenic Escherichia coli and non-pathogenic Staphylococcus aureus to achieve precise and on-demand 
bacterial killing. Zhuang and his team created an innovative CuO nanoenzyme system that utilizes the physiological 
circumstances of bacteria, characterized by elevated ALP expression, to activate an ALP-triggered ROS prodrug system. 
In this system, sodium 2-phosphate-L-ascorbate (AAP) catalyzes the production of ascorbic acid (AA) in pathogenic 
bacteria. The CuO NPs, which possess intrinsic ascorbic acid oxidase and peroxidase-like activities, convert AA into 
ROS, thereby enabling targeted elimination of bacteria.97

Glutathione (GSH), a powerful antioxidant, is essential in facilitating oxidative defense mechanisms against 
bacterial infections. Consequently, locally overexpressed GSH functions as an appropriate biomarker for identifica-
tion. Thus, certain nanoenzymes can detect and eradicate GSH in the wound microenvironment, instigating a ROS 
surge that markedly improves antibacterial effectiveness. Liu and his team successfully synthesized a nanoenzyme- 
based copper-intercalated α-MoO₃ nanobelt. The MoO₃-x/Cu nanobelt, containing 2.11% copper, demonstrates 
increased POD catalytic activity and GSH depletion, efficiently depleting GSH in bacteria and markedly enhancing 
bactericidal effectiveness98 (Figure 2). Zhu and his team engineered and manufactured hybrid iridium-ruthenium 
nanoenzymes (IrRuOxNPs) that sequentially utilize GSH via a redox electron pair self-cycling mechanism, facilitating 
Fenton-like reactions to produce a ROS storm. The findings demonstrated that IrRuOxNPs may efficiently inhibit and 
eradicate both Gram-positive and Gram-negative bacteria in vitro, establishing them as promising broad-spectrum 
antibiotics.99
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Non-ROS Dependent Mechanisms
Nonetheless, the quantity and rate of ROS and their associated products are not entirely manageable, and an excess of 
ROS Glutathione peroxidase on normal cells.100 Consequently, it is imperative to investigate and devise a range of broad- 
spectrum sterilizing techniques that do not depend on ROS.

Some nanoenzymes can kill bacteria by directly contacting cells, thereby disrupting cellular structures. C-dots have 
demonstrated efficacy in diminishing biofilm development by inhibiting bacterial adhesion, interrupting quorum sensing, 
and eradicating bacteria, positioning them as a possible candidate for next-generation antibacterial therapies.101 Dai and 
his team successfully developed ultra-small C-dots loaded with zinc single-atom nanoenzymes (Zn/C-dots), where zinc 
synergistically enhances the antibacterial activity of the C-dots, achieving over 90% antibacterial efficacy at 
a concentration of 100 μg/mL.102 Silver nanoparticles (Ag NPs) can act as ROS scavengers, helping to regulate ROS 
levels during the wound healing process. Additionally, they exert antibacterial effects by disrupting bacterial cell 
membrane proteins and interacting with DNA. Liu and his team created hollow Ag@Pt-Au nanoparticles with a metal 

Figure 2 (A) MoO3–x/Cu Nanobelts Antibacterial Mechanism. (B and C) TEM images of MoO3 nanobelts. (D) TEM images of MoO3–x/Cu nanobelts. (E) MoO3 and (F) MoO3– 
x/Cu nanobelts HR-TEM images and SAED patterns. (G) EDS elemental mapping of MoO3–x/Cu. Reprinted from Liu H, Zuo Y, Lv S, et al. Ultralow loading copper-intercalated 
MoO(3) nanobelts with high activity against antibiotic-resistant bacteria. ACS Appl Mater Interfaces. 2024;16(14):17182–17192. Copyright © 2024 American Chemical Society.98
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substitution approach, wherein silver nanoparticles act as transporters, enabling a nanase cascade reaction that targets 
both gold and platinum, thereby successfully limiting bacterial proliferation.103

Nanoenzymes can also capture specific bacterial morphologies through physical recognition methods, enhancing their 
antibacterial performance by increasing the material’s adhesion properties and surface area. Jing et al designed 
a morphology-based bioorthogonal catalytic nanoenzyme with antibacterial activity. They created a shell on the surface 
of the bacteria according to their shape, and then separated the bacteria from the shell through calcination, resulting in the 
designed bioorthogonal catalytic nanoenzyme. This nanoenzyme can selectively recognize corresponding pathogenic 
bacterial templates. As a bioorthogonal catalyst, the nanoenzyme can in situ catalyze the conversion of precursors into 
active antibacterial molecules, functioning as an effective bactericide. They applied this nanoenzyme to treat infections 
caused by S. aureus and E. coli in vivo. However, since the recognition is shape-based, distinguishing between bacteria 
of the same shape or different subtypes remains a significant challenge104 (Figure 3). Future Research May Incorporate 
Promising Bacterial Recognition Methods, Such as Multimodal Recognition Systems, Shape-Morphing Materials, and 
Genetic Feature Targeting, to Address Current Limitations.

Some strategies involve designing rough surface structures to improve the adhesion of materials to bacteria, thereby 
increasing bacterial capture rates. Rough surface engineering is widely acknowledged as an effective method for 
improving bacterial adherence on nanoenzymes. Bacteria, adorned with many pili and flagella, can be readily trapped 
by coarse nanoscale structures, whereas normal cells are not drawn to them.105 Moreover, the rough surfaces allow for 
a greater surface area and more edge defect active sites on the nanoenzyme surfaces, which enhances their intrinsic 
catalytic activity.106–108 Significant work has been done to develop rough-surfaced nanoenzymes by fabricating defect- 
rich MoS2 nanosheets on the surfaces of one-dimensional Cu nanowires (R-CM),106 two-dimensional reduced graphene 
oxide (rGO) (MoS2/rGO VHS),107 and zero-dimensional Fe₃O₄ nanoparticles (Fe₃O₄@MoS2-Ag),108 resulting in greatly 
improved bacterial capture rates.

Xu et al reported a rough-surfaced carbon-iron oxide hybrid nanoenzyme (RCF) that enhances bacterial adhesion, 
thereby facilitating the catalysis of wound infections109 (Figure 4). Engineered urchin-like PdCu nanoparticles can create 
relatively rough surfaces, hence augmenting the bacterial adhesion properties of nanoenzymes and resulting in enhanced 
antibacterial efficacy.110

Another strategy involves simulating the branched pseudopodia of human immune cells to increase the surface area 
for contact between materials and bacteria, thereby improving bacterial capture rates. Inspired by the mechanism by 
which neutrophils in the human immune system capture bacteria using branched pseudopodia, Qu’s team created 
a MOF@COF nanoenzyme featuring pseudopodia-like surfaces and tailored microenvironments. The spiky COF 
provides multivalent topological interactions, allowing the nanoenzymes to strongly capture bacteria.111

Reducing the Impact of Glucose and Its Related Products
Local glucose accumulation caused by hyperglycemia is one of the most significant features of diabetic foot. Such 
accumulation can easily lead to infections and hinder vascular production and wound healing, making it crucial to reduce 
local glucose and related products. Currently, several studies have focused on directly adding glucose oxidase to lower 
local blood sugar levels.23,112 However, the instability and difficult preparation of natural enzymes greatly limit their 
development. The emergence of nanoenzymes offers a solution to further enhance glucose oxidation efficiency.

Simulation of Glucose Oxidase
Some nanoenzymes can mimic glucose oxidase to regulate localized hyperglycemic environments. Throughout the past 
few years, gold nanoparticles exhibiting glucose oxidase(GOx) activity have emerged as a focal point of research, 
mitigating the limitations of natural GOx, including inadequate stability and elevated production costs.113 Peng and his 
team synthesized hollow mesoporous organic tantalum nanospheres modified with dual nanoenzymes of Au and Pt, 
illustrating that these nanospheres can act as nanoenzymes that resemble glucose oxidase, especially catalyzing the 
oxidation of β-D-glucose to gluconic acid.114 Additionally, Qi and his team developed a novel iron SAE (FeSAE@Au) 
modified with Au nanoparticles (AuNPs) for self-cascading catalytic reactions. In this dual nanoenzyme system, the 
embedded AuNPs act as a GOx mimic, catalyzing cellular glucose in situ and further enhancing the catalytic performance 
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Figure 3 The schematic diagram of the bactericidal action of the antibody bioorthogonal catalytic nanoenzyme S-Ab and its successful construction is as follows. (A) The physical 
recognition bactericidal mechanism illustrates that the bioorthogonal catalytic nanoenzyme obtained through calcination possesses a specific morphology, enabling it to engage in 
selective binding with target bacteria. (B) Zeta potentials of S. aureus, S aureus@TA-Cu, S aureus@Cu0, and S. aureus@Cu0@SiO2,The metal ion-tannic acid (TA) system can be used 
for coordination and assembly on the surfaces of materials with different shapes or even at pore interfaces, where “@” denotes a coating of Cu-TA. (C) The SEM image of the half-shell 
antibody fragment catalyst S-Ab generated by ultrasonic treatment. Inset: TEM image of S-Ab. (D) UV–vis spectra of S. aureus, S aureus@TA-Cu, S aureus@Cu0, and 
S. aureus@Cu0@SiO2 solution. (E) The schematic diagram of S-Ab, the dark field TEM image of S-Ab, and the corresponding elemental mapping for Si-K, O-K, N-K, and Cu-L 
signals. Reprinted from Niu J, Wang L, Cui T, et al. Antibody mimics as bio-orthogonal catalysts for highly selective bacterial recognition and antimicrobial therapy. ACS Nano. 2021;15 
(10):15841–15849. Copyright © 2021 American Chemical Society.104
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Figure 4 (A) Schematic diagram of the bactericidal action of RCF. (B and C) Show the bacterial survival rates of Escherichia coli and Staphylococcus aureus in different 
groups after RCF treatment, determined by the plate counting method. (D) SEM images of Escherichia coli and Staphylococcus aureus after different treatments: (I) PBS, (II) 
H2O2, (III) NIR, (IV) H2O2 + NIR, (V) RCF, (VI) RCF + H2O2, (VII) RCF + NIR, and (VIII) RCF + RH2O2 + NNR. Scale bar: 1 μm. *p <0.05, **p<0.01, ***p< 0.001. Reprinted 
from Liu Z, Zhao X, Yu B, Zhao N, Zhang C, Xu F-J. Rough carbon-iron oxide nanohybrids for near-infrared-II light-responsive synergistic antibacterial therapy. Acs Nano. 
2021;15(4):7482–7490. Copyright © 2021 American Chemical Society.109
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of FeSAE with glucose oxidase-like activity.115 Bimetallic nanoenzymes with core/shell or alloy architectures demon-
strate superior catalytic activity compared to their monometallic counterparts, attributable to the interactions among 
several metals that influence the distribution of d-band electrons. Tang and his team synthesized bimetallic AuPd 
nanoenzymes with a dumbbell structure by mediating the growth of nano-Pd onto the ends of Au nanorods. This design 
further enhanced the catalytic efficiency of the glucose oxidase-mimicking nanoenzymes.116

The distinctive architecture of certain nanozymes can offer superior active sites for glucose oxidase (GOx), 
significantly augmenting its catalytic efficacy, including Ti₃C2 nanosheets, nitrogen-doped carbon nanomaterials, and 
black phosphorus quantum dots. For instance, Xu and his team modified GOx onto nitrogen-doped carbon (NC) 
nanoparticles, forming biomimetic nanoenzymes (NC@GOx NPs)117 (Figure 5). Liang and his team loaded GOx onto 
the surface of two-dimensional Ti₃C2-MXene,118 while Mei and his team assembled GOx onto CoFe layered double 
hydroxide (CoFe-LDHs) monolayer nanosheets.119 These combinations of oxidases with nanomaterials have effectively 
improved glucose oxidation efficiency.

Recent studies indicate that iron-carbon nanoparticles can further enhance the catalytic efficiency of GOx. Zhang and 
his team synthesized iron-carbon nanoparticles (MF1-3) exhibiting sizes from 13.7 to 27.6 nm and shell thicknesses 
varying between 1 to 5 nm through a high-temperature arc method. Among these, MF3, functioning as a magnetic core 
composite nanoparticle, demonstrated optimal catalytic activity.120

Additionally, the reaction of catalyzing glucose decomposition requires the participation of oxygen, prompting some 
studies to enhance oxidation efficiency by ensuring sufficient oxygen supply. He and his team designed a multifunctional 
nanoenzyme Co/La-PB@MOF-199/GOx. This composite nanoenzyme compensates for oxygen consumption through its 
peroxidase-like (CAT) properties, allowing for sustained glucose consumption.121 Details on nanoenzymes that improve 
local oxygen content will be discussed in section 3.2.3.

Figure 5 (A) Schematic diagram of the synthesis of AuPd nanoenzymes and composite nanomaterials (APGH), which enhances the water solubility of the nanoenzymes, 
making them suitable for biological environments. (B and C) are respectively electron microscopy images of Au nanorods (NRs) and AuPd nanoparticles (NPs). (D) XRD 
spectrum of AuPd NPs, where the X-ray powder diffraction results confirm the presence of Au and Pd in the bimetallic nanostructure. Reprinted from Acta Biomater. Volume 
177. Tang Z, Hou Y, Huang S, et al. Dumbbell-shaped bimetallic AuPd nanoenzymes for NIR-II cascade catalysis-photothermal synergistic therapy. 431–443, Copyright 2024, 
with permission from Elsevier.116
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Mitigation of the Effects of Glycation Products
Advanced glycation end products (AGEs) are formed from excess sugars and proteins through the Maillard reaction, 
which can further disrupt immune balance and impede wound healing.122 Recent studies indicate that nanoenzymes can 
mitigate the damage caused by high-sugar environments to cells and tissues in various ways.

One strategy focuses on preventing the glycation of AGEs. Cutting-edge research shows that CeO2 nanoenzymes can 
inhibit the glycation and cross-linking of α-crystallin, acting as anti-glycation agents.123 Cheng and his team innovatively 
introduced unique anti-glycation cerium oxide nanorods into self-healing, erasable hydrogels, accelerating hemostasis 
and reducing AGEs to remodel the wound microenvironment, thereby promoting diabetic wound healing.124

Moreover, since AGEs can hinder wound healing processes by inhibiting the expression of nitric oxide (NO) synthase 
in endothelial cells, another strategy emphasizes alleviating the negative effects of AGEs on wounds by supplementing 
exogenous NO. Yang and his team successfully loaded S-nitrosoglutathione (GSNO) nanoparticles into hydrogels, 
effectively reducing local AGE levels and lowering oxidative stress, significantly improving wound healing in diabetic 
rats. This targeted delivery approach designed to mitigate the harmful effects of AGEs presents significant clinical 
promise for the management of diabetic wounds125 (Figure 6A–C).

Antioxidant
In the human body, natural antioxidant enzyme systems exist, such as superoxide dismutase (SOD), Catalase (CAT), and 
Glutathione peroxidase(Gpx).126 These enzymes contain metal elements; for example, SOD1 includes Zn/Cu, while 
SOD2 contains Mn.127 They catalyze the degradation of ROS through valence state conversion, providing cellular 
protection. Nanoenzymes can also catalyze the degradation of ROS through various mechanisms. The application of 
nanoenzymes for the removal of excess ROS in diabetic wounds presents a promising strategy for mitigating wound 
inflammation and enhancing healing rates.

Firstly, nanoenzymes can mimic different antioxidant enzyme activities by altering the arrangement of the same 
atoms. CAT is an enzyme that catalyzes the decomposition of hydrogen peroxide into water and oxygen. In diabetic 
wounds, it can remove hydroxyl radicals through redox reactions, thereby mitigating local oxidative damage and 
inflammation. An optimal therapeutic CAT mimetic ought to promote efficient H2O2 dismutation while concurrently 
reducing the generation of HO• radicals. Ning’s team reported a series of salt-alkali-based manganese (Mn(III)) 

Figure 6 (A) Synthesis of oxidized dextran (OD) and CeO2. (B) Preparation of OCE hydrogel. (C) Application of OCE hydrogel in the repair of MDR-infected diabetic 
wounds. Reprinted from Cheng F, Wang S, Zheng H, et al. Ceria nanoenzyme-based hydrogel with antiglycative and antioxidative performance for infected diabetic wound 
healing. Small Methods. 2022;6(11):e2200949. © 2022 Wiley-VCH GmbH.124 (D) Schematic diagram of the NPs/hydrogel local co-delivery system. The co-delivery system 
reverses the harmful effects induced by AGEs through local supplementation of NO and intracellular delivery of rosiglitazone (RGZ). Reprinted from Yang Y, Huang S, Ma Q, 
et al. Combined therapeutic strategy based on blocking the deleterious effects of AGEs for accelerating diabetic wound healing. Regen Biomater. 2024:11:rbae062. Creative 
Commons.125
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metallacapsules that function as mimics of catalase. In these metallacapsules, three Mn centers are positioned very 
closely together, forming unique “active site” cage-like molecules. This arrangement greatly enhances metal coopera-
tivity, enabling effective dismutation of H2O2 while minimizing HO• production. The triamine (Salen) manganese 
complex can initially simulate the dinuclear nature of the natural CAT active site, showing about a sevenfold enhance-
ment in catalytic activity compared to the monomeric Mn(Salen) control, while reducing HO• formation by approxi-
mately 50 times128 (Figure 6D).

Secondly, modifying the surface functional groups of nanoenzymes can endow them with catalytic activities similar 
to natural enzymes. Carbon dots (C-dots) have attracted considerable study attention in biomedicine owing to their 
diminutive size, facile synthesis, economical nature, and favorable biocompatibility. The dimensions of C-dots and the 
prevalence of active sites confer enzyme-like catalytic properties. Current studies have explored the mechanisms 
underlying the SOD-like activity of C-dot nanoenzymes through surface modifications, revealing that the SOD-like 
activity of C-dots depends on their surface functional groups, including hydroxyl, carboxyl, and amino groups. Liu’s 
team has confirmed that C-dot nanoenzymes can effectively enter cells, eliminate harmful ROS, and protect cells from 
oxidative damage.129

Thirdly, nanoenzymes with multiple valence states can exhibit different enzyme-like activities through conversions 
between their various oxidation states. Cerium nanoparticles (CeNPs) are a type of nanoenzyme that are structurally stable 
and possess sustained radical scavenging activity under physiological conditions. Due to their dual oxidation states, CeNPs 
exhibit significant antioxidant and catalytic properties: nanoparticles with a higher Ce3+/Ce4+ ratio display superoxide 
dismutase (SOD)-mimicking activity, while those with a lower ratio enhance catalase (CAT) activity. Both SOD and CAT 
contribute to antioxidant defense in vivo. In addition to the Ce3+/Ce4+ ratio, factors such as nanoparticle size, solution 
environment, and pH can also influence nanoenzyme activity.130 Zhang’s team established the LA-PEG-CeNPs system by 
modifying CeNPs with lipoic acid (LA) and polyethylene glycol (PEG).131 Meanwhile, Jiang’s team endowed Ce-MBGNs 
with antioxidant nanoenzyme characteristics through the conversion between Ce(III) and Ce(IV) to scavenge ROS 
generated by diabetes.132

Furthermore, Nanoenzymes can directly engage in redox processes and function as co-factors that improve catalytic 
efficiency by stabilizing the spatial conformation of antioxidant enzymes. Research suggests that magnesium ions function 
as co-factors, facilitating the catalytic activity of other active metal ions and so augmenting their efficacy as antioxidant 
enzymes. The electronic transfer between the two markedly enhances the velocity of redox reactions.133 Pu’s team 
incorporated magnesium ion-doped molybdenum-based polymetallic oxides (Mg-POM), a novel bioactive nanoenzyme, 
into GelMA hydrogels. Experimental results demonstrated that this hydrogel exhibits excellent ROS scavenging capabil-
ities, significantly improving the inflammatory microenvironment.134

Lastly, recent studies increasingly demonstrate that dual catalysis involving two or more nanoenzymes can rearrange 
surface electrons, significantly enhancing catalytic activity. Carbon compounds are extensively utilized as optimal 
supports for single-atom catalysis owing to their distinctive structure and steady physicochemical characteristics. 
When carbon materials function as supports, surface single atoms can affect the local electronic structure of the support, 
creating robust metal-support interactions that modify the spatial state and energy distribution of adsorbates, so 
improving the catalyst’s performance. Additionally, the large surface area and abundant anchoring sites of C-dots provide 
excellent support for the attachment of single-atom nanoenzymes (SANs). Together, they form a dual catalysis system 
that exhibits increased enzymatic activity. Dai’s research shows that zinc single-atom nanoenzymes (Zn/C-dots) loaded 
on ultra-small C-dots can effectively enter cells, accumulate in mitochondria, and remove excess ROS. Compared to 
C-dots alone, Zn/C-dots also promote endothelial cell migration and new blood vessel formation.102

Improving Cellular Hypoxia
Oxygen levels are a vital indicator of wound healing, impacting the process through multiple processes which include 
avoiding wound infection, increasing cell proliferation, initiating angiogenesis, and decreasing inflammation. Presently, 
topical oxygen therapy and hyperbaric oxygen therapy are employed clinically to manage diabetes.135,136 Nonetheless, 
these technologies do not resolve challenges such as inadequate tissue permeability and the complexities of delivering 
and sustaining sufficient oxygen levels, leading to subpar therapy results.137 Nowadays, nanoenzymes and their analogs 
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have demonstrated considerable potential in expediting wound healing. Nanozymes primarily generate oxygen at the 
wound site through endogenous and exogenous pathways, thereby improving the diabetic microenvironment.

Decomposition of Endogenous Substances
From an endogenous standpoint, the surplus H2O2 in the wound microenvironment offers ample substrates for O2 

generation, thus the specific and efficient decomposition of H2O2 in this milieu has emerged as a prominent research 
focus. Certain studies concentrate on augmenting the activity of individual metal oxidases to facilitate localized oxygen 
supplementation. Du and his team applied a MnO2 coating on the surface of two-dimensional black phosphorus 
nanosheets, effectively catalyzing the endogenous H2O2 to yield oxygen.113 Wang and his team have created an 
innovative composite nanoenzyme comprising mesoporous silica and nano-ceria, demonstrating commendable perox-
idase activity and efficiently converting elevated concentrations of H2O2 into O2.

138

Several studies integrate two or more metal nanoparticles to mitigate the impact of variables like acidic pH and 
hypoxic environments on nanomaterial activity, hence augmenting their catalytic efficiency. Dong and his team 
ingeniously amalgamated copper, manganese, and sulfur nanoparticles to synthesize an innovative pH-responsive 
nanoenzyme (PCMS NPs). Experimental findings indicated that under acidic circumstances, PCMS nanoparticles had 
peroxidase-like and catalase-like activities, converting H2O2 into O2.

139 Li and his team created a light-responsive 
nanozyme hydrogel, wherein the central Fenton-like reaction involves a heterostructure made of SnO2 and Cu2O. 
Thereafter, the core was enveloped with the light-responsive material polydopamine (PDA) to produce Cu2O-SnO2- 
PDA (PCS), enabling the modulation of reaction intensity by external light intensity.140 Kim and his team synthesized 
manganese ferrite nanoparticles, and studies revealed that these composite nanoparticles can perpetually generate oxygen 
in hydrogen peroxide-rich hypoxic conditions while downregulating hypoxia markers such as HIF-1α.13

However, during Fenton reactions, the inevitable production of a certain amount of ROS can lead to varying degrees of 
cellular damage. Therefore, it becomes crucial to reduce the generation of ROS while producing O2. The development and 
utilization of cerium-containing nanoenzymes provide a viable solution to this issue. Ce-UiO-66 is a cerium-based metal- 
organic framework with ROS scavenging properties. Ce-UiO-66 possesses abundant Ce(III)/Ce(IV) coupling sites, capable 
of generating oxygen from H2O2, exhibiting CAT activity. The multi-cavity structure of Ce-UiO-66 can generate electron 
holes, and its porous channels can function as micro-reactors, further enhancing its ROS scavenging capability.141 Wang 
and his team proposed a comprehensive adaptive photodynamic therapy (PDT) antioxidant model to actively regulate ROS 
balance. They designed a gelatin-hyaluronic acid hydrogel (Gel-HA-Se@CeO2NPs) embedded with selenium-modified 
cerium oxide nanoparticles (Se@CeO2NPs). These nanoparticles serve both as nanoenzymes and as photosensitizers (PS). 
As nanoenzymes, they exhibit peroxidase and superoxide dismutase activities, converting hydrogen peroxide and super-
oxide anions into oxygen. As a PS, they cooperate with oxygen under near-infrared (NIR) irradiation to rapidly generate 
singlet oxygen, which serves a bactericidal function for infected wounds142 (Figure 7).

Arginine (Arg) is a critical mediator in the wound healing process. In the early stages of healing, it is primarily 
produced by inducible NO synthase in M1 macrophages, catalyzing the generation of NO from hydrogen peroxide 
(H2O2). In the later stages, arginase from M2 macrophages catalyzes the production of ornithine, promoting tissue 
repair.143 Yang and his team designed an arginine-loaded nanoenzyme (FTA) that mimics peroxidase activity. FTA can 
locally remove excess ROS from the wound site and convert them into oxygen to alleviate hypoxia. Simultaneously, 
arginine is released and metabolized by NO synthase in M1 macrophages to facilitate early vascular repair.144

Mitochondria are crucial sites for oxygen consumption and ROS production in organisms. Oxidative damage to 
mitochondria can lead to the inactivation of related oxidases, resulting in local tissue hypoxia. Some nanoenzymes can 
alleviate hypoxia by repairing mitochondrial oxidative damage. He and his team engineered a zeolitic imidazolate 
framework encapsulated with cerium dioxide, which incorporates the Rho-associated protein kinase inhibitor Y-27632. 
CeO2 demonstrates superoxide dismutase and catalase capabilities, efficiently eliminating excess reactive oxygen species 
to mitigate mitochondrial damage. Y-27632 can restore impaired mitochondrial DNA, enhancing endothelial cell 
proliferation. Endothelial cells internalize CeO2-Y@ZIF-8 nanoparticles, which facilitate the degradation of peroxides 
into water and oxygen within the cytoplasm and mitochondria, thereby supplying oxygen to the cells, while concurrently 
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inhibiting the NLRP3 inflammasome pathway. This mitigates oxidative damage to mitochondrial DNA, providing a more 
durable remedy for tissue hypoxia.145

Transport of Exogenous Oxygen
In addition, numerous nanoparticles can proficiently transport exogenous oxygen by incorporating it into the relevant 
tissues and cells. Hydrogen peroxide can serve independently as a source of oxygen release. Nevertheless, owing to its 
cytotoxicity, it necessitates encapsulation within microcapsules followed by quick decomposition. Catalase is employed 
as a catalyst to expedite the transformation of hydrogen peroxide into water and oxygen.146 For example, Abdi and 
associates contained hydrogen peroxide within a core composed of poly(D,L-lactide-co-glycolide). The inner layer was 
subsequently encased within a sodium alginate film. Catalase was affixed to the alginate in the second layer to accelerate 
the breakdown process of hydrogen peroxide as it penetrates this layer.147 Mollajavadi and his team developed a novel 
bio-scaffold material using 4% (w/v) sodium alginate (Alg) as the primary material and calcium peroxide as the oxygen- 
releasing agent. It can interact with water, resulting in the release of oxygen, which alleviates hypoxia and facilitates the 
efficient distribution of oxygen inside the scaffold.148

Figure 7 (A) Applications and Potential Mechanisms of Gel-HA-Se@CeO2 Hydrogel in Promoting Wound Healing through Controllable PDT. (B) Working Diagram of the ROS 
Balance System (C) Corresponding oxygen release curves of CeO2 and Se@CeO2. Reprinted from Wang M, Liu Y, Yang S, et al. Collaboration in contradiction: self-adaptive 
synergistic ROS Generation and scavenge balancing strategies used for the infected wounds treatment. Adv Healthc Mater. 2024;14:e2402579. © 2024 Wiley-VCH GmbH.142
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Regulation of Cellular Functions
Macrophages
The immune regulatory imbalance in diabetic wounds is marked by an elevation of pro-inflammatory (M1) macrophages 
and a reduction of anti-inflammatory (M2) macrophages, with M1 macrophages constituting almost 80% of the cells at 
the periphery of chronic wounds. This disparity results in sustained inflammation.149,150 Therefore, regulating macro-
phage polarization is crucial for achieving effective healing in diabetic wounds. Additionally, macrophage-mediated 
phagocytosis and autophagy can influence the local inflammatory state.151,152 The rapid development of nanomaterials 
provides several solutions for the immunomodulation of macrophages in the wound microenvironment.

Achieving Phenotype Transformation 
ROS are strong inducers of the inflammatory response in macrophages, promoting M1 polarization through specific 
pathways. Most strategies aim to facilitate the transformation from M1 to M2 phenotypes by either removing ROS or 
improving the hypoxic conditions of the microenvironment. Pu and his team integrated magnesium ion-doped molybde-
num-based polyoxometalates (Mg-POM) into GelMA hydrogels, creating a nanoenzyme-functionalized hydrogel. 
Through the application of ultraviolet light irradiation, they accomplished cross-linking, yielding a hydrogel character-
ized by a consistent, porous three-dimensional network structure. In vitro investigations demonstrated that this hydrogel 
effectively scavenged reactive oxygen species (ROS), enhanced the inflammatory milieu, and facilitated macrophage 
reprogramming towards the M2 phenotype.134

In recent years, numerous studies have further elucidated the mechanisms of macrophage phenotypic transformation. 
Guo and his team synthesized bovine serum albumin-bilirubin-platinum nanoparticles (BSA-BR-Pt NPs) that possess 
synergistic properties for alleviating hypoxia and clearing ROS. Platinum works in conjunction with bilirubin to 
eliminate ROS while simultaneously generating oxygen. Hypoxia-inducible factor (HIF) is a key regulator of oxygen 
homeostasis. Experimental results demonstrated that BSA-BR-Pt NPs can inhibit the HIF-1α pathway, leading to a shift 
in glucose metabolism from glycolysis to oxidative phosphorylation, thereby promoting M2 polarization in 
macrophages.153 Tian and his team developed a chondroitin sulfate (CS)-modified MoS2 nanoenzyme that can modulate 
the M1/M2 polarization of macrophages by reducing the production of pro-inflammatory substances such as TNF-α, IL- 
1β, and IL-6.154

There are also strategies demonstrating that carbon monoxide (CO) gas can drive macrophages toward M2 polariza-
tion. Wu and his team constructed a multifunctional bioactive interface with antioxidant stress and immunomodulatory 
properties on titanium implants. Specifically, manganese dioxide nanosheets were coated on mesoporous polydopamine 
nanoparticles loaded with a CO gas precursor (MnO), resulting in 2-CO@MPDA NPs, which were then integrated into 
titanium implants to create MCM-Ti. The reactive release of CO gas mediated by the microenvironment effectively 
drives macrophages toward M2 polarization, thereby improving the inflammatory response. The potential mechanism 
involves CO gas upregulating the expression of heme oxygenase-1 (HO-1), further activating the Notch/Hes1/Stat3 
signaling pathway155 (Figure 8A–C).

Activation of Exocytosis 
Cell proliferation and the reversal of inflammation in the wound microenvironment are downstream events of exocytosis. 
Nanomaterials can promote wound healing by activating macrophage exocytosis and inhibiting excessive inflammatory 
activation. The disturbance of homeostasis in the wound microenvironment, specifically the excessive activation of 
intracellular oxidative stress and absence of apoptotic signals, may inhibit macrophage exocytosis. Wang and his team 
introduced a biomimetic “apoptotic signal” integrated within a polydopamine-coated short fiber matrix. The “apoptotic 
signal” originated from cerium oxide (CeO2) nanoenzymes enveloped in apoptotic neutrophil membranes, enhancing 
macrophage identification and the regulation of oxidative stress. Additionally, the short fiber “biomimetic matrix” was 
engineered to incorporate apoptotic signals via several adhesion sites via π-π stacking and hydrogen bonding interactions. 
An implanted nanoenzyme/short fiber matrix that mimics apoptosis was developed to combine apoptotic signals with 
a biomimetic matrix, with the objective of facilitating inflammation reversal and creating a pro-apoptotic microenviron-
ment that supports efferent cell functions. In vitro and in vivo evidence indicated that the biomimetic short fibers in the 
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microenvironment might induce prolonged exocytosis in macrophages, thus mitigating excessive inflammatory 
activation156 (Figure 8D–F).

Certain nanoenzymes modulate macrophage autophagy in a shape-dependent fashion, contributing to cellular home-
ostasis and mitigating local inflammation. Macrophage autophagy is an essential self-protective intracellular mechanism 
that sequesters damaged organelles and redundant proteins, facilitating their transfer to lysosomes for destruction. This 
repair and maintenance process is essential for maintaining cellular homeostasis and preventing inflammation and 
apoptosis. Zhou and his team reported that gold nanoparticles regulate autophagy in a shape-dependent manner, with 
nanospheres inducing greater accumulation of autophagosomes compared to nanorods.157 Hu and his team designed and 
engineered a unique quadruped needle-like palladium-hydrogen nanoenzyme (denoted as TN-PdH) with ideal ROS 
scavenging capabilities. Both in vitro and in vivo findings validated the synergistic benefits among autophagy activation, 
anti-inflammation, and antioxidation.158

Fibroblasts
Fibroblasts are distinct spindle-shaped cells that are vital in the formation and remodeling of the extracellular matrix, 
rendering them indispensable in the wound healing process.159 Promoting the survival and proliferation of fibroblasts in 
the wound microenvironment has emerged as a new direction for nanoenzyme therapies targeting chronic non-healing 
wounds.

Liu and his team developed iron-doped carbon dots (Fe-CDs) using a simple one-pot pyrolysis method, demonstrating 
superior photothermal conversion and light-augmented enzyme-like characteristics for synergistic antibacterial therapy 
and wound healing. Notably, the doping of iron endows the C-dots with enhanced peroxidase (POD)-like activity, 

Figure 8 (A) Schematic Diagram of MnO2-CO@MPDA NPs Fabrication. (B) Mechanism of Macrophage Phenotypic Transformation Mediated by CO. (C) TEM images of 
different nanoparticles (scale bar: 50 nm). Reprinted from Wu J, Chen M, Xiao Y, et al. The bioactive interface of titanium implant with both anti-oxidative stress and 
immunomodulatory properties for enhancing osseointegration under diabetic condition. Adv Healthc Mater. 2024;13:e2401974. © 2024 Wiley-VCH GmbH.155(D) Schematic 
Diagram of AM/CeO2 Construction. (E) Mechanism of Macrophage Phenotypic Transformation Induced by Apoptotic Signals Through Exocytosis. (F) Representative TEM 
images of CeO2-NPs, AM, and AM/CeO2. Reprinted from Wang H, Zhang Y, Zhang Y, et al. Activating macrophage continual efferocytosis via microenvironment biomimetic 
short fibers for reversing inflammation in bone repair. Adv Mater. 2024;36(30):e2402968. © 2024 Wiley-VCH GmbH.156
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generating heat and ROS to kill both Gram-positive and Gram-negative bacteria. This study indicated that Fe-CDs 
enhance fibroblast proliferation, angiogenesis, and collagen deposition by inhibiting infection, hence greatly enhancing 
wound healing efficiency.160

Expanding upon prior investigations, Gu and his coworkers evaluated a cerium oxide nanoenzyme (at a concentration 
of 25 μg/mL) that markedly enhances human skin fibroblast proliferation and exhibits elevated superoxide dismutase 
activity. They incorporated this enzyme into GelMA hydrogels to create cerium oxide nanoenzyme-methyl methacrylate 
gelatin (GelMA) hydrogels.161 Yan and his team successfully prepared gelatin-polyethylene glycol hydrogels loaded with 
silver nanoparticles (AgNPs). Their experiments showed that the proliferation activity of human fibroblasts (HFbs) 
cultured in soaking solutions of composite hydrogels at concentrations of 25.0 and 50.0 mg/mL was significantly 
increased.162 Both studies further explored the quantitative effects of nanoenzymes on fibroblast proliferation.

Endothelial Cells
Nanoenzymes can promote the proliferation of endothelial cells by delivering VEGF or enhancing the secretion of factors 
associated with endothelial cells. VEGF is a crucial growth factor with significant pro-angiogenic activity, stimulating 
endothelial cell proliferation, providing anti-apoptotic effects, increasing vascular permeability, and promoting cell 
migration.163 He and his team initially encapsulated VEGF within methylacrylated sulfonated chitosan (SCSMA) 
microspheres (V@MP), which were later incorporated into hyaluronic acid (HA) microneedles. The swift disintegration 
of HA retains the V@MP within the wound, facilitating the gradual degradation of SCSMA and prolonged release of 
VEGF, thus fostering angiogenesis. In vitro and in vivo investigations revealed that this biphasic drug release smart 
microneedle device promotes cell proliferation and migration, hence aiding angiogenesis and tissue regeneration.164 Pu 
et al created a nanoenzyme-functionalized modulator of the regenerative microenvironment (AHAMA/CS-GOx@Zn- 
POM) for efficient diabetic wound healing. This innovative design combines aldehyde and methacrylic anhydride- 
modified hyaluronic acid hydrogel (AHAMA) with chitosan nanoparticles (CS NPs), encapsulating zinc-based poly-
metallic oxide acid nanoenzymes (Zn-POM) and GOx, enabling the prolonged release of both enzymes. It produces 
cytokines, including TGIF2, VEGF, and IGF-1, via paracrine actions, thereby facilitating angiogenesis and the regenera-
tion of type I collagen. The sustained release of drugs can be attributed to the intrinsic physicochemical properties of the 
nanoenzyme. Experimental results demonstrated that by the 14th day, the nanoenzyme exhibited a relatively stable state 
in terms of its potential, absorbance, and ROS scavenging capability. Additionally, this stability can be linked to the 
interactions between chitosan nanoparticles and two types of nanoenzymes. The positively charged CS NPs, synthesized 
through ion crosslinking, can adsorb negatively charged GOx and Zn-POM via electrostatic interactions, thereby forming 
a cascade catalytic system on their surface that creates a unique spatial effect. The reaction rate is positively correlated 
with the concentration of Zn-POM and negatively correlated with the pH value.165

Platelets are intimately associated with the proliferation of endothelial cells and exhibit a range of particular 
membrane proteins, such as GPIIb, GPIbα, and P-selectin (CD62p), mostly present on active platelets. These proteins 
facilitate platelet adhesion to injured vasculature, promote the release of growth factors, and expedite angiogenesis.166,167 

Dong and his team created a hydrogel dressing (PLTm@CNPs/Gel) using PLTm-encapsulated cerium oxide nanoparti-
cles loaded in GelMA hydrogel to promote angiogenesis and improve the wound microenvironment. Specifically, the 
PLTm component was found to enhance impaired angiogenesis in diabetic wound healing, while CNPs effectively altered 
the harmful oxidative stress-damaged microenvironment and improved chronic inflammation at the wound site. The 
significant synergistic effects between these components enable the PLTm@CNPs/gel dressing to remodel the adverse 
oxidative wound microenvironment and promote functional vascular growth, leading to faster and higher quality wound 
healing, including organized collagen fiber alignment and new blood vessel growth.168

Conclusion and Discussion
Due to the large population of diabetes patients and the high prevalence of diabetic foot ulcers, many of which have poor 
prognoses, it is crucial to explore treatment options for chronic wounds beyond traditional therapies. First, we provide an 
overview of recent research in relevant fields. This review comprehensively examines the role of various types of 
nanoenzymes in the healing of diabetic foot wounds. It addresses potential pathogenic mechanisms and promotes wound 
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healing through five dimensions: infection control, glycemic regulation, antioxidative effects, oxygen generation, and 
enhancement of cellular functions.

Although some traditional techniques, like hyperbaric oxygen therapy and antimicrobial dressings, have demonstrated 
favorable outcomes in prior clinical investigations, their effectiveness is frequently constrained by inadequate delivery to 
the local microenvironment. Nanoenzymes have demonstrated the ability to effectively overcome these limitations. 
Compared to traditional therapies, nanoenzymes exhibit higher targeting capabilities and biocompatibility, enabling them 
to act within the local microenvironment while minimizing systemic side effects. This highlights their significant 
potential in enhancing wound healing outcomes.

Second, although nanoenzymes have demonstrated superior physicochemical properties and biological performance 
in the healing of chronic diabetic wounds, there remains substantial room for improvement regarding their clinical 
application and widespread commercialization. In the future, further reducing the cost of nanoenzyme use and imple-
menting stricter safety checks are essential issues to address before entering preclinical stages. Future research could 
focus on reducing the use of precious metals, developing recyclable nanoenzymes, and lowering the toxicity of 
biomaterials.Additionally, human skin is influenced by various factors, including temperature, humidity, and physical 
activity, all of which can affect the efficacy of nanoenzymes. Future studies should concentrate on more comprehensive 
modeling options and incorporate these variables into experimental designs to fully realize the potential of different types 
of nanoenzymes in treating diabetic foot ulcers.

Furthermore, combining nanoenzymes with advanced biomaterials—such as smart hydrogels and nanofibers—could 
further optimize their stability and release rates in vivo, ensuring their effectiveness during treatment. Exploring the 
synergistic effects of these combinations on wound healing will be an important area for future research.

Third, based on previous experiences, the integration of nanoenzymes with other therapeutic approaches may present 
new research opportunities. We foresee that forthcoming trends will integrate nanoenzymes with diverse targeted 
delivery systems, facilitating their precise localization to pathological regions while reducing effects on healthy tissue. 
This will improve both the safety and effectiveness of medicines. Moreover, these systems may enable the on-demand 
administration of supplementary therapeutic chemicals and cells, hence facilitating personalized therapy regimens 
customized to the specific clinical conditions of each patient.

In conclusion, nanoenzymes exhibit considerable potential in biomaterial creation and wound healing. Nonetheless, 
obstacles in clinical implementation and commercialization require additional research and innovation to fully exploit the 
promise of nanoenzymes as a unique strategy for treating diabetic wounds.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
Jilin Scientific and Technological Development Program (20240305034YY), The Scientific and Technological Research 
Project of Jilin Provincial Department of Education (JJKH20231219KJ).

Disclosure
The authors report no conflicts of interest in this work.

References
1. Saeedi P, Petersohn I, Salpea P, et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: results from the 

International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabet Res Clin Pract. 2019;157:107843. doi:10.1016/j.diabres.2019.107843
2. Gearty SV, Dündar F, Zumbo P, et al. An autoimmune stem-like CD8 T cell population drives type 1 diabetes. Nature. 2022;602(7895):156–161. 

doi:10.1038/s41586-021-04248-x

https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 8804

Jia et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1038/s41586-021-04248-x


3. Chang M, Nguyen TT. Strategy for treatment of infected diabetic foot ulcers. Acc Chem Res. 2021;54(5):1080–1093. doi:10.1021/acs. 
accounts.0c00864

4. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their recurrence. N Engl J Med. 2017;376(24):2367–2375. doi:10.1056/ 
NEJMra1615439

5. Jeon BJ, Choi HJ, Kang JS, Tak MS, Park ES. Comparison of five systems of classification of diabetic foot ulcers and predictive factors for 
amputation. Int Wound J. 2017;14(3):537–545. doi:10.1111/iwj.12642

6. Sorber R, Abularrage CJ. Diabetic foot ulcers: epidemiology and the role of multidisciplinary care teams. Semin Vasc Surg. 2021;34(1):47–53. 
doi:10.1053/j.semvascsurg.2021.02.006

7. Jeffcoate WJ, Vileikyte L, Boyko EJ, Armstrong DG, Boulton AJM. Current challenges and opportunities in the prevention and management of 
diabetic foot ulcers. Diabetes Care. 2018;41(4):645–652. doi:10.2337/dc17-1836

8. Baltzis D, Eleftheriadou I, Veves A. Pathogenesis and treatment of impaired wound healing in diabetes mellitus: new insights. Adv Ther. 
2014;31(8):817–836. doi:10.1007/s12325-014-0140-x

9. Vijayakumar V, Samal SK, Mohanty S, Nayak SK. Recent advancements in biopolymer and metal nanoparticle-based materials in diabetic 
wound healing management. Int J Biol Macromol. 2019;122:137–148. doi:10.1016/j.ijbiomac.2018.10.120

10. Zafar N, Uzair B, Niazi MBK, et al. Green synthesis of ciprofloxacin-loaded cerium oxide/chitosan nanocarrier and its activity against 
MRSA-induced Mastitis. J Pharm Sci. 2021;110(10):3471–3483. doi:10.1016/j.xphs.2021.06.017

11. Abbas S, Uzair B, Sajjad S, et al. Dual-functional green facile CuO/MgO nanosheets composite as an efficient antimicrobial agent and 
photocatalyst. Arab J Sci Eng. 2022;47(5):5895–5909. doi:10.1007/s13369-021-05741-1

12. Zhao X, Shi A, Ma Q, et al. Nanoparticles prepared from pterostilbene reduce blood glucose and improve diabetes complications. 
J Nanobiotechnol. 2021;19(1):191. doi:10.1186/s12951-021-00928-y

13. Huang X, Liang P, Jiang B, et al. Hyperbaric oxygen potentiates diabetic wound healing by promoting fibroblast cell proliferation and 
endothelial cell angiogenesis. Life Sci. 2020;259:118246. doi:10.1016/j.lfs.2020.118246

14. Chen H, Cheng Y, Tian J, et al. Dissolved oxygen from microalgae-gel patch promotes chronic wound healing in diabetes. Sci Adv. 2020;6(20): 
eaba4311. doi:10.1126/sciadv.aba4311

15. Li X, Kou H, Zhao C, Zhu F, Yang Y, Lu Y. Efficacy and safety of ALA-PDT in treatment of diabetic foot ulcer with infection. Photodiagnosis 
Photodyn Ther. 2022;38:102822. doi:10.1016/j.pdpdt.2022.102822

16. Qi X, Cai E, Xiang Y, et al. An immunomodulatory hydrogel by hyperthermia-assisted self-cascade glucose depletion and ROS scavenging for 
diabetic foot ulcer wound therapeutics. Adv Mater. 2023;35(48):e2306632. doi:10.1002/adma.202306632

17. Zhao H, Huang J, Li Y, et al. ROS-scavenging hydrogel to promote healing of bacteria infected diabetic wounds. Biomaterials. 
2020;258:120286. doi:10.1016/j.biomaterials.2020.120286

18. Ou Q, Zhang S, Fu C, et al. More natural more better: triple natural anti-oxidant puerarin/ferulic acid/polydopamine incorporated hydrogel for 
wound healing. J Nanobiotechnology. 2021;19(1):237. doi:10.1186/s12951-021-00973-7

19. Feng X, Li J, Zhang X, Liu T, Ding J, Chen X. Electrospun polymer micro/nanofibers as pharmaceutical repositories for healthcare. J Control 
Release. 2019;302:19–41. doi:10.1016/j.jconrel.2019.03.020

20. Wu H, Li F, Shao W, Gao J, Ling D. Promoting angiogenesis in oxidative diabetic wound microenvironment using a nanozyme-reinforced 
self-protecting hydrogel. ACS Cent Sci. 2019;5(3):477–485. doi:10.1021/acscentsci.8b00850

21. Song J, Razzaq A, Khan NU, Iqbal H, Ni J. Chitosan/poly (3-hydroxy butyric acid-co-3-hydroxy valeric acid) electrospun nanofibers with 
cephradine for superficial incisional skin wound infection management. Int J Biol Macromol. 2023;250:126229. doi:10.1016/j. 
ijbiomac.2023.126229

22. Wang S, Zheng H, Zhou L, et al. Nanoenzyme-reinforced injectable hydrogel for healing diabetic wounds infected with multidrug resistant 
bacteria. Nano Lett. 2020;20(7):5149–5158. doi:10.1021/acs.nanolett.0c01371

23. Li Z, Fan X, Luo Z, et al. Nanoenzyme-chitosan hydrogel complex with cascade catalytic and self-reinforced antibacterial performance for 
accelerated healing of diabetic wounds. Nanoscale. 2022;14(40):14970–14983. doi:10.1039/d2nr04171e

24. Zhou Y, Liu C, Yu Y, et al. An organelle-specific nanozyme for diabetes care in genetically or diet-induced models. Adv Mater. 2020;32(45): 
e2003708. doi:10.1002/adma.202003708

25. Yu X, Fu X, Yang J, et al. Glucose/ROS cascade-responsive ceria nanozymes for diabetic wound healing. Mater Today Bio. 2022;15:100308. 
doi:10.1016/j.mtbio.2022.100308

26. Du X, Jia B, Wang W, et al. pH-switchable nanozyme cascade catalysis: a strategy for spatial-temporal modulation of pathological wound 
microenvironment to rescue stalled healing in diabetic ulcer. J Nanobiotechnology. 2022;20(1):12. doi:10.1186/s12951-021-01215-6

27. Rendra E, Riabov V, Mossel DM, Sevastyanova T, Harmsen MC, Kzhyshkowska J. Reactive oxygen species (ROS) in macrophage activation 
and function in diabetes. Immunobiology. 2019;224(2):242–253. doi:10.1016/j.imbio.2018.11.010

28. Ding BB, Shao S, Jiang F, et al. MnO2-disguised upconversion hybrid nanocomposite: an ideal architecture for tumor 
microenvironment-triggered UCL/MR bioimaging and enhanced chemodynamic therapy. Chem Mater. 2019;31(7):2651–2660. doi:10.1021/ 
acs.chemmater.9b00893

29. Chen T, Lu Y, Xiong X, Qiu M, Peng Y, Xu Z. Hydrolytic nanozymes: preparation, properties, and applications. Adv Colloid Interface Sci. 
2024;323:103072. doi:10.1016/j.cis.2023.103072

30. Wang ZR, Zhang RF, Yan XY, Fan KL. Structure and activity of nanozymes: inspirations for de novo design of nanozymes. Mater Today. 
2020;41:81–119. doi:10.1016/j.mattod.2020.08.020

31. Duan J, Zhao S, Duan Y, et al. Mno(x) nanoenzyme armed CAR-NK cells enhance solid tumor immunotherapy by alleviating the 
immunosuppressive microenvironment. Adv Healthc Mater. 2024;13(11):e2303963. doi:10.1002/adhm.202303963

32. Li R, He X, Javed R, et al. Switching on-off-on colorimetric sensor based on Fe-N/S-C single-atom nanozyme for ultrasensitive and multimodal 
detection of Hg(2). Sci Total Environ. 2022;834:155428. doi:10.1016/j.scitotenv.2022.155428

33. Xin J, Pang H, Gómez-García CJ, et al. Nitrogen doped 1 T/2H mixed phase MoS(2)/CuS heterostructure nanosheets for enhanced peroxidase 
activity. J Colloid Interface Sci. 2024;659:312–319. doi:10.1016/j.jcis.2023.12.145

34. Zhu H, Peng N, Liang X, et al. Synthesis, properties and mechanism of carbon dots-based nano-antibacterial materials. Biomed Mater. 2023;18 
(6):062002. doi:10.1088/1748-605X/acfada

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                   8805

Jia et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1021/acs.accounts.0c00864
https://doi.org/10.1021/acs.accounts.0c00864
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1111/iwj.12642
https://doi.org/10.1053/j.semvascsurg.2021.02.006
https://doi.org/10.2337/dc17-1836
https://doi.org/10.1007/s12325-014-0140-x
https://doi.org/10.1016/j.ijbiomac.2018.10.120
https://doi.org/10.1016/j.xphs.2021.06.017
https://doi.org/10.1007/s13369-021-05741-1
https://doi.org/10.1186/s12951-021-00928-y
https://doi.org/10.1016/j.lfs.2020.118246
https://doi.org/10.1126/sciadv.aba4311
https://doi.org/10.1016/j.pdpdt.2022.102822
https://doi.org/10.1002/adma.202306632
https://doi.org/10.1016/j.biomaterials.2020.120286
https://doi.org/10.1186/s12951-021-00973-7
https://doi.org/10.1016/j.jconrel.2019.03.020
https://doi.org/10.1021/acscentsci.8b00850
https://doi.org/10.1016/j.ijbiomac.2023.126229
https://doi.org/10.1016/j.ijbiomac.2023.126229
https://doi.org/10.1021/acs.nanolett.0c01371
https://doi.org/10.1039/d2nr04171e
https://doi.org/10.1002/adma.202003708
https://doi.org/10.1016/j.mtbio.2022.100308
https://doi.org/10.1186/s12951-021-01215-6
https://doi.org/10.1016/j.imbio.2018.11.010
https://doi.org/10.1021/acs.chemmater.9b00893
https://doi.org/10.1021/acs.chemmater.9b00893
https://doi.org/10.1016/j.cis.2023.103072
https://doi.org/10.1016/j.mattod.2020.08.020
https://doi.org/10.1002/adhm.202303963
https://doi.org/10.1016/j.scitotenv.2022.155428
https://doi.org/10.1016/j.jcis.2023.12.145
https://doi.org/10.1088/1748-605X/acfada


35. Lin Z, Liao D, Jiang C, et al. Current status and prospects of MIL-based MOF materials for biomedicine applications. RSC Med Chem. 2023;14 
(10):1914–1933. doi:10.1039/d3md00397c

36. Huang F, Lu X, Yang Y, et al. Microenvironment-based diabetic foot ulcer nanomedicine. Adv Sci. 2023;10(2):e2203308. doi:10.1002/ 
advs.202203308

37. Khan ZU, Razzaq A, Khan A, et al. Physicochemical characterizations and pharmacokinetic evaluation of pentazocine solid lipid nanoparticles 
against inflammatory pain model. Pharmaceutics. 2022;14(2):409. doi:10.3390/pharmaceutics14020409

38. Zhang RF, Jiang B, Fan KL, Gao LZ, Yan XY. Designing nanozymes for in vivo applications. Nat Rev Bioeng. 2024;2(10):849–868. 
doi:10.1038/s44222-024-00205-1

39. Ellis S, Lin EJ, Tartar D. Immunology of Wound Healing. Curr Dermatol Rep. 2018;7(4):350–358. doi:10.1007/s13671-018-0234-9
40. Du F, Ma J, Gong H, et al. Microbial infection and antibiotic susceptibility of diabetic foot ulcer in China: literature review. Front Endocrinol. 

2022;13:881659. doi:10.3389/fendo.2022.881659
41. Bandyk DF. The diabetic foot: pathophysiology, evaluation, and treatment. Semin Vasc Surg. 2018;31(2–4):43–48. doi:10.1053/j. 

semvascsurg.2019.02.001
42. Martin JM, Zenilman JM, Lazarus GS. Molecular microbiology: new dimensions for cutaneous biology and wound healing. J Invest Dermatol. 

2010;130(1):38–48. doi:10.1038/jid.2009.221
43. Eltwisy HO, Abdel-Fattah M, Elsisi AM, Omar MM, Abdelmoteleb AA, El-Mokhtar MA. Pathogenesis of Staphylococcus haemolyticus on 

primary human skin fibroblast cells. Virulence. 2020;11(1):1142–1157. doi:10.1080/21505594.2020.1809962
44. Mottola C, Matias CS, Mendes JJ, et al. Susceptibility patterns of Staphylococcus aureus biofilms in diabetic foot infections. BMC Microbiol. 

2016;16(1):119. doi:10.1186/s12866-016-0737-0
45. McDermott K, Fang M, Boulton AJM, Selvin E, Hicks CW. Etiology, epidemiology, and disparities in the burden of diabetic foot ulcers. 

Diabetes Care. 2023;46(1):209–221. doi:10.2337/dci22-0043
46. Weinberg Sibony R, Segev O, Dor S, Raz I. Drug therapies for diabetes. Int J Mol Sci. 2023;24(24):17147. doi:10.3390/ijms242417147
47. Harb A, Elbatreek MH, Elshahat A, El-Akabawy N, Barakat W, Elkomy NM. Repurposing alagebrium for diabetic foot ulcer healing: impact on 

AGEs/NFκB/NOX1 signaling. Eur J Pharmacol. 2023;959:176083. doi:10.1016/j.ejphar.2023.176083
48. Rai V, Moellmer R, Agrawal DK. Role of fibroblast plasticity and heterogeneity in modulating angiogenesis and healing in the diabetic foot 

ulcer. Mol Biol Rep. 2023;50(2):1913–1929. doi:10.1007/s11033-022-08107-4
49. Sun X, Dong M, Guo Z, et al. Multifunctional chitosan-copper-gallic acid based antibacterial nanocomposite wound dressing. Int J Biol 

Macromol. 2021;167:10–22. doi:10.1016/j.ijbiomac.2020.11.153
50. Shah SA, Sohail M, Khan S, et al. Biopolymer-based biomaterials for accelerated diabetic wound healing: a critical review. Int J Biol 

Macromol. 2019;139:975–993. doi:10.1016/j.ijbiomac.2019.08.007
51. Schäfer M, Werner S. Oxidative stress in normal and impaired wound repair. Pharmacol Res. 2008;58(2):165–171. doi:10.1016/j. 

phrs.2008.06.004
52. Gonçalves RV, Costa AMA, Grzeskowiak L. Oxidative stress and tissue repair: mechanism, biomarkers, and therapeutics. Oxid Med Cell 

Longev. 2021;2021:6204096. doi:10.1155/2021/6204096
53. Khorsandi K, Hosseinzadeh R, Esfahani H, Zandsalimi K, Shahidi FK, Abrahamse H. Accelerating skin regeneration and wound healing by 

controlled ROS from photodynamic treatment. Inflamm Regen. 2022;42(1):40. doi:10.1186/s41232-022-00226-6
54. Polaka S, Katare P, Pawar B, et al. Emerging ROS-modulating technologies for augmentation of the wound healing process. ACS Omega. 

2022;7(35):30657–30672. doi:10.1021/acsomega.2c02675
55. Catrina SB, Zheng X. Hypoxia and hypoxia-inducible factors in diabetes and its complications. Diabetologia. 2021;64(4):709–716. 

doi:10.1007/s00125-021-05380-z
56. Ye S, Jin N, Liu N, et al. Gases and gas-releasing materials for the treatment of chronic diabetic wounds. Biomater Sci. 2024;12(13):3273–3292. 

doi:10.1039/d4bm00351a
57. Kotwal GJ, Chien S. Macrophage differentiation in normal and accelerated wound healing. Results Probl Cell Differ. 2017;62:353–364. 

doi:10.1007/978-3-319-54090-0_14
58. Gurevich DB, Severn CE, Twomey C, et al. Live imaging of wound angiogenesis reveals macrophage orchestrated vessel sprouting and 

regression. EMBO j. 2018;37(13). doi:10.15252/embj.201797786
59. Hesketh M, Sahin KB, West ZE, Murray RZ. Macrophage phenotypes regulate scar formation and chronic wound healing. Int J Mol Sci. 

2017;18(7):1545. doi:10.3390/ijms18071545
60. Kim SY, Nair MG. Macrophages in wound healing: activation and plasticity. Immunol Cell Biol Mar. 2019;97(3):258–267. doi:10.1111/ 

imcb.12236
61. Kloc M, Ghobrial RM, Wosik J, Lewicka A, Lewicki S, Kubiak JZ. Macrophage functions in wound healing. J Tissue Eng Regen Med. 2019;13 

(1):99–109. doi:10.1002/term.2772
62. Huang SM, Wu CS, Chiu MH, et al. High glucose environment induces M1 macrophage polarization that impairs keratinocyte migration via 

TNF-α: an important mechanism to delay the diabetic wound healing. J Dermatol Sci. 2019;96(3):159–167. doi:10.1016/j.jdermsci.2019.11.004
63. Zubair M, Ahmad J. Role of growth factors and cytokines in diabetic foot ulcer healing: a detailed review. Rev Endocr Metab Disord. 2019;20 

(2):207–217. doi:10.1007/s11154-019-09492-1
64. Andersen LP, Holck S, Janulaityte-Günther D, et al. Gastric inflammatory markers and interleukins in patients with functional dyspepsia, with 

and without Helicobacter pylori infection. FEMS Immunol Med Microbiol. 2005;44(2):233–238. doi:10.1016/j.femsim.2004.10.022
65. Moretti L, Stalfort J, Barker TH, Abebayehu D. The interplay of fibroblasts, the extracellular matrix, and inflammation in scar formation. J Biol 

Chem. 2022;298(2):101530. doi:10.1016/j.jbc.2021.101530
66. Stunova A, Vistejnova L. Dermal fibroblasts-A heterogeneous population with regulatory function in wound healing. Cytokine Growth Factor 

Rev. 2018;39:137–150. doi:10.1016/j.cytogfr.2018.01.003
67. DiPietro LA. Angiogenesis and wound repair: when enough is enough. J Leukoc Biol. 2016;100(5):979–984. doi:10.1189/jlb.4MR0316-102R
68. Nour S, Imani R, Chaudhry GR, Sharifi AM. Skin wound healing assisted by angiogenic targeted tissue engineering: a comprehensive review of 

bioengineered approaches. J Biomed Mater Res A. 2021;109(4):453–478. doi:10.1002/jbm.a.37105

https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 8806

Jia et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1039/d3md00397c
https://doi.org/10.1002/advs.202203308
https://doi.org/10.1002/advs.202203308
https://doi.org/10.3390/pharmaceutics14020409
https://doi.org/10.1038/s44222-024-00205-1
https://doi.org/10.1007/s13671-018-0234-9
https://doi.org/10.3389/fendo.2022.881659
https://doi.org/10.1053/j.semvascsurg.2019.02.001
https://doi.org/10.1053/j.semvascsurg.2019.02.001
https://doi.org/10.1038/jid.2009.221
https://doi.org/10.1080/21505594.2020.1809962
https://doi.org/10.1186/s12866-016-0737-0
https://doi.org/10.2337/dci22-0043
https://doi.org/10.3390/ijms242417147
https://doi.org/10.1016/j.ejphar.2023.176083
https://doi.org/10.1007/s11033-022-08107-4
https://doi.org/10.1016/j.ijbiomac.2020.11.153
https://doi.org/10.1016/j.ijbiomac.2019.08.007
https://doi.org/10.1016/j.phrs.2008.06.004
https://doi.org/10.1016/j.phrs.2008.06.004
https://doi.org/10.1155/2021/6204096
https://doi.org/10.1186/s41232-022-00226-6
https://doi.org/10.1021/acsomega.2c02675
https://doi.org/10.1007/s00125-021-05380-z
https://doi.org/10.1039/d4bm00351a
https://doi.org/10.1007/978-3-319-54090-0_14
https://doi.org/10.15252/embj.201797786
https://doi.org/10.3390/ijms18071545
https://doi.org/10.1111/imcb.12236
https://doi.org/10.1111/imcb.12236
https://doi.org/10.1002/term.2772
https://doi.org/10.1016/j.jdermsci.2019.11.004
https://doi.org/10.1007/s11154-019-09492-1
https://doi.org/10.1016/j.femsim.2004.10.022
https://doi.org/10.1016/j.jbc.2021.101530
https://doi.org/10.1016/j.cytogfr.2018.01.003
https://doi.org/10.1189/jlb.4MR0316-102R
https://doi.org/10.1002/jbm.a.37105


69. Liu Z, Li L, Zhang H, et al. Platelet factor 4(PF4) and its multiple roles in diseases. Blood Rev Mar. 2024;64:101155. doi:10.1016/j. 
blre.2023.101155

70. Liu B, Yang H, Song YS, Sorenson CM, Sheibani N. Thrombospondin-1 in vascular development, vascular function, and vascular disease. 
Semin Cell Dev Biol. 2024;155(Pt B):32–44. doi:10.1016/j.semcdb.2023.07.011

71. Delrue C, Speeckaert MM. Tissue inhibitor of metalloproteinases-2 (TIMP-2) as a prognostic biomarker in acute kidney injury: a narrative 
review. Diagnostics. 2024;14(13):1350. doi:10.3390/diagnostics14131350

72. Rai V, Moellmer R, Agrawal DK. stem cells and angiogenesis: implications and limitations in enhancing chronic diabetic foot ulcer healing. 
Cells. 2022;11(15):2287. doi:10.3390/cells11152287

73. Lipsky BA, Aragón-Sánchez J, Diggle M, et al. IWGDF guidance on the diagnosis and management of foot infections in persons with diabetes. 
Diabetes Metab Res Rev. 2016;32(Suppl 1):45–74. doi:10.1002/dmrr.2699

74. Lam G, Fontaine R, Ross FL, Chiu ES. Hyperbaric oxygen therapy: exploring the clinical evidence. Adv Skin Wound Care. 2017;30 
(4):181–190. doi:10.1097/01.Asw.0000513089.75457.22

75. Hong JP, Jung HD, Kim YW. Recombinant human epidermal growth factor (EGF) to enhance healing for diabetic foot ulcers. Ann Plast Surg. 
2006;56(4):394–8;discussion399–400. doi:10.1097/01.sap.0000198731.12407.0c

76. Mahmoudvand G, Karimi Rouzbahani A, Razavi ZS, Mahjoor M, Afkhami H. Mesenchymal stem cell therapy for non-healing diabetic foot 
ulcer infection: new insight. Front Bioeng Biotechnol. 2023;11:1158484. doi:10.3389/fbioe.2023.1158484

77. Watanabe T, Okitsu T, Ozawa F, et al. Millimeter-thick xenoislet-laden fibers as retrievable transplants mitigate foreign body reactions for 
long-term glycemic control in diabetic mice. Biomaterials. 2020;255:120162. doi:10.1016/j.biomaterials.2020.120162

78. Liu Q, Zhang A, Wang R, Zhang Q, Cui D. A review on metal- and metal oxide-based nanozymes: properties, mechanisms, and applications. 
Nanomicro Lett. 2021;13(1):154. doi:10.1007/s40820-021-00674-8

79. Fu Q, Wei C, Wang M. Transition-metal-based nanozymes: synthesis, mechanisms of therapeutic action, and applications in cancer treatment. 
ACS Nano. 2024;18(19):12049–12095. doi:10.1021/acsnano.4c02265

80. Liu Q, Gao Z, Zhang X, et al. Assembly of genetically engineered ionizable protein nanocage-based nanozymes for intracellular superoxide 
scavenging. Nat Commun. 2025;16(1):1123. doi:10.1038/s41467-025-56414-8

81. Simms C, Mullaliu A, de de Azambuja F, Aquilanti G, Parac-Vogt TN. Green, safe, and reliable synthesis of bimetallic MOF-808 nanozymes 
with enhanced aqueous stability and reactivity for biological applications. Small. 2024;20(13):e2307236. doi:10.1002/smll.202307236

82. Villa F, Marchandin H, Lavigne JP, et al. Anaerobes in diabetic foot infections: pathophysiology, epidemiology, virulence, and management. 
Clin Microbiol Rev. 2024;37(3):e0014323. doi:10.1128/cmr.00143-23

83. Xie M, Gao M, Yun Y, et al. Antibacterial nanomaterials: mechanisms, impacts on antimicrobial resistance and design principles. Angew Chem 
Int Ed Engl. 2023;62(17):e202217345. doi:10.1002/anie.202217345

84. Zhou L, Guo S, Dong Z, et al. Electron irradiation of zein protein-loaded nano CaO2/CD for enhancing infectious diabetic wounds with 
adaptive hydrophobicity-to-hydrophilicity. Mater Today Adv. 2024:21100458. doi:10.1016/j.mtadv.2023.100458

85. Ge Y, Rong F, Lu Y, et al. Glucose oxidase driven hydrogen sulfide-releasing nanocascade for diabetic infection treatment. Nano Lett. 2023;23 
(14):6610–6618. doi:10.1021/acs.nanolett.3c01771

86. Song H, Cheng Z, Qin R, et al. Iron/Molybdenum sulfide nanozyme cocatalytic fenton reaction for photothermal/chemodynamic efficient 
wound healing. Langmuir. 2024;40(28):14346–14354. doi:10.1021/acs.langmuir.4c00922

87. He X, Lv Y, Lin Y, et al. Platinum nanoparticles regulated V(2)C MXene nanoplatforms with NIR-II ENHANCED NANOZYME EFFECT 
FOR PHOTOTHERMAL AND CHEMODYNAMIC ANTI-INFECTIVE THERAPy. Adv Mater. 2024;36(25):e2400366. doi:10.1002/ 
adma.202400366

88. Du M, He X, Wang D, Jiang Z, Zhao X, Shen J. An NIR-II-enhanced nanozyme to promote wound healing in methicillin-resistant 
Staphylococcus aureus infections. Acta Biomater. 2024;179:300–312. doi:10.1016/j.actbio.2024.03.014

89. Gao J, Yan Y, Gao S, et al. Heterogeneous Cu(2)O-SnO(2) doped polydopamine fenton-like nanoenzymes for synergetic 
photothermal-chemodynamic antibacterial application. Acta Biomater. 2024;173:420–431. doi:10.1016/j.actbio.2023.11.009

90. Lou C, Zhu L, Yang F. NH(2)-MIL-88B@TP-TA@CuS for photothermal catalytic synergistic antibacterial activity. Colloids Surf 
B Biointerfaces. 2024;242:114094. doi:10.1016/j.colsurfb.2024.114094

91. Zhou W, Li N, Wang M, et al. PdMo bimetallene nanozymes for photothermally enhanced antibacterial therapy and accelerated wound healing. 
Dalton Trans. 2024;53(2):666–674. doi:10.1039/d3dt03446a

92. Cao C, Zhang T, Yang N, et al. POD nanozyme optimized by charge separation engineering for light/pH activated bacteria catalytic/ 
photodynamic therapy. Signal Transduct Target Ther. 2022;7(1):86. doi:10.1038/s41392-022-00900-8

93. Jiang Y, Xu J, Lin Q, et al. pH-activated Scallop-type nanoenzymes for oxidative stress amplification and photothermal enhancement of 
antibacterial and antibiofilm effect. ACS Appl Mater Interfaces. 2023;15(41):47866–47879. doi:10.1021/acsami.3c05351

94. Li Y, Li J, Zhong Y, et al. pH-responsive and nanoenzyme-loaded artificial nanocells relieved osteomyelitis efficiently by synergistic 
chemodynamic and cuproptosis therapy. Biomaterials. 2025;313:122762. doi:10.1016/j.biomaterials.2024.122762

95. Zhang Z, Yang T, Wang J, et al. Hollow mesoporous molybdenum single-atom nanozyme-based reactor for enhanced cascade catalytic 
antibacterial therapy. Int J Nanomed. 2023;18:7209–7223. doi:10.2147/ijn.S438278

96. Shi Q, Zhao Y, Liu M, et al. Engineering platelet membrane-coated bimetallic MOFs as biodegradable nanozymes for efficient antibacterial 
therapy. Small. 2024;20(23):e2309366. doi:10.1002/smll.202309366

97. Zhuang QQ, Zhang ZS, Zheng TJ, et al. Alkaline phosphatase-activated prodrug system based on a bifunctional CuO NP tandem nanoenzyme 
for on-demand bacterial inactivation and wound disinfection. J Nanobiotechnology. 2024;22(1):485. doi:10.1186/s12951-024-02751-7

98. Liu H, Zuo Y, Lv S, et al. Ultralow loading copper-intercalated MoO(3) nanobelts with high activity against antibiotic-resistant bacteria. ACS 
Appl Mater Interfaces. 2024;16(14):17182–17192. doi:10.1021/acsami.3c19062

99. Zhu X, Yang Y, Chen X, Ye G, Liu J, Liu Y. Ir(IV) and Ir(III) in situ transition promotes ROS generation for eradicating multidrug-resistant 
bacterial infection. Biomater Sci. 2023;11(14):4960–4971. doi:10.1039/d3bm00579h

100. Yang H, Yu S, Kim J, et al. Facile solvent-free preparation of antioxidant idebenone-loaded nanoparticles for efficient wound healing. 
Pharmaceutics. 2022;14(3):521. doi:10.3390/pharmaceutics14030521

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                   8807

Jia et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.blre.2023.101155
https://doi.org/10.1016/j.blre.2023.101155
https://doi.org/10.1016/j.semcdb.2023.07.011
https://doi.org/10.3390/diagnostics14131350
https://doi.org/10.3390/cells11152287
https://doi.org/10.1002/dmrr.2699
https://doi.org/10.1097/01.Asw.0000513089.75457.22
https://doi.org/10.1097/01.sap.0000198731.12407.0c
https://doi.org/10.3389/fbioe.2023.1158484
https://doi.org/10.1016/j.biomaterials.2020.120162
https://doi.org/10.1007/s40820-021-00674-8
https://doi.org/10.1021/acsnano.4c02265
https://doi.org/10.1038/s41467-025-56414-8
https://doi.org/10.1002/smll.202307236
https://doi.org/10.1128/cmr.00143-23
https://doi.org/10.1002/anie.202217345
https://doi.org/10.1016/j.mtadv.2023.100458
https://doi.org/10.1021/acs.nanolett.3c01771
https://doi.org/10.1021/acs.langmuir.4c00922
https://doi.org/10.1002/adma.202400366
https://doi.org/10.1002/adma.202400366
https://doi.org/10.1016/j.actbio.2024.03.014
https://doi.org/10.1016/j.actbio.2023.11.009
https://doi.org/10.1016/j.colsurfb.2024.114094
https://doi.org/10.1039/d3dt03446a
https://doi.org/10.1038/s41392-022-00900-8
https://doi.org/10.1021/acsami.3c05351
https://doi.org/10.1016/j.biomaterials.2024.122762
https://doi.org/10.2147/ijn.S438278
https://doi.org/10.1002/smll.202309366
https://doi.org/10.1186/s12951-024-02751-7
https://doi.org/10.1021/acsami.3c19062
https://doi.org/10.1039/d3bm00579h
https://doi.org/10.3390/pharmaceutics14030521


101. Cui F, Ye Y, Ping J, Sun X. Carbon dots: current advances in pathogenic bacteria monitoring and prospect applications. Biosens Bioelectron. 
2020;156:112085. doi:10.1016/j.bios.2020.112085

102. Dai S, Yao L, Liu L, et al. Carbon dots-supported Zn single atom nanozymes for the catalytic therapy of diabetic wounds. Acta Biomater. 
2024;186:454–469. doi:10.1016/j.actbio.2024.07.045

103. Liu Y, Zhang X, Yang S, et al. Targeting starvation therapy for diabetic bacterial infections with endogenous enzyme-triggered 
hyaluronan-modified nanozymes in the infection microenvironment. Int J Biol Macromol. 2024;270(Pt 1):132277. doi:10.1016/j. 
ijbiomac.2024.132277

104. Niu J, Wang L, Cui T, et al. Antibody mimics as bio-orthogonal catalysts for highly selective bacterial recognition and antimicrobial therapy. 
ACS Nano. 2021;15(10):15841–15849. doi:10.1021/acsnano.1c03387

105. Song H, Nor YA, Yu M, et al. Silica nanopollens enhance adhesion for long-term bacterial inhibition. J Am Chem Soc. 2016;138 
(20):6455–6462. doi:10.1021/jacs.6b00243

106. Cao F, Zhang L, Wang H, et al. Defect-rich adhesive nanozymes as efficient antibiotics for enhanced bacterial inhibition. Angew Chem-Int Ed. 
2019;58(45):16236–16242. doi:10.1002/anie.201908289

107. Wang L, Gao F, Wang A, et al. Defect-rich adhesive molybdenum disulfide/rGO vertical heterostructures with enhanced nanozyme activity for 
smart bacterial killing application. Adv Mater. 2020;32(48):2005423. doi:10.1002/adma.202005423

108. Wei F, Cui X, Wang Z, Dong C, Li J, Han X. Recoverable peroxidase-like Fe3O4@MoS2-Ag nanozyme with enhanced antibacterial ability. 
Chem Eng J. 2021;408127240. doi:10.1016/j.cej.2020.127240

109. Liu Z, Zhao X, Yu B, Zhao N, Zhang C, Xu F-J. Rough carbon-iron oxide nanohybrids for near-infrared-II light-responsive synergistic 
antibacterial therapy. Acs Nano. 2021;15(4):7482–7490. doi:10.1021/acsnano.1c00894

110. Niu J, Zhao C, Liu C, Ren J, Qu X. Bio-inspired bimetallic enzyme mimics as bio-orthogonal catalysts for enhanced bacterial capture and 
inhibition. Chem Mater. 2021;33(20):8052–8058. doi:10.1021/acs.chemmater.1c02469

111. Roberts RE, Hallett MB. Neutrophil cell shape change: mechanism and signalling during cell spreading and phagocytosis. Rev Int J Mol Sci. 
2019;20(6):1383. doi:10.3390/ijms20061383

112. Li Q, Dong M, Han Q, et al. Enhancing diabetic wound healing with a pH-responsive nanozyme hydrogel featuring multi-enzyme-like activities 
and oxygen self-supply. J Control Release. 2024;365:905–918. doi:10.1016/j.jconrel.2023.12.015

113. Du W, Chen W, Wang J, et al. A dual-nanozyme-loaded black phosphorus multifunctional therapeutic platform for combined photothermal/ 
photodynamic/starvation cancer therapy. J Mater Chem B. 2023;11(23):5185–5194. doi:10.1039/d3tb00372h

114. Peng C, Liang Y, Su N, et al. Dual nanoenzymes loaded hollow mesoporous organotantalum nanospheres for chemo-radio sensitization. 
J Control Release. 2022;347:369–378. doi:10.1016/j.jconrel.2022.05.018

115. Qi P, Luo C, Pan Y, et al. Self-cascade catalytic single-atom nanozyme for enhanced breast cancer low-dose radiotherapy. Colloids Surf 
B Biointerfaces. 2023;227:113347. doi:10.1016/j.colsurfb.2023.113347

116. Tang Z, Hou Y, Huang S, et al. Dumbbell-shaped bimetallic AuPd nanoenzymes for NIR-II cascade catalysis-photothermal synergistic therapy. 
Acta Biomater. 2024;177:431–443. doi:10.1016/j.actbio.2024.01.041

117. Xu K, Wu X, Cheng Y, et al. A biomimetic nanoenzyme for starvation therapy enhanced photothermal and chemodynamic tumor therapy. 
Nanoscale. 2020;12(45):23159–23165. doi:10.1039/d0nr05097k

118. Liang R, Li Y, Huo M, Lin H, Chen Y. Triggering sequential catalytic fenton reaction on 2D MXenes for hyperthermia-augmented synergistic 
nanocatalytic cancer therapy. ACS Appl Mater Interfaces. 2019;11(46):42917–42931. doi:10.1021/acsami.9b13598

119. Mei X, Hu T, Wang H, Liang R, Bu W, Wei M. Highly dispersed nano-enzyme triggered intracellular catalytic reaction toward cancer specific 
therapy. Biomaterials. 2020;258:120257. doi:10.1016/j.biomaterials.2020.120257

120. Zhang Y, Liu Y, Zhao M, et al. Iron-based theranostic nanoenzyme for combined tumor magneto-photo thermotherapy and starvation therapy. 
Biomater Adv. 2024;166:214038. doi:10.1016/j.bioadv.2024.214038

121. He L, Ji Q, Chi B, et al. Construction nanoenzymes with elaborately regulated multi-enzymatic activities for photothermal-enhanced catalytic 
therapy of tumor. Colloids Surf B Biointerfaces. 2023;222:113058. doi:10.1016/j.colsurfb.2022.113058

122. Peppa M, Brem H, Ehrlich P, et al. Adverse effects of dietary glycotoxins on wound healing in genetically diabetic mice. Diabetes. 2003;52 
(11):2805–2813. doi:10.2337/diabetes.52.11.2805

123. Zhou Y, Li L, Li S, et al. Autoregenerative redox nanoparticles as an antioxidant and glycation inhibitor for palliation of diabetic cataracts. 
Nanoscale. 2019;11(27):13126–13138. doi:10.1039/c9nr02350j

124. Cheng F, Wang S, Zheng H, et al. Ceria nanoenzyme-based hydrogel with antiglycative and antioxidative performance for infected diabetic 
wound healing. Small Methods. 2022;6(11):e2200949. doi:10.1002/smtd.202200949

125. Yang Y, Huang S, Ma Q, et al. Combined therapeutic strategy based on blocking the deleterious effects of AGEs for accelerating diabetic wound 
healing. Regen Biomater. 2024:11:rbae062. doi:10.1093/rb/rbae062

126. Zhang S, Zhao X, Zhang W, Wei X, Chen XL, Wang X. Zn-DHM nanozymes regulate metabolic and immune homeostasis for early diabetic 
wound therapy. Bioact Mater. 2025;49:63–84. doi:10.1016/j.bioactmat.2025.02.041

127. Liu T, Xiao B, Xiang F, et al. Ultrasmall copper-based nanoparticles for reactive oxygen species scavenging and alleviation of inflammation 
related diseases. Nat Commun. 2020;11(1):2788. doi:10.1038/s41467-020-16544-7

128. Ning Y, Huo Y, Xue H, et al. Tri-Manganese(III) Salen-Based cryptands: a metal cooperative antioxidant strategy that overcomes ischemic 
stroke damage in vivo. J Am Chem Soc. 2020;142(22):10219–10227. doi:10.1021/jacs.0c03805

129. Liu C, Fan WB, Cheng WX, et al. Red emissive carbon dot superoxide dismutase nanozyme for bioimaging and ameliorating acute lung injury. 
Adv Funct Mater. 2023;33(19). doi:10.1002/adfm.202213856

130. Singh S, Dosani T, Karakoti AS, Kumar A, Seal S, Self WT. A phosphate-dependent shift in redox state of cerium oxide nanoparticles and its 
effects on catalytic properties. Biomaterials. 2011;32(28):6745–6753. doi:10.1016/j.biomaterials.2011.05.073

131. Zhang D, Ji L, Yang Y, et al. Ceria nanoparticle systems alleviate degenerative changes in mouse postovulatory aging oocytes by reducing 
oxidative stress and improving mitochondrial functions. ACS Nano. 2024;18(21):13618–13634. doi:10.1021/acsnano.4c00383

132. Jiang X, Wei J, Ding X, et al. From ROS scavenging to boosted osseointegration: cerium-containing mesoporous bioactive glass nanoparticles 
functionalized implants in diabetes. J Nanobiotechnology. 2024;22(1):639. doi:10.1186/s12951-024-02865-y

https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 8808

Jia et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.bios.2020.112085
https://doi.org/10.1016/j.actbio.2024.07.045
https://doi.org/10.1016/j.ijbiomac.2024.132277
https://doi.org/10.1016/j.ijbiomac.2024.132277
https://doi.org/10.1021/acsnano.1c03387
https://doi.org/10.1021/jacs.6b00243
https://doi.org/10.1002/anie.201908289
https://doi.org/10.1002/adma.202005423
https://doi.org/10.1016/j.cej.2020.127240
https://doi.org/10.1021/acsnano.1c00894
https://doi.org/10.1021/acs.chemmater.1c02469
https://doi.org/10.3390/ijms20061383
https://doi.org/10.1016/j.jconrel.2023.12.015
https://doi.org/10.1039/d3tb00372h
https://doi.org/10.1016/j.jconrel.2022.05.018
https://doi.org/10.1016/j.colsurfb.2023.113347
https://doi.org/10.1016/j.actbio.2024.01.041
https://doi.org/10.1039/d0nr05097k
https://doi.org/10.1021/acsami.9b13598
https://doi.org/10.1016/j.biomaterials.2020.120257
https://doi.org/10.1016/j.bioadv.2024.214038
https://doi.org/10.1016/j.colsurfb.2022.113058
https://doi.org/10.2337/diabetes.52.11.2805
https://doi.org/10.1039/c9nr02350j
https://doi.org/10.1002/smtd.202200949
https://doi.org/10.1093/rb/rbae062
https://doi.org/10.1016/j.bioactmat.2025.02.041
https://doi.org/10.1038/s41467-020-16544-7
https://doi.org/10.1021/jacs.0c03805
https://doi.org/10.1002/adfm.202213856
https://doi.org/10.1016/j.biomaterials.2011.05.073
https://doi.org/10.1021/acsnano.4c00383
https://doi.org/10.1186/s12951-024-02865-y


133. Zheltova AA, Kharitonova MV, Iezhitsa IN, Spasov AA. Magnesium deficiency and oxidative stress: an update. Biomedicine. 2016;6(4):20. 
doi:10.7603/s40681-016-0020-6

134. Pu C, Wang Y, Li Y, et al. Nano-enzyme functionalized hydrogels promote diabetic wound healing through immune microenvironment 
modulation. Biomater Sci. 2024;12(15):3851–3865. doi:10.1039/d4bm00348a

135. Ennis WJ, Huang ET, Gordon H. Impact of hyperbaric oxygen on more advanced Wagner Grades 3 and 4 Diabetic foot ulcers: matching therapy 
to specific wound conditions. Adv Wound Care. 2018;7(12):397–407. doi:10.1089/wound.2018.0855

136. Heyboer M 3rd, Sharma D, Santiago W, McCulloch N. Hyperbaric oxygen therapy: side effects defined and quantified. Adv Wound Care. 
2017;6(6):210–224. doi:10.1089/wound.2016.0718

137. Frykberg RG, Franks PJ, Edmonds M, et al. A multinational, multicenter, randomized, double-blinded, placebo-controlled trial to evaluate the 
efficacy of cyclical Topical Wound Oxygen (TWO2) therapy in the treatment of chronic diabetic foot ulcers: the TWO2 Study. Diabetes Care. 
2020;43(3):616–624. doi:10.2337/dc19-0476

138. Wang Y, Ding L, Feng J, et al. Mesoporous cerium oxide nanoenzyme for Efficacious impeding tumor and metastasis via Conferring resistance 
to anoikis. Biomaterials. 2024;314:122876. doi:10.1016/j.biomaterials.2024.122876

139. Dong A, Huang S, Qian Z, Xu S, Yuan W, Wang B. A pH-responsive supramolecular hydrogel encapsulating a CuMnS nanoenzyme catalyst for 
synergistic photothermal-photodynamic-chemodynamic therapy of tumours. J Mater Chem B. 2023;11(45):10883–10895. doi:10.1039/ 
d3tb01769a

140. Li J, Guo P, Gao S, et al. Cu(2)O-SnO(2)-PDA heterozygous nanozyme doped hydrogel mediated conglutinant microenvironment regulation for 
wound healing therapy. Int J Biol Macromol. 2024;280(Pt 3):135852. doi:10.1016/j.ijbiomac.2024.135852

141. Shan J, Du L, Wang X, et al. Ultrasound Trigger Ce-Based MOF Nanoenzyme For Efficient Thrombolytic Therapy. Adv Sci. 2024;11(20): 
e2304441. doi:10.1002/advs.202304441

142. Wang M, Liu Y, Yang S, et al. Collaboration in contradiction: self-adaptive synergistic ROS Generation and scavenge balancing strategies used 
for the infected wounds treatment. Adv Healthc Mater. 2024;14:e2402579. doi:10.1002/adhm.202402579

143. Eming SA, Murray PJ, Pearce EJ. Metabolic orchestration of the wound healing response. Cell Metab. 2021;33(9):1726–1743. doi:10.1016/j. 
cmet.2021.07.017

144. Yang Y, Yang Y, Jiang J, et al. Arginine-nanoenzyme with timely angiogenesis for promoting diabetic wound healing. ACS Appl Mater 
Interfaces. 2024;16(8):9640–9655. doi:10.1021/acsami.3c13072

145. He S, Li Z, Wang L, et al. A nanoenzyme-modified hydrogel targets macrophage reprogramming-angiogenesis crosstalk to boost diabetic 
wound repair. Bioact Mater. 2024;35:17–30. doi:10.1016/j.bioactmat.2024.01.005

146. Abdi SI, Ng SM, Lim JO. An enzyme-modulated oxygen-producing micro-system for regenerative therapeutics. Int J Pharm. 2011;409 
(1–2):203–205. doi:10.1016/j.ijpharm.2011.02.041

147. Mohseni-Vadeghani E, Karimi-Soflou R, Khorshidi S, Karkhaneh A. Fabrication of oxygen and calcium releasing microcarriers with different 
internal structures for bone tissue engineering: solid filled versus hollow microparticles. Colloids Surf B Biointerfaces. 2021;197:111376. 
doi:10.1016/j.colsurfb.2020.111376

148. Mollajavadi MY, Saadatmand M, Ghobadi F. Effect of calcium peroxide particles as oxygen-releasing materials on cell growth and mechanical 
properties of scaffolds for tissue engineering. Iran Polym J. 2023;32(5):599–608. doi:10.1007/s13726-023-01147-y

149. Sharifiaghdam M, Shaabani E, Faridi-Majidi R, De Smedt SC, Braeckmans K, Fraire JC. Macrophages as a therapeutic target to promote 
diabetic wound healing. Mol Ther. 2022;30(9):2891–2908. doi:10.1016/j.ymthe.2022.07.016

150. Xiong Y, Lin Z, Bu P, et al. A whole-course-repair system based on neurogenesis-angiogenesis crosstalk and macrophage reprogramming 
promotes diabetic wound healing. Adv Mater. 2023;35(19):e2212300. doi:10.1002/adma.202212300

151. Yurdagul A Jr, Subramanian M, Wang X, et al. Macrophage metabolism of apoptotic cell-derived arginine promotes continual efferocytosis and 
resolution of injury. Cell Metab. 2020;31(3):518–533.e10. doi:10.1016/j.cmet.2020.01.001

152. Jeon S, Kim TK, Jeong SJ, et al. Anti-inflammatory actions of soluble Ninjurin-1 ameliorate atherosclerosis. Circulation. 2020;142 
(18):1736–1751. doi:10.1161/circulationaha.120.046907

153. Guo D, Liu H, Zhao S, et al. Synergistic rheumatoid arthritis therapy by interrupting the detrimental feedback loop to orchestrate hypoxia M1 
macrophage polarization using an enzyme-catalyzed nanoplatform. Bioact Mater. 2024;41:221–238. doi:10.1016/j.bioactmat.2024.07.026

154. Tian J, Peng Q, Shen Y, et al. Chondroitin sulphate modified MoS(2) nanoenzyme with multifunctional activities for treatment of Alzheimer’s 
disease. Int J Biol Macromol. 2024;266(Pt 2):131425. doi:10.1016/j.ijbiomac.2024.131425

155. Wu J, Chen M, Xiao Y, et al. The bioactive interface of titanium implant with both anti-oxidative stress and immunomodulatory properties for 
enhancing osseointegration under diabetic condition. Adv Healthc Mater. 2024;13:e2401974. doi:10.1002/adhm.202401974

156. Wang H, Zhang Y, Zhang Y, et al. Activating macrophage continual efferocytosis via microenvironment biomimetic short fibers for reversing 
inflammation in bone repair. Adv Mater. 2024;36(30):e2402968. doi:10.1002/adma.202402968

157. Zhou H, Gong X, Lin H, et al. Gold nanoparticles impair autophagy flux through shape-dependent endocytosis and lysosomal dysfunction. 
J Mater Chem B. 2018;6(48):8127–8136. doi:10.1039/c8tb02390e

158. Hu R, Dai C, Dong C, et al. Living macrophage-delivered tetrapod PdH nanoenzyme for targeted atherosclerosis management by ROS 
scavenging, hydrogen anti-inflammation, and autophagy activation. ACS Nano. 2022;16(10):15959–15976. doi:10.1021/acsnano.2c03422

159. Tarin D, Croft CB. Ultrastructural studies of wound healing in mouse skin. II. Dermo-epidermal interrelationships. J Anat. 1970;106(Pt 
1):79–91.

160. Liu Y, Xu B, Lu M, et al. Ultrasmall Fe-doped carbon dots nanozymes for photoenhanced antibacterial therapy and wound healing. Bioact 
Mater. 2022;12:246–256. doi:10.1016/j.bioactmat.2021.10.023

161. Gu YN, Xu XH, Wang YP, et al. [Effects of cerium oxide nanoenzyme-gelatin methacrylate anhydride hydrogel in the repair of infected 
full-thickness skin defect wounds in mice]. Zhonghua Shao Shang Yu Chuang Mian Xiu Fu Za Zhi. 2024;40(2):131–140. doi:10.3760/cma.j. 
cn501225-20231120-00201

162. Yan ZZ, Wang YX, Zhang TL, et al. [Properties of gelatin-polyethylene glycol hydrogel loaded with silver nanoparticle Chlorella and its effects 
on healing of infected full-thickness skin defect wounds in mice]. Zhonghua Shao Shang Yu Chuang Mian Xiu Fu Za Zhi. 2024;40(1):33–42. 
doi:10.3760/cma.j.cn501225-20231020-00126

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S531396                                                                                                                                                                                                                                                                                                                                                                                                   8809

Jia et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.7603/s40681-016-0020-6
https://doi.org/10.1039/d4bm00348a
https://doi.org/10.1089/wound.2018.0855
https://doi.org/10.1089/wound.2016.0718
https://doi.org/10.2337/dc19-0476
https://doi.org/10.1016/j.biomaterials.2024.122876
https://doi.org/10.1039/d3tb01769a
https://doi.org/10.1039/d3tb01769a
https://doi.org/10.1016/j.ijbiomac.2024.135852
https://doi.org/10.1002/advs.202304441
https://doi.org/10.1002/adhm.202402579
https://doi.org/10.1016/j.cmet.2021.07.017
https://doi.org/10.1016/j.cmet.2021.07.017
https://doi.org/10.1021/acsami.3c13072
https://doi.org/10.1016/j.bioactmat.2024.01.005
https://doi.org/10.1016/j.ijpharm.2011.02.041
https://doi.org/10.1016/j.colsurfb.2020.111376
https://doi.org/10.1007/s13726-023-01147-y
https://doi.org/10.1016/j.ymthe.2022.07.016
https://doi.org/10.1002/adma.202212300
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1161/circulationaha.120.046907
https://doi.org/10.1016/j.bioactmat.2024.07.026
https://doi.org/10.1016/j.ijbiomac.2024.131425
https://doi.org/10.1002/adhm.202401974
https://doi.org/10.1002/adma.202402968
https://doi.org/10.1039/c8tb02390e
https://doi.org/10.1021/acsnano.2c03422
https://doi.org/10.1016/j.bioactmat.2021.10.023
https://doi.org/10.3760/cma.j.cn501225-20231120-00201
https://doi.org/10.3760/cma.j.cn501225-20231120-00201
https://doi.org/10.3760/cma.j.cn501225-20231020-00126


163. Melincovici CS, Boşca AB, Şuşman S, et al. Vascular endothelial growth factor (VEGF) - key factor in normal and pathological angiogenesis. 
Rom J Morphol Embryol. 2018;59(2):455–467.

164. He X, Peng L, Zhou L, et al. A biphasic drug-releasing microneedle with ROS scavenging and angiogenesis for the treatment of diabetic ulcers. 
Acta Biomater. 2024;189:270–285. doi:10.1016/j.actbio.2024.09.045

165. Pu C, Wang Y, Xiang H, et al. Zinc-based polyoxometalate nanozyme functionalized hydrogels for optimizing the hyperglycemic-immune 
microenvironment to promote diabetic wound regeneration. J Nanobiotechnology. 2024;22(1):611. doi:10.1186/s12951-024-02840-7

166. Huang J, Li X, Shi X, et al. Platelet integrin αIIbβ3: signal transduction, regulation, and its therapeutic targeting. J Hematol Oncol. 2019;12 
(1):26. doi:10.1186/s13045-019-0709-6

167. Yeini E, Satchi-Fainaro R. The role of P-selectin in cancer-associated thrombosis and beyond. Thromb Res. 2022;213(Suppl 1):S22–s28. 
doi:10.1016/j.thromres.2021.12.027

168. Dong H, Li J, Huang X, Liu H, Gui R. Platelet-membrane camouflaged cerium nanoparticle-embedded gelatin methacryloyl hydrogel for 
accelerated diabetic wound healing. Int J Biol Macromol. 2023;251:126393. doi:10.1016/j.ijbiomac.2023.126393

International Journal of Nanomedicine                                                                                       

Publish your work in this journal 
The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics, 
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, 
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The 
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:// 
www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2025:20 8810

Jia et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.actbio.2024.09.045
https://doi.org/10.1186/s12951-024-02840-7
https://doi.org/10.1186/s13045-019-0709-6
https://doi.org/10.1016/j.thromres.2021.12.027
https://doi.org/10.1016/j.ijbiomac.2023.126393
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Wound Characteristics of Diabetes
	Wound Infection
	Hyperglycemia
	Excessive Oxidative Stress
	Localized Tissue Hypoxia
	Changes in Cellular Biological Functions

	The Role of Nanoenzymes in Diabetic Wound Healing
	Antibacterial Effects
	ROS-Dependent Mechanisms
	Regulation of Nanoenzyme Reaction Timing
	Regulation of Nanoenzyme Reaction Timing

	Non-ROS Dependent Mechanisms

	Reducing the Impact of Glucose and Its Related Products
	Simulation of Glucose Oxidase
	Mitigation of the Effects of Glycation Products

	Antioxidant
	Improving Cellular Hypoxia
	Decomposition of Endogenous Substances
	Transport of Exogenous Oxygen

	Regulation of Cellular Functions
	Macrophages
	Achieving Phenotype Transformation
	Activation of Exocytosis

	Fibroblasts
	Endothelial Cells


	Conclusion and Discussion
	Author Contributions
	Funding
	Disclosure

