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Abstract: Nanozymes are a class of nanomaterial-based catalysts with enzyme-like functionalities. They exhibit excellent physico
chemical properties and stable catalytic activity in both in vivo and in vitro environments, demonstrating immense potential for 
biomedical applications. Autoimmune diseases arise from the immune system’s erroneous attack on self-tissues or cells, affecting 
individuals across all age groups. Current therapies primarily rely on immunosuppressive drugs, which may control disease progres
sion or alleviate symptoms but often fail to achieve a cure. Long-term use of these drugs is associated with significant side effects, 
imposing substantial health burdens on patients. Oxidative stress, driven by excessive reactive oxygen species (ROS) production or 
dysfunctional antioxidant defense systems, is a key mechanism underlying many autoimmune diseases. Excessive ROS accumulation 
exacerbates cellular damage and inflammatory responses, accelerating disease progression. Nanozymes, with their enzyme-mimicking 
catalytic capabilities, are ideal tools for modulating ROS levels, offering promising applications in the prevention and treatment of 
autoimmune diseases. Furthermore, by regulating the ROS microenvironment, nanozymes may enhance the proliferation, differentia
tion, and regenerative capacity of stem cells, further amplifying their therapeutic potential. This review comprehensively explores 
recent advancements in nanozymes for biomedical applications, focusing on their roles in oxidative stress modulation and mesench
ymal stem cell (MSC)-based therapies. It aims to provide innovative insights and solutions for future clinical strategies. 
Keywords: nanozymes, autoimmune diseases, mesenchymal stem cell, reactive oxygen species, antibacterial

Introduction
Natural enzymes are a class of highly efficient biocatalysts renowned for their specificity, versatility, and catalytic 
superiority over conventional catalysts.1 They are extensively utilized in disease diagnosis and therapy, light industry, 
energy development, and food processing.2 However, inherent limitations—such as low stability, high production costs, 
and poor recyclability—significantly restrict their broader application.3 Consequently, the development of artificial 
enzymes with enhanced catalytic stability, cost-effectiveness, and reusability has become a critical research frontier. 
A groundbreaking milestone was achieved in 2007 when Professor Yan Xiyun’s team discovered intrinsic peroxidase-like 
activity in Fe3O4 nanoparticles (NPs), marking the advent of “nanozymes”.4 Since then, numerous nanomaterials have 
been identified to exhibit dual or multi-enzyme-mimicking activities. Notably, Robert et al recently highlighted that most 
“peroxidase-like nanozymes” generate hydroxyl radicals through non-catalytic pathways, diverging fundamentally from 
the two-electron oxidation mechanism of natural peroxidases.5 This discrepancy underscores the need for further 
refinement in defining nanozymes. For this review, nanozymes are defined as catalytic nanomaterials with enzyme-like 
characteristics. Over the past decade, rapid advancements in nanozyme research have garnered widespread attention, with 
growing interdisciplinary efforts focused on their development.6 As an emerging field, nanozymology holds immense 
promise for revolutionizing disease diagnosis and therapeutic strategies.
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Autoimmune diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), Sjögren’s syn
drome, multiple sclerosis (MS), and inflammatory bowel disease (IBD), arise from disrupted immune tolerance or 
dysregulated immune cell activity. Their etiology involves complex interactions among genetic predisposition, environ
mental triggers, hormonal influences, and immune system dysfunction.7,8 Current therapeutic goals prioritize immune 
response suppression, symptom alleviation, disease progression delay, and quality-of-life improvement.9 However, 
treatment outcomes vary significantly among patients, and long-term reliance on immunosuppressants carries risks of 
severe side effects, such as systemic immunosuppression, increased infection susceptibility, and osteoporosis.10 

Additionally, biologics often entail high costs and unpredictable adverse effects. While existing therapies have partially 
succeeded in symptom management, challenges persist, including incomplete efficacy and difficulties in personalized 
treatment.11 These limitations underscore the urgent need for innovative therapeutic approaches.

Oxidative stress, driven by excessive reactive oxygen species (ROS) production or impaired antioxidant defenses, is 
a pivotal mechanism underlying many autoimmune diseases. ROS, including superoxide anion (O2-), hydrogen peroxide 
(H2O2), hydroxyl radicals (·OH), and singlet oxygen (1O2), are byproducts of mitochondrial electron transport chain 
activity.12,13 While physiologically essential for signaling and homeostasis, ROS overaccumulation disrupts redox 
balance, exacerbating cellular damage, perpetuating inflammation, and accelerating autoimmune progression.14 

Nanozymes, with their enzyme-mimicking catalytic properties, offer a promising solution by modulating ROS generation 
and clearance.15,16 Their ability to rebalance oxidative stress positions them as ideal tools for diagnosis and therapy. 
Nevertheless, potential long-term toxicity remains a critical barrier to clinical translation. Enhancing catalytic efficiency 
to minimize dosage and optimizing biocompatibility are widely recognized strategies to mitigate toxicity risks. Advances 
in synthetic methodologies and theoretical modeling continue to refine nanozyme performance, enabling safer and more 
effective biomedical applications. This review systematically outlines the evolution of nanozymes, their ROS-targeting 
mechanisms, and their multifaceted roles in autoimmune diseases—from early diagnosis to therapeutic intervention— 
providing novel insights for future clinical strategies (Scheme 1).

Classification and Applications of Nanozymes
Nanozymes can be categorized based on their compositional materials as follows:①Carbon-Based Nanozymes: 
Composed primarily of carbon, these include carbon nanotubes (CNTs), graphene, and fullerenes. Their unique structural 
arrangements—ranging from one-dimensional (eg, CNTs) and two-dimensional (eg, graphene) to zero-dimensional 
architectures (eg, fullerenes)—endow them with exceptional physicochemical properties, making them highly attractive 
for diverse applications.②Metal-Based Nanozymes: This category encompasses metallic nanoparticles and bimetallic/ 
multimetallic nanocrystals with core-shell structures. Their catalytic activity is driven by redox-active metal 
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centers.③Metal Oxide and Sulfide Nanozymes: These materials, such as Mn3O4, CeO2, and Fe3O4, exhibit redox 
enzyme-like activities, leveraging their intrinsic electronic and geometric configurations.17–19④Organic Frameworks: 
Including covalent organic frameworks (COFs) and metal-organic frameworks (MOFs), these hybrid materials combine 
organic linkers with metal nodes, offering tunable catalytic sites.

Based on their regulatory effects on ROS, nanozymes can be classified into two categories. The first category consists 
of nanozymes that scavenge ROS, capable of mimicking enzymes such as catalase (CAT), superoxide dismutase (SOD), 
and glutathione peroxidase (GPx). The second category includes nanozymes that generate ROS, which can simulate 
enzymes like peroxidase (POD) and oxidase (OXD). The catalytic performance of nanozymes is influenced by intrinsic 
factors (eg, morphology, size, composition) and extrinsic factors (eg, surface charge, coatings, dopants, external fields). 
This review focuses on widely studied nanozymes—carbon-based, metal-based, cerium-based, and manganese-based 
systems—analyzing their catalytic mechanisms, electronic/geometric structures, and biocompatibility.

Carbon-Based Nanozymes
Carbon nanomaterials are considered ideal candidates for developing nanozymes in biomedical applications due to their 
physical similarities to extracellular matrix components. Carbon atoms can bond in various ways, forming distinct 
allotropes such as graphene, diamond, CNTs, fullerenes, and amorphous carbon.20–22 Except for diamonds, these carbon 
allotropes exhibit enzyme-like activities, including POD, CAT, SOD, and OXD activities. These nanozymes have 
garnered significant attention owing to their exceptional physicochemical properties. Furthermore, inspired by the metal- 
nitrogen (M-N) coordination structures found in the active centers of natural enzymes, M-N-C structures can be 

Scheme 1 This image shows the classification, design, applications and advantages of nanozymes.
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synthesized by coordinating metal atoms (eg, Zn, Fe, Co, Cu) with various precursors.23 These structures not only 
enhance catalytic performance but also serve as models for the biomimetic design of carbon-based nanozymes. The 
inherent electronic properties and broad-spectrum absorption capabilities of carbon materials demonstrate immense 
potential, particularly in a wide range of biomedical applications such as bioanalysis, disease diagnosis, and therapy.

Metal-Based Nanozymes
The catalytic mechanism of metal-based nanozymes primarily relies on the redox reactions of metal ion centers. Metal 
nanoparticles, such as those composed of gold, platinum, or copper, possess tunable electronic structures in their metal 
ions, enabling them to provide abundant active sites during catalytic reactions.24 These metal ions facilitate the activation 
of reactants through electron transfer processes, thereby accelerating the chemical reaction.25 The catalytic activity of 
metal-based nanozymes is typically influenced by the surface structure of the metal, including factors such as the 
exposure of specific crystal facets and their interactions with reactants.26 In terms of electronic structure, the metal ions in 
these nanozymes often exhibit high electron affinity or low ionization energy, allowing them to readily accept or donate 
electrons during catalysis.27 Geometrically, metal nanozymes can adopt various morphologies—such as spherical, rod- 
like, or sheet-like forms—which significantly impact the efficiency and selectivity of catalytic reactions.28 For instance, 
the surface of metal nanoparticles can be modified to fine-tune their catalytic activity, while their nanoscale size enhances 
their specific surface area, further boosting catalytic performance. However, a notable drawback of metal-based 
nanozymes is their potential to induce biological toxicity. Certain metals, such as silver and copper, may cause 
cytotoxicity or trigger immune responses at high concentrations, necessitating careful consideration of their biocompat
ibility and toxicity in medical applications.

Cerium-Based Nanozymes
Cerium (Ce), a rare, earth element with a distinctive electronic structure, exhibits unique physical and chemical 
properties.29 Cerium dioxide (CeO2), a key metal oxide, is widely utilized in industrial applications—particularly in 
catalysis—due to its exceptional catalytic capabilities. Furthermore, the use of CeO2 in biomedical fields is rapidly 
expanding, driven by its remarkable antioxidant, antibacterial, low-toxicity, and biocompatible properties, demonstrating 
significant potential in treating ROS-related conditions such as radiation protection, bone tissue repair, angiogenesis, and 
the management of tumors and inflammation.30 CeO2 displays a variety of enzyme-mimetic activities, including POD, 
OXD, CAT, and SOD-like activity. Its catalytic performance is influenced by its nanoscale morphology and particle size. 
Studies reveal that as particle size decreases, the concentration of Ce3+ ions and oxygen vacancies increases, enhancing 
the ROS-scavenging ability of smaller particles. For instance, CeO2 nanoparticles with a diameter of 5 nm exhibit the 
highest SOD-like activity, while those with a diameter of 7.8 nm demonstrate optimal CAT-like activity. Moreover, the 
nanostructural morphology of cerium significantly affects its catalytic activity. Research indicates that porous nanorods 
with elevated Ce3+ proportions and oxygen vacancy concentrations show superior POD-like activity.31 Additionally, 
CeO2 nanoparticles with different exposed crystal facets exhibit varying enzyme-mimetic behaviors: large cubic particles 
exposing the {100} facet display high POD-like activity, whereas nanorods exposing the {110} facet exhibit reduced 
SOD-like activity.32,33

Manganese-Based Nanozymes
Manganese (Mn), an essential trace element in the human body, is a biocompatible element with physiological significance, 
making Mn-based materials highly promising for critical biomedical applications.34 These include their use as contrast 
agents in magnetic resonance imaging (MRI) and for detecting intracellular glutathione (GSH).35 More notably, the ability 
of manganese to undergo multivalent state transitions endows it with exceptional catalytic activity, enabling the develop
ment of various Mn-based nanozymes.36 Common methods for preparing Mn-based nanozymes include hydrothermal/ 
solvothermal synthesis, chemical co-precipitation, sol-gel techniques, and other approaches such as microwave-assisted 
methods and ultrasonic precipitation. Variations in materials, preparation techniques, and reaction conditions lead to 
significant differences in the morphology, particle size, properties, and application scopes of Mn-based nanozymes. 
These nanozymes exhibit enzyme-mimetic activities, including OXD, CAT,SOD, and POD activities, with the OXD-like 
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activity further giving rise to GOx and GPx behaviors—attributes arising from manganese’s multivalent nature. 
Additionally, different preparation methods result in Mn-based nanozymes with diverse morphologies and sizes, which 
in turn influence their physical and chemical properties.37 Together, these characteristics highlight the potential multi
functionality of Mn-based nanozymes, positioning them for significant advancements in biomedical applications, particu
larly in tumor therapy, biosensing, inflammation mitigation, and bacterial suppression, where they play a pivotal role.

Nanozyme Applications in the Management of Autoimmune Diseases
Biological Detection
Nanozymes offer a powerful approach to detecting biomolecules, including antigens, antibodies, and proteins. By 
specifically binding to target biomolecules, nanozymes can produce signals—such as color changes or luminescence— 
facilitating quantitative analysis.38,39 After discovering the peroxidase-like activity of Fe3O4 NPs, Professor Yan Xiyun 
and her team developed a nanozyme-based immunoassay. This method employs Fe3O4 magnetic NPs coated with capture 
antibodies to enable target capture, magnetic separation, and nanozyme-driven colorimetric detection. Their ground
breaking work culminated in the development of a clinical nanozyme detection kit, which gained approval from the 
China Food and Drug Administration in 2018.

Chemiluminescence immunoassays (CLIA) are a sophisticated and well-established technology for detecting ultra- 
trace bioactive substances. Known for their wide linear range, rapid response, high specificity, and robust stability, CLIAs 
outperform traditional enzyme-linked immunosorbent assays (ELISA) and other labeled immunoassay techniques.40 The 
label-free CLIA method stands out for its simplicity, speed, and cost-efficiency. Li and his team advanced this field by 
creating a highly effective label-free chemiluminescence immunosensor using bifunctional copper oxide nanorods 
(CuONRs), synthesized through a simple hydrothermal process.41 By mimicking peroxidase activity to catalyze chemi
luminescent (CL) reactions, this sensor achieved ultrasensitive detection of carcinoembryonic antigen (CEA).

While research on nanozymes for biomolecular detection in autoimmune diseases remains scarce, their exceptional 
sensitivity, ease of use, and multiplexing potential make them promising candidates for future diagnostic tools. 
Nanozymes could significantly impact early diagnosis, treatment monitoring, and personalized medicine. If further 
studies confirm their efficacy and safety, nanozymes have the potential to drive revolutionary changes in this domain.

In vivo Imaging
Nanozymes have demonstrated broad application prospects in in vivo imaging, particularly in techniques such as MRI. 
The research group led by Yan Xiyun utilized the peroxidase-mimicking activity of ferritin nanozymes to successfully 
achieve ex vivo staining of tumor tissues.42 By leveraging the unique physicochemical properties of nanozymes, effective 
visualization of diseased tissues has become possible. In recent years, multimodal imaging probe technologies based on 
nanozymes have undergone rapid development, largely due to deeper exploration of the multifunctional properties of 
nanomaterials. For instance, Tian and colleagues developed iridium oxide nanoparticles that exhibit catalase-like activity, 
exceptional photothermal conversion efficiency, and a high X-ray absorption coefficient.43 These nanoparticles enable 
simultaneous tumor phototherapy, photothermal imaging, and computed tomography (CT) scanning.

Photoacoustic imaging (PAI), as a cutting-edge molecular imaging technique, offers excellent tissue penetration and high 
spatial resolution.44 To this end, Wu and collaborators developed a ROS-responsive, nanozyme-enhanced photoacoustic 
nanoprobe (RSPN) for the early diagnosis and treatment of acute liver failure (ALF).45 This novel nanoprobe, RSPN, is 
composed of zinc phthalocyanine (ZnPc) and a nanozyme (CeNZ). By fine-tuning the ratio of CeNZ to ZnPc, the performance 
of the nanoprobe was optimized. Experimental results revealed that in the presence of H2O2, the photoacoustic signal of RSPN 
was significantly enhanced, demonstrating high sensitivity to ROS. Beyond this, RSPN converts toxic ROS into oxygen, 
creating a regenerative microenvironment that markedly reduces hepatocyte necrosis, suppresses inflammatory responses, and 
promotes liver regeneration. Furthermore, RSPN exhibits excellent biocompatibility, positioning it as a promising theranostic 
nanoplatform for the early diagnosis and timely nanocatalytic treatment of ALF.
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Therapeutic Effect
Antibacterial Effect
Due to the widespread misuse of antibiotics in clinical practice, bacterial resistance has become a pervasive issue. 
Without the development of new, highly effective antibacterial drugs, bacterial resistance will pose a severe threat to 
human health and impose an even greater economic burden.46 Patients with autoimmune diseases, who often rely on 
long-term use of steroids and immunosuppressive drugs, face a significantly heightened risk of infection. Addressing the 
challenges of drug resistance and infection has thus become an urgent priority. In this context, nanotechnology-based 
antibacterial agents and nanozymes have emerged as promising new research directions. Compared to traditional 
antibiotics, nanozymes—through rational engineering such as size modulation, surface modification, crystal structure 
alteration, and responsive functionalization—can achieve unique interactions with bacteria. ROS play a central role in the 
body’s defense mechanisms against pathogenic invasion, and nanozymes exhibit remarkable capabilities in regulating 
ROS.47,48 Once high-intensity free radicals generated by nanozymes enter bacterial cells, they can efficiently disrupt 
nucleic acid structures, inactivate proteins, and compromise cell membrane integrity. Additionally, within biofilm 
matrices, nanozymes can degrade various molecules, including polysaccharides, proteins, extracellular DNA, and lipids, 
enabling them to effectively kill multidrug-resistant bacteria and eliminate biofilms.

The Wang research team developed an eco-friendly method to synthesize carbon oxide nanotubes that mimic natural 
peroxidase activity.49 Under physiological conditions, these nanotubes effectively catalyze H2O2 to produce hydroxyl 
radicals (·OH). By combining trace amounts of H2O2 with carbon oxide nanotubes, the team successfully treated wound 
infections caused by bacteria, avoiding the multiple side effects associated with excessive H2O2 use for bacterial 
clearance. Similarly, the Qu research group designed a safe antibacterial system based on carbon nanomaterials— 
graphene quantum dots (GQDs)—paired with low-concentration H2O2.50 Their studies demonstrated that GQDs exhibit 
peroxidase-like activity, catalyzing the decomposition of H2O2 into ·OH radicals, which possess potent antibacterial 
effects. Converting H2O2 into ·OH enhances antibacterial performance while mitigating the toxicity risks associated with 
high H2O2 concentrations during wound disinfection. This system exhibited broad-spectrum antibacterial activity against 
both Gram-negative and Gram-positive bacteria. The team also prepared GQD-modified bandages and tested them in 
a wound disinfection model using experimental mice.51 The results showed that, even with low H2O2 concentrations, 
GQD bandages achieved excellent bactericidal effects, highlighting their vast potential for practical applications.

Antioxidant Effect
We have summarized the research on the antioxidant effects of nanozymes in autoimmune diseases and listed repre
sentative studies among them (Table 1). Having established the ROS-scavenging capacity of nanozymes (Figure 1), we 
next integrated their immunoregulatory function into a coherent therapeutic model. Figure 1 mechanistically depicts how 
catalytic ROS decomposition disrupts the NF-κB inflammation cascade and reprograms macrophage polarization, thereby 
reversing autoimmune pathology.

Rheumatoid arthritis (RA) is an autoimmune disease characterized primarily by synovial inflammation and progres
sive joint destruction.77,78 Current treatment options for RA include glucocorticoids, disease-modifying antirheumatic 
drugs (DMARDs), and biologics, all of which focus on controlling inflammation. While these therapies have significantly 
improved RA prognosis, a subset of patients still experiences suboptimal responses, and these treatments fail to fully 
ameliorate the local joint microenvironment in RA.79,80 Oxidative stress, a critical component of chronic inflammation 
pathogenesis, is closely linked to RA progression.81,82 To address this, Zhang et al developed a novel neutrophil-derived 
exosome platform functionalized with ultra-small Prussian blue nanoparticles (<5 nm, termed uPB-Exo) using click 
chemistry.53 This design leverages the inherent targeting ability of neutrophils toward biomolecules, enabling uPB-Exo to 
selectively neutralize pro-inflammatory cytokines and alleviate oxidative stress in activated fibroblast-like synoviocytes 
(FLS), macrophages, and chondrocytes.83 In a late-stage RA mouse model (collagen-induced arthritis, CIA), uPB-Exo 
significantly mitigated joint damage and reduced overall arthritis severity by modulating the Th17/Treg cell balance, 
offering a promising new therapeutic approach for RA.

In a separate study, Liu et al engineered a Janus-CPS nanoplatform featuring a dual-component structure: one side 
incorporates a Pt nanozyme subunit paired with CeO2, which scavenges ROS and exerts anti-inflammatory effects, while 
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Table 1 The Therapeutic Application of Nanozymes in Autoimmune Diseases

Disease Nanozyme Catalytic 
Activity

In vivo Models Mechanism Ref

Rheumatoid 

Arthritis

MMV-MnO2 

@DSP

SOD, CAT Type II collagen-induced 

arthritis rat model

Scavenging ROS, improving inflammation and hypoxic 

microenvironment, inhibiting NF-κB pathway to 

downregulate TNF-α and IL-1β levels

[52]

uPB-Exo POD, CAT Type II collagen-induced 

arthritis mouse model

Scavenging ROS, improving inflammation and hypoxic 

microenvironment, inducing Th17/Treg cell balance 

regulation

[53]

CeO2-Pt SOD, CAT Type II collagen-induced 

arthritis mouse model

Scavenging ROS, improving inflammation and hypoxic 

microenvironment, anti-osteoclastogenesis properties

[54]

Rh/SPX-HSA POD, CAT Type II collagen-induced 
arthritis mouse model

Improving inflammation and hypoxic microenvironment, 
downregulating HIF-1α to prevent angiogenesis, inducing 

mitochondrial dysfunction by excessive ROS production 

at the lesion site under ultrasound, inhibiting fibroblast- 
like synovial cell proliferation

[55]

ZIF-8@Pt CAT Type II collagen-induced 
arthritis rat model

Scavenging ROS, improving inflammation and hypoxic 
microenvironment, inhibiting angiogenesis, osteoclast 

activity, and macrophage M1 polarization

[56]

Protein nanotube 
crosslinked 

microspheres 

(NTM)

POD, CAT Freund’s adjuvant-induced 
AIA mouse model

Scavenging ROS, improving inflammation and hypoxic 
microenvironment, inducing macrophages to shift from 

pro-inflammatory M1 to anti-inflammatory M2 

phenotype

[57]

Osteoarthritis Bi-synthetic 

photothermal 

nanozyme (MPMP)

SOD, CAT OA mouse model Scavenging ROS and reactive nitrogen species (RNS), 

inhibiting NF-κB/IL-17 signaling pathway and enhancing 

MAPK signaling pathway, promoting cartilage formation 
under inflammatory conditions, mimicking hyaluronate 

synthase activity to promote hyaluronate production

[58]

Mn3O4 Nanozyme SOD, CAT Medial meniscus excision 
(DMM)-induced OA 

mouse model

Scavenging ROS, improving inflammation, reducing 
damage caused by chondrocytes’ hyperoxidative stress 

state, inhibiting cartilage degeneration in OA 

progression

[59]

Hollow Prussian 

blue nanozyme 

(HPBzymes)

SOD, CAT Medial meniscus excision 

(DMM)-induced SD rat 

model

Scavenging ROS, alleviating inflammation through Rac1- 

NF-κB signaling, inhibiting cartilage extracellular matrix 

degradation and cell apoptosis, increasing the 
expression of collagen II (COL2) and glycoproteins

[60]

Pluronic-coated 

Prussian blue 
nanozyme 

(PPBzymes)

SOD, CAT Medial meniscus excision 

(DMM)-induced mouse 
model

Scavenging ROS, binding various proteins related to OA 

inflammation, specifically blocking JNK phosphorylation, 
promoting cartilage regeneration

[61]

PdZn/CoSA-NC 
nanozyme

SOD, CAT, 
GPx

Anterior cruciate 
ligament transection 

(ACLT)-induced OA rat 

model

Scavenging ROS, reducing oxidative stress, restoring 
mitochondrial function, regulating energy metabolism, 

decreasing inflammatory factors, increasing antioxidant 

factors, promoting M1 macrophages to shift to M2 
phenotype

[62]

Hybrid Pt-Se 

nanozyme

SOD, CAT, 

POD

Anterior cruciate 

ligament transection 
(ACLT)-induced OA rat 

model

Scavenging ROS and RONS, reducing mitochondrial 

damage and protecting chondrocytes, promoting M1 
macrophages to shift to M2 phenotype

[63]

Ankylosing 
Spondylitis

CH6-MF NPs SOD, 
POD, CAT

ZAP-70 mutant mouse 
model

Scavenging ROS, improving inflammation and hypoxic 
microenvironment, delivering siRNA to hMSC and 

osteoblasts

[64]

(Continued)
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the other side consists of periodic mesoporous organosilica (PMO) with a high surface area, ideal for loading 
micheliolide (MCL), an anti-bone-resorption drug.54 Upon integration with the near-infrared dye indocyanine green 
(ICG), the resulting Janus-CPS-MI system gained near-infrared-II fluorescence imaging capabilities, enabling early RA 
diagnosis and treatment monitoring. This research highlights the rational design of the Janus nanoplatform, underscoring 
its potential in integrated diagnostics and therapy, and broadening the application of Janus-structured biomaterials in 
biomedical fields. The therapeutic efficacy of these nanozymes is underpinned by their multifaceted intervention in RA- 
specific pathogenic circuits. Primarily, their ROS-scavenging capability directly quenches intracellular oxidative stress, 
leading to the inhibition of the NF-κB signaling pathway. This inhibition subsequently suppresses the production of 

Table 1 (Continued). 

Disease Nanozyme Catalytic 
Activity

In vivo Models Mechanism Ref

Psoriasis Cerium oxide 
nanoparticles (β- 

CDs/CeO2 NPs)

SOD, CAT IMQ-induced psoriasis- 
like mouse model

Scavenging ROS, reducing IMQ-induced TNF-α 
upregulation

[65]

Dry Eye 
Disease

Bi-atomic 
nanozyme FeMn- 

DAN

SOD, CAT, 
GPX

Mouse dry eye disease 
model

Scavenging ROS, inhibiting NLRP3 inflammasome 
activation, reducing pro-inflammatory cytokine 

expression, and inhibiting corneal epithelial cell 

apoptosis

[66]

Cs@P/CeO2 / Benzalkonium chloride 

(BAK)-induced dry eye 

mouse model

Scavenging ROS, reducing pro-inflammatory cytokine 

expression, promoting M1 macrophages to shift to M2 

phenotype, regulating immune-epithelial cell 
communication, promoting corneal regeneration

[67]

Inflammatory 

Bowel 
Disease

CeNP-PEG CAT, SOD Dextran sulfate sodium 

(DSS)-induced colitis 
mouse model

Scavenging ROS, inhibiting pro-inflammatory cytokine 

expression, suppressing macrophage pro-inflammatory 
features and Th1/Th17 response

[68]

CeO2@MMT CAT, SOD DSS-induced colitis 

mouse model

Scavenging ROS, targeting inflamed colon through 

electrostatic interaction

[69]

Prussian blue 

nanoparticles 

(PPBs)

CAT, POD, 

SOD

DSS-induced colitis 

mouse model

Scavenging ROS, inhibiting pro-inflammatory cytokines [70]

Metal-phenolic 

nanozyme (Cur-Fe)

SOD DSS-induced colitis 

mouse model

Scavenging ROS, inhibiting the relative expression of 

pro-inflammatory cytokines TNF-α, IL-6, IL-12, and IL- 

1β, preventing macrophage transformation to M1 
phenotype

[71]

ZnPBA@YCW POD, SOD DSS-induced colitis 

mouse model

Scavenging ROS, inhibiting pro-inflammatory cytokines, 

enhancing gut microbiota diversity and richness, 
promoting probiotic growth

[72]

Manganese 

Prussian blue 
nanozyme 

(MPBZs)

CAT, POD, 

SOD

DSS-induced colitis 

mouse model

Scavenging ROS, inhibiting pro-inflammatory cytokines, 

primarily improving colitis by affecting TLR signaling 
pathway

[73]

NiCo2O4@PVP CAT, POD, 
SOD, 

OXD

DSS-induced colitis 
mouse model

Scavenging ROS, targeting the inflamed area, inhibiting 
pro-inflammatory cytokines

[74]

Au/CeO2@HA CAT, SOD DSS-induced colitis 
mouse model

Scavenging ROS, inhibiting pro-inflammatory cytokines [75]

Multiple 

Sclerosis

CeNPs SOD Experimental 

autoimmune 
encephalomyelitis (EAE) 

MS mouse model

Scavenging ROS, alleviating tissue damage caused by free 

radical accumulation in biological systems

[76]
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pivotal pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6. Concurrently, by reshaping the oxidative micro
environment, nanozymes facilitate the repolarization of pro-inflammatory M1 macrophages towards the anti- 
inflammatory M2 phenotype. Furthermore, as demonstrated by uPB-Exo, the restoration of the Th17/Treg cell balance 
emerges as a critical immunomodulatory mechanism, effectively breaking the cycle of chronic inflammation and 
autoimmunity in RA.

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by multi-organ damage, with lupus 
nephritis (LN) affecting approximately 30% to 60% of adult SLE patients and up to 70% of pediatric cases.84 LN represents 
one of the most severe manifestations of SLE and is a critical determinant of overall morbidity and mortality.85 Current 
strategies to prevent the progression of LN-related chronic kidney disease (CKD) primarily involve two approaches: 
suppressing autoimmune SLE activity and managing non-immune risk factors that influence CKD progression. However, 
the diagnosis and treatment of LN remain fraught with challenges, as current methods often suffer from low efficacy or 
severe side effects at this stage. In contrast, nanomedicine has shown immense potential in imaging diagnostics and 
controlled drug release.86 To address these issues, Li et al developed a polydopamine (PDA)-based nanocarrier functiona
lized with Fe3O4 and Pt nanoparticles and loaded with necrostatin-1 (Nec-1), resulting in the Nec-1/PDA@Pt-Fe3O4 

nanocarrier.87 This nanocarrier exhibits excellent biocompatibility and effectively reduces neutrophil extracellular trap 
formation, thereby suppressing inflammation progression. PDA, enriched with phenolic groups, serves as an efficient free 
radical scavenger, effectively neutralizing ROS generated during the inflammatory response.88,89 Meanwhile, Pt, with its 
high catalase-like activity, significantly ameliorates the hypoxic microenvironment of LN, alleviating symptoms to a certain 

Figure 1 Therapeutic mechanism of nanozymes in autoimmune disease via ROS scavenging and immunomodulation. Schematic model contrasting the pathological state (left panel) 
and the restored state following nanozyme intervention (right panel). Under pathological conditions, pro-inflammatory M1 macrophages drive pathological accumulation of ROS in 
autoimmune tissue, causing cellular damage and activating NF-κB signaling (nuclear translocation → pro-inflammatory gene expression). Nanozymes intervene by catalytically 
decomposing ROS through multi-enzyme mimetic activities: SOD-like, CAT-like and GPx-like. This efficient ROS clearance inhibits NF-κB activation and promotes polarization of 
M1 macrophages towards the reparative M2 phenotype, collectively resolving inflammation and promoting tissue repair. By Figdraw.
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extent. Experimental results further revealed that this nanocarrier produces strong photoacoustic signals and a negative 
enhancement effect on T2-weighted imaging, highlighting its potential for dual-modality imaging to accurately and 
noninvasively monitor LN progression. Nevertheless, additional effects of this approach in mouse models, including 
optimal dosage and safety concerns such as side effects, warrant further investigation. Regardless, this study undoubtedly 
paves a valuable new path for the diagnosis and treatment of lupus nephritis.

Osteoarthritis (OA) is the most common joint disease, often affecting cartilage and surrounding tissues. In its 
advanced stages, it leads to cartilage damage and loss, making it one of the leading causes of disability in the 
elderly.90,91 Clinically, the treatment of OA typically involves non-steroidal anti-inflammatory drugs (NSAIDs) or intra- 
articular injections of hyaluronic acid and platelet-rich plasma (PRP). Although NSAIDs can alleviate symptoms to some 
extent, they do not halt disease progression, and long-term use can lead to various adverse effects, such as nausea, gastric 
or duodenal ulcers, and even acute cardiovascular events.92 Joint replacement surgery is generally reserved for advanced 
OA patients, making it crucial to find effective interventions for early- to mid-stage OA, which is currently a research 
focus.93,94 Articular cartilage consists of extracellular matrix (ECM) and chondrocytes, and the primary pathological 
changes in OA are characterized by chondrocyte apoptosis and ECM degradation.95 ROS play a critical role in the 
pathogenesis of OA. ROS not only regulate chondrocyte apoptosis but also participate in the synthesis and degradation of 
ECM, influencing the production of various cytokines.96 The excessive generation of ROS is one of the key factors 
contributing to cartilage degeneration and joint damage.97,98 Therefore, regulating the balance between ROS and 
antioxidants is a key approach in OA treatment.

Researchers have designed and evaluated a hollow Prussian blue nanozyme (HPBzymes) to explore its impact on OA 
progression and assess its biological activity in vitro and in vivo.60 HPBzymes can mimic the activity of SOD and CAT, 
suppressing ROS production in a rat model and modulating the Rac1-NF-κB signaling pathway to slow the development 
of OA. This nanozyme effectively reduces ECM degradation and cell apoptosis while increasing the expression of type II 
collagen (COL2) and aggrecan. Additionally, the hollow structure and size of HPBzymes can be precisely controlled, 
showing promise as a drug carrier with greater therapeutic potential in the future.99

Li et al successfully constructed a bionic photothermal nanzyme (MPMP) for OA treatment by modifying magnesium 
ions (Mg2+) doped with dopamine (polydopamine) on molybdenum disulfide (MoS2) and coating them with 
polysulfobetaines.58 This nanzyme mimics the functions of antioxidant enzymes and hyaluronic acid synthase (HAS). 
Upon near-infrared radiation, the MPMP nanzyme triggers heat generation and magnesium ion release, promoting 
cartilage regeneration. It reduces inflammation by inhibiting the NF-κB/IL-17 signaling pathway and enhancing the 
MAPK signaling pathway. The MPMP nanzyme, which mimics the functions of antioxidant enzymes SOD and CAT, 
effectively scavenges harmful free radicals (ROS/RNS) in the body. Additionally, the nanzyme can deliver oxygen to 
relieve hypoxic conditions. It upregulates HSP70 expression, promoting the synthesis of hyaluronic acid (HA), and 
further improving cartilage repair and joint function. This study highlights the tremendous potential of dual-bionic 
nanzymes in OA and other inflammatory treatments, offering a new direction for future research. Nanozymes like hollow 
Prussian blue and Mn3O4 primarily exert their chondroprotective effects by scavenging excessive ROS within the joint 
cavity. This ROS elimination inhibits key pathways like Rac1-NF-κB, leading to reduced chondrocyte apoptosis and 
inflammatory factor release. Additionally, these nanozymes suppress the activity of matrix metalloproteinases (MMPs), 
thereby preserving crucial ECM components—including type II collagen and aggrecan—and slowing cartilage break
down. MPMP offer further regenerative potential by catalyzing oxygen production under NIR irradiation and upregulat
ing HSP70 expression, which enhances hyaluronic acid synthesis to collaboratively create a pro-regenerative 
microenvironment.

Psoriasis is a chronic inflammatory skin disorder, clinically characterized by red patches covered with white or silver 
scales.100 It is also associated with various comorbidities, including psoriatic arthritis, metabolic syndrome, and 
cardiovascular diseases. The etiology of psoriasis is complex, involving genetic susceptibility, environmental triggers, 
and immune dysregulation.101 Current conventional treatments include corticosteroids, vitamin D analogs, calcineurin 
inhibitors, phototherapy, methotrexate, cyclosporine, and apremilast. WU and colleagues developed β-cyclodextrin- 
modified cerium oxide nanoparticles (β-CDs/CeO2NPs) for the treatment of psoriasis.65 These nanoparticles demon
strated significant SOD and CAT activity in vitro and were able to significantly reduce intracellular ROS levels. 
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Furthermore, the researchers loaded dithranol (DIT), a therapeutic agent for psoriasis, onto these nanoparticles. In the 
imiquimod (IMQ)-induced psoriasis model, the treatment resulted in a reduction of both the affected area and the 
Psoriasis Area and Severity Index (PASI) score, showing promising therapeutic effects. Although the application of 
nanozymes in the treatment of psoriasis and psoriatic arthritis is still in the early stages of exploration, the potential 
benefits and efficacy of combining nanozymes with therapeutic drugs hold great promise for future treatments.

Ankylosing spondylitis (AS) is a common chronic inflammatory joint disease, and its treatment remains challenging, 
with conventional therapeutic approaches having various limitations.102 Researchers have developed a novel delivery 
system based on manganese ferrite nanoparticles (MnFe2O4 nanoparticles, MF NPs) that targets ROS and specifically 
delivers therapeutic agents to osteoblasts.64 This system effectively eliminates ROS, and analysis of trabecular bone 
parameters (such as BV/TV, BA/BV, etc.) demonstrated that it can significantly alleviate bone damage in AS mice and 
partially restore bone mass. When loaded with BMP2 siRNA, CH6-MF-Si NPs exhibited good therapeutic effects on 
ectopic ossification in AS and could inhibit the abnormal osteogenic differentiation of hMSCs in vitro. This highlights the 
potential of CH6-MF NPs/BMP2 siRNA dual therapy in addressing chronic inflammation and ectopic ossification in AS.

Sjögren’s Syndrome (SS) is a chronic autoimmune disease that primarily affects the exocrine glands, particularly the 
salivary and lacrimal glands.103–105 Dry Eye Syndrome (DES) is one of the main clinical manifestations of Sjögren’s 
Syndrome, characterized by insufficient tear secretion or excessive tear evaporation, leading to symptoms such as 
dryness, a foreign body sensation, burning, and blurred vision.106 Dry eye disease not only represents a common 
symptom in Sjögren’s patients but also significantly contributes to a decrease in their quality of life. Dry Eye Disease 
(DED) is the most prevalent ocular surface disorder, affecting approximately one-third of the global population.107 As 
technological advancements increase the use of electronic devices, the incidence of DED continues to rise. The 
pathogenesis of DED is complex and involves oxidative stress, tear film instability, and ocular inflammation. Existing 
anti-inflammatory treatments show varying degrees of efficacy and risk. Conventional therapies, including artificial tears 
and immunosuppressants, provide only temporary symptom relief and may have potential side effects.108 Nanzyme-based 
drugs, integrating both antioxidant and anti-inflammatory functions, show great promise in treating DED.109,110 Cai and 
colleagues developed an innovative eye drop formulation based on dual-atom nanzymes (DAN).66 This formulation 
incorporates Fe and Mn dual-metal single atoms into nitrogen-doped carbon materials, which are further modified with 
hydrophilic polymers. In vitro and in vivo studies demonstrated that DAN exhibited exceptional biological activity in 
scavenging reactive oxygen species (ROS), inhibiting NLRP3 inflammasome activation, reducing pro-inflammatory 
cytokine expression, and preventing cell apoptosis. DAN effectively alleviates ocular inflammation, promotes corneal 
epithelial repair, restores goblet cell density, and enhances tear secretion, thus breaking the vicious cycle of DED.

Cui’s research team developed a nanzyme-based eye drop formulation—cyclosporine A-loaded nanoceria 
(Cs@P/CeO2).67 The drug was synthesized by first preparing hydrophobic oleylamine-capped nanoceria (OA/CeO2), 
followed by PEGylation and cyclosporine A loading, resulting in Cs@P/CeO2. In vitro studies revealed that Cs@P/CeO2 

exhibited significant antioxidant and anti-inflammatory properties, inhibiting hydrogen peroxide-induced corneal epithe
lial cell death, reducing reactive oxygen species (ROS) levels, restoring mitochondrial function, and significantly 
reducing inflammatory cytokine secretion while suppressing NLRP3 protein levels. In vivo, results showed that in 
a mouse model of DED, Cs@P/CeO2 effectively improved corneal epithelial damage, accelerated corneal repair, reduced 
inflammation, and restored tear secretion as well as goblet cell quantity and structure in the conjunctiva. Single-cell 
sequencing analysis revealed that the eye drops could remodel the corneal microenvironment, suppress the inflammatory 
response of immune cells, and promote corneal epithelial cell regeneration. Dual-atom nanozymes (FeMn-DAN) and 
drug-loaded nanoceria (Cs@P/CeO2) mitigate the pathology of dry eye disease by leveraging their potent reactive oxygen 
species (ROS)-scavenging capacity to suppress the activation of the NLRP3 inflammasome and subsequent release of 
pro-inflammatory cytokines, such as IL-1β. This action not only alleviates ocular surface inflammation but also 
modulates immune-epithelial crosstalk, thereby inhibiting corneal epithelial cell apoptosis and promoting its repair and 
regeneration. Concurrently, these nanozymes contribute to restoring goblet cell density and tear secretion, effectively 
disrupting the vicious cycle of dry eye disease. These newly developed nanzyme-based eye drops hold great potential, 
and we eagerly anticipate the completion of in vivo safety evaluations, paving the way for their application in DED and 
Sjögren’s Syndrome patients.
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Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central nervous system (CNS), 
primarily affecting young individuals, with the incidence in women being twice that of men.111–113 MS is currently 
considered a CD4+ Th1-mediated autoimmune disorder.114 Reactive oxygen species (ROS) are believed to play 
a pathogenic role in the inflammation associated with MS, leading to the loss of oligodendrocytes, axonal damage, 
and subsequent neuronal degeneration. Heckman and colleagues reported findings regarding cerium oxide nanoparticles 
(CeNPs) in an experimental autoimmune encephalomyelitis (EAE) mouse model of MS.76 The CeNPs reduced ROS 
levels and alleviated clinical symptoms and motor deficits in the mice. In cerebellar brain slices treated with CeNPs, ROS 
levels were significantly reduced, indicating a potential therapeutic effect on MS. The development and application of 
nanzymes in MS remain limited and are still in the early stages of research, requiring further experimental studies.

Inflammatory bowel disease (IBD), encompassing ulcerative colitis (UC) and Crohn’s disease (CD), is a chronic, 
immune-mediated inflammatory condition of the gastrointestinal tract that is challenging to treat.115,116 The pathogenesis 
of IBD is complex, with oxidative stress emerging as a central contributor.117,118 Excessive production of ROS triggers 
the sustained release of pro-inflammatory mediators, causing irreversible damage to proteins, lipids, and DNA, which 
may drive the onset and progression of IBD.119–121 To address this, Zeng et al developed biocompatible, drug-free cerium 
oxide nanoparticles (CeNP-PEG) with renewable capacity to scavenge multiple ROS types.68 CeNP-PEG ameliorates the 
pro-inflammatory microenvironment by continuously neutralizing ROS, downregulating pro-inflammatory cytokines, and 
suppressing the pro-inflammatory characteristics of macrophages and Th1/Th17 responses. This mechanism is likely 
linked to the co-inhibition of NF-κB and JAK2/STAT3 signaling pathways.122

In IBD, elevated ROS levels promote anaerobic respiration and proliferation of facultative anaerobes, enabling 
pathogens like Escherichia coli to dominate the gut ecological niche.123–125 However, conventional broad-spectrum 
antibiotics, while targeting these pathogens, can disrupt the gut microbiome and foster the emergence of antibiotic- 
resistant bacteria.126,127 Thus, designing strategies to selectively eliminate pathogenic E. coli is critical. Shi et al 
developed an enzyme-mimetic oral agent, ZnPBA@YCW, which encapsulates ZnPBA nanozymes within YCW to 
modulate the gut microbiota and restore redox balance for IBD treatment.72 ZnPBA@YCW specifically recognizes 
and adheres to harmful bacteria like E. coli, promotes the growth of beneficial microbiota through YCW degradation, and 
scavenges ROS to alleviate intestinal inflammation. Notably, other ROS-mediated diseases, such as rheumatoid arthritis 
and gout, are also closely associated with gut microbiota dysbiosis, suggesting that this therapeutic approach could offer 
novel insights for treating such conditions.

Combination of Nanozymes and Mesenchymal Stem Cells for the 
Treatment of Autoimmune Diseases
Stem cells possess the remarkable ability to self-renew and differentiate into multiple cell lineages. They are broadly 
categorized into embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and mesenchymal stem cells 
(MSCs).128 Among these, MSCs have emerged as the most widely utilized in cell-based therapies due to their extensive 
therapeutic potential, particularly in treating autoimmune diseases. MSCs exert their effects through mechanisms such as 
promoting tissue repair, modulating immune responses, and exhibiting anti-inflammatory properties.129–132 These 
versatile cells can be sourced from various tissues, including adipose tissue, amniotic fluid, bone marrow, dental pulp, 
peripheral blood, umbilical cord, and umbilical cord blood.133–135

In 1966, Friedenstein first described a unique population of cells found in rat bone marrow.136 These cells exhibited 
fibroblast-like morphology, adhered to surfaces, formed colonies, served as precursors to bone cells, and demonstrated 
tissue repair potential. In 1991, Arnold Caplan coined the term “mesenchymal stem cells” for these cells.137 However, 
subsequent research revealed that the primary mechanism of MSC-based therapies is their paracrine effect rather than 
differentiation into new cell types.138 MSCs secrete a range of reparative mediators, growth factors, cytokines, and other 
molecules that stimulate host cells to initiate repair responses. Reflecting this understanding, Caplan proposed renaming 
these cells “medicinal signaling cells” in 2017.139 Despite this, the term has not gained widespread traction, and nearly all 
registered clinical trials continue to use “mesenchymal stem cells” or “mesenchymal stromal cells.”
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MSCs demonstrate significant potential in modulating both adaptive and innate immune responses.140 They suppress 
T-cell proliferation and activity, promote the generation of regulatory T cells (Tregs), and regulate the function of 
dendritic cells (DCs) and M2 macrophages, thereby exerting potent immunomodulatory effects. Concurrently, nano
zymes—nanomaterials with enzyme-like catalytic properties—have garnered substantial attention as a cutting-edge 
research area. The integration of nanozymes with MSCs has shown promising therapeutic applications. For instance, 
Karakoti and colleagues found that cerium oxide nanoparticles (CeONPs) significantly enhance collagen production by 
human mesenchymal stem cells (hMSCs) cultured on porous bioactive glass scaffolds.141 This effect is likely due to 
CeONPs acting as oxygen buffers, modulating hMSC differentiation. Further studies by Wei and others demonstrated 
that CeONPs exhibit low toxicity in macrophages and MSCs, offering protective effects under both acute and chronic 
inflammatory conditions.142 Notably, at a concentration of 1 μg/mL, CeONPs promote MSC proliferation, osteogenic 
differentiation, and mineralization.

MSCs have emerged as a promising therapeutic strategy for RA. However, their efficacy is often hindered by the 
accumulation of ROS and hypoxia in the joint microenvironment.143–146 To address these challenges, Mao and colleagues 
developed copper sulfide@manganese dioxide nanoparticles (CuS@MnO2 NPs) with SOD and CAT-like activities to 
scavenge ROS in the RA oxidative stress microenvironment.147 These nanoparticles were surface-modified with an MSC- 
targeting peptide, VTAMEPGQ (abbreviated as VQ), engineered using phage display technology, significantly enhancing the 
MSC uptake of the NPs. Additionally, the core-shell structure of the NPs was loaded with metformin (MET), forming VQ- 
CuS@MnO2/MET NPs. MSCs internalized these NPs to create engineered VCMM-MSCs. In a simulated RA oxidative stress 
environment (supplemented with H2O2), VCMM-MSCs exhibited approximately 80% cell viability, markedly higher than the 
55% observed in unmodified MSCs (Figure 2). In collagen-induced arthritis (CIA) and adjuvant-induced arthritis (AIA) rat 
models, the VCMM-MSC group outperformed unmodified MSCs and other treatment groups in clinical scores and hind paw 
thickness, effectively suppressing synovial invasion and cartilage destruction.

In parallel, Zhao and colleagues designed a nanozyme-enhanced hydrogel (ε-PLE@MnCoO/Gel) that functions as an 
H2O2-driven oxygen generator to improve bone integration in RA treatment.148 This hydrogel significantly mitigated the 
detrimental effects of H2O2 on the osteogenic differentiation of bone marrow MSCs (BMSCs). By decomposing ROS 

Figure 2 This image shows the therapeutic effect of mesenchymal stem cells combined with nanoenzymes on rheumatoid arthritis. By Figdraw.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S556762                                                                                                                                                                                                                                                                                                                                                                                                      13

Hu et al

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



and generating oxygen, the hydrogel promoted BMSC osteogenic differentiation, enabling transplanted BMSCs to 
achieve superior therapeutic outcomes in localized bone defects. BMSC-loaded nanozyme-enhanced hydrogels reduced 
prosthesis loosening, displacement, and periprosthetic fractures following RA prosthesis implantation, while demonstrat
ing excellent biocompatibility in vivo. These findings highlight a promising avenue for MSC-based therapies in RA and 
other autoimmune diseases.

Tregs play a central role in immune tolerance, making them a critical therapeutic target for autoimmune diseases. The 
balance between T-helper 17 (Th17) cells and Tregs is pivotal in the pathogenesis of autoimmune and inflammatory 
conditions, particularly in RA.149–151 To address this, Hyeon’s team developed a hybrid system combining cerium 
dioxide (CeO2) nanoparticles (Ce NPs) with mesenchymal stem cell-derived nanovesicles (MSCNVs), integrating anti- 
inflammatory and immune-modulatory functions to alleviate joint inflammation and restore immune homeostasis.152 

Using an improved reverse micelle method, the team synthesized uniform Ce NPs, which exhibit antioxidant properties 
by cycling between Ce3+ and Ce4+ oxidation states to scavenge ROS. These NPs effectively clear excessive ROS in RA- 
affected knee joints and promote the polarization of pro-inflammatory M1 macrophages toward anti-inflammatory M2 
macrophages. MSCNVs were generated by continuously extruding MSCs through porous membranes. Subsequently, 
maleimide-functionalized Ce NPs were conjugated to thiol-functionalized MSCNVs via a thiol-maleimide reaction, 
forming Ce-MSCNVs. This hybrid system demonstrated exceptional SOD and CAT-mimetic activities. The MSCNV 
component protects chondrocytes, preventing bone and cartilage degradation. The two key components of Ce- 
MSCNVs—Ce NPs and MSCNVs—function independently or synergistically to enable rapid joint repair and rebalance 
the Th17/Treg cell ratio. As a comprehensive and innovative immunomodulatory nanohybrid therapy, Ce-MSCNVs 
outperformed single-modality treatments, effectively disrupting the vicious cycle of multifactorial RA and offering 
a highly efficient approach to its management.

Many autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, and scleroderma, are 
frequently associated with the development of pulmonary fibrosis.153 Pulmonary fibrosis is characterized by the fibrotic 
transformation of lung tissue due to inflammation or other pathological factors, resulting in impaired lung function and 
potentially leading to respiratory failure. In its early stages, pulmonary fibrosis often presents with no apparent 
symptoms, making early diagnosis challenging. By the time it is detected, significant lung damage may have already 
occurred, limiting the effectiveness of treatment. Traditional pharmacological interventions, including immunosuppres
sants and anti-fibrotic agents, can partially slow the progression of the disease but are unable to reverse established 
fibrosis. Consequently, improvements in lung function are modest, and the disease exhibits a high recurrence rate.

MSCs have emerged as a promising therapeutic option due to their ability to promote tissue repair.154,155 In the 
context of pulmonary fibrosis, MSCs possess the potential to differentiate into alveolar type II epithelial cells (AEC IIs) 
under specific conditions.156 Moreover, MSCs can exert anti-inflammatory and anti-fibrotic effects by secreting various 
cytokines, such as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and interleukin-10 (IL- 
10).157,158 Through paracrine mechanisms, MSCs modulate the immune microenvironment and suppress fibroblast 
activation, thereby potentially mitigating or reversing the fibrotic process in the lungs. The synergistic use of nanozymes, 
which exhibit potent antioxidant and anti-inflammatory properties, with MSCs can enhance drug delivery efficiency and 
amplify the reparative capabilities of MSCs. A notable study by Jiang et al introduced a nano-engineered platform, 
MSCs-Lip@NCAF, created by biologically conjugating MSCs with liposomes modified with type I collagenase 
(Lip@NCAF).159 This platform leverages the targeting capabilities of MSCs to migrate to fibrotic lung tissue and 
release Lip@NCAF in a sensitive manner. Lip@NCAF facilitates the degradation of collagen fibers, delivers nintedanib 
specifically to fibroblasts, and inhibits their excessive activation.160 Additionally, MSCs can differentiate into AEC IIs, 
aiding in the repair of alveolar structures and promoting lung regeneration in aged mice with pulmonary fibrosis.

The pathogenesis of pulmonary fibrosis is intricately linked to dysregulated immune responses, particularly the 
imbalance between M1 and M2 macrophage phenotypes. Future research should delve into strategies for modulating 
immune responses, especially within the framework of mesenchymal stem cell therapy. By precisely controlling the 
activation states of immune cells, it may be possible to further enhance therapeutic outcomes and minimize adverse effects.
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Challenges in Clinical Translation
Nanozymology, as an emerging discipline, has experienced vigorous development over the past decade or more, but 
future development and applications still face considerable challenges. Although extensive research has demonstrated 
many nanozymes with effective therapeutic effects in in vitro and in vivo experimental models, these are basically 
experiments conducted in animal models, most of which are still in the preclinical stage. How to translate these studies 
into clinical applications that actually benefit patients is worthy of our deep consideration (Table 2).

Nanozymes need to precisely target immune cells or pathways while avoiding interference with normal immune 
function. Additionally, ensuring the stability and biocompatibility of nanozymes in vivo is crucial. A significant knowl
edge gap, however, persists regarding their comprehensive long-term toxicity and immunogenicity profile. A thorough 
safety assessment for nanozymes must therefore investigate their dynamic interactions with the immune system, which 
can range from complement activation and macrophage uptake to the induction of specific antibody responses. Specific 
concerns revolve around their sequestration by the mononuclear phagocyte system (MPS) and subsequent long-term 
accumulation in organs, which could lead to unforeseen inflammatory or fibrotic reactions over time. While a reduction 
in particle size below 200 nm enhances capillary circulation and tissue penetration, it concurrently elevates nanotox
icological risks due to the increased specific surface area.161 Therefore, achieving an optimal particle size is a critical 
design parameter to ensure efficacious delivery while mitigating adverse effects. Surface coatings engineered with 
hydrophilic character, low charge density and flexible mechanical properties have been demonstrated to mitigate 
immunogenic responses and enhance systemic tolerance.162,163

The challenges of early diagnosis also affect treatment timing and effectiveness, as current diagnostic methods often 
struggle to detect problems in the early stages of disease. Clinical trial regulatory barriers, large-scale production 
requirements, and the need to demonstrate efficacy and safety across different patient populations further hinder the 
clinical application of nanozymes. While the vision of personalized nanozyme medicine is undoubtedly promising, its 
clinical realization is inherently tied to overcoming the broader translational challenges discussed above. The path toward 
personalization hinges on a more profound understanding of the disease-specific microenvironment. For instance, 
nanozymes could be engineered to target unique pathological signatures, such as a specific pH, overexpressed enzymes, 
or distinctive redox gradients. However, this level of precision requires advancements in several key areas: the 
development of robust biomarkers to guide patient stratification, the design of modular nanozyme platforms whose 
activities and surface properties can be finely tuned, and comprehensive assessments of individual variations in immune 
response and nanozyme biodistribution. Therefore, current research efforts, while perhaps not yet delivering immediate 
personalized therapies, are laying the essential groundwork by addressing fundamental issues of safety, targeting 
efficiency, and manufacturability. The journey toward personalized nanozyme-based treatment is parallel to the effort 
of maturing the entire field; both are concerted toward the ultimate goal of achieving safe, effective, and patient-specific 
nanotherapeutic interventions.

Table 2 Potential Issues and Optimization Strategies in Clinical Translation

Key Points Optimization Strategies Underlying Issues

Regulatory System 

Imperfections

Emphasize challenges posed by nanozyme-specific attributes 

(eg, multi-enzyme activity, biomimetic functions) to regulatory 

frameworks

Current approval processes lack dynamic 

responsiveness mechanisms

Lab-to-Production 

Translation 

Conflict

Specify critical process parameters (eg, metal doping 

ratios, pyrolysis temperature)

Structural precision directly determines CAT/SOD 

enzymatic activity

Unresolved 

Biosafety Issues

● Immunogenicity: Connection to autoimmune dysregulation 
mechanisms

● Long-term toxicity: Targeted organ retention risks

SLE patient hypersensitivity, intra-articular retention 

cases

Inadequate 
Economic 

Feasibility

Quantify cost pain points (doubled degradation kinetics research 
costs) 

“Unclear patient stratification and therapeutic uncertainty”

Relate to chronic disease management (eg, lifelong RA 
treatment) and nanozyme regeneration cost 

constraints

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S556762                                                                                                                                                                                                                                                                                                                                                                                                      15

Hu et al

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



Overcoming these challenges requires a deeper understanding of disease mechanisms and nanozyme behavior in 
biological systems, as well as strengthened collaboration among researchers, clinicians, and regulatory agencies. Currently, 
AI prediction models based on multimodal data (patient immunomics, nanozyme catalytic kinetics) can simulate the efficacy- 
toxicity balance in real-time, providing quantitative evidence for regulatory agencies to establish dynamic risk assessment 
frameworks.164,165 Machine learning analyzes the correlation between physical parameters (such as nanozyme surface charge 
distribution and oxygen vacancy concentration) and immunomodulatory effects, guiding the rational design of materials with 
“high catalytic activity-low immunogenicity.” Combined with high-throughput screening using microfluidic chips, nanozyme 
synthesis processes can be parametrically optimized (such as metal doping gradient control). AI can also mine multi-omics 
data (single-cell transcriptomics and serum antibody profiles) to precisely identify populations with nanozyme response 
advantages, significantly reducing trial scale and costs.

Conclusions and Outlook
We provide a systematic review of the application of nanozymes in the treatment of autoimmune diseases, with a focus 
on conditions such as rheumatoid arthritis, osteoarthritis, ankylosing spondylitis, psoriasis, dry eye syndrome, inflam
matory bowel disease, and multiple sclerosis. Nanozymes, as a novel class of biological catalysts, exhibit significant 
therapeutic potential due to their high catalytic activity, excellent stability, and tunable catalytic properties. We discuss in 
detail the catalytic mechanisms of carbon-based nanozymes, metal-based nanozymes, and several other types of 
nanozymes, emphasizing their key roles in scavenging ROS, improving inflammatory and hypoxic microenvironments, 
and regulating immune responses.

The convergence of nanozyme technology and stem cell therapeutics represents a transformative strategy for 
autoimmune disease management, where nanozymes engineered with multi-enzyme activities (eg, SOD/CAT/GPx 
mimicry) protect transplanted mesenchymal stem cells (MSCs) from inflammatory microenvironment assaults by 
scavenging pathological ROS cascades, while simultaneously enhancing MSC viability and immunomodulatory func
tions through valence transition-mediated metabolic reprogramming. This synergistic approach not only overcomes the 
critical limitation of conventional MSC therapy—where >70% cell death occurs within hostile autoimmune microenvir
onments—but also leverages surface-functionalized nanozymes to direct stem cell homing to affected tissues (eg, 
arthritic joints or inflamed intestinal mucosa), ultimately establishing a self-amplifying cycle of inflammation resolution 
and tissue regeneration through bystander effects of nanozyme-armed stem cells.

Nanozymes can mimic the activities of natural enzymes, including SOD, CAT, and POD, thereby effectively 
eliminating ROS, alleviating oxidative stress, and mitigating inflammation and tissue damage. For example, in the 
treatment of rheumatoid arthritis, nanozymes such as MMV-MnO2@DSP and CeO2-Pt significantly reduce inflammatory 
factor levels by clearing ROS and inhibiting the NF-κB signaling pathway. In osteoarthritis, nanozymes like Mn3O4 and 
HPBzymes exert their effects by protecting chondrocytes and promoting cartilage regeneration. Additionally, nanozymes 
show diverse therapeutic potentials, including regulating the Th17/Treg cell balance, suppressing angiogenesis, and 
promoting the transformation of M1 macrophages to the M2 phenotype.

This review makes a comprehensive summary of the current applications and therapeutic mechanisms of nanozymes 
across various autoimmune diseases, as well as its organization of the design and functions of nanozymes. This work 
offers theoretical foundations and practical guidance for the further development of nanozymes in biomedicine. Through 
the analysis of existing research, the paper highlights the broad prospects of nanozymes in enhancing the inflammatory 
microenvironment, promoting tissue repair, and regulating the immune system.

Although nanozymes have demonstrated significant advantages in autoimmune disease treatment, their development 
and application still face several challenges. Future research should focus on the following areas:

1. Design and optimization of nanozymes: Developing nanozymes with higher catalytic activity and selectivity to 
enhance therapeutic efficacy and reduce potential side effects. This includes exploring new materials (eg, 
M-N-C structures) and optimizing the electronic structure of nanozymes to improve their performance.
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2. Targeting and biocompatibility: Enhancing the targeting ability of nanozymes to ensure precise action at diseased 
sites while minimizing interference with healthy tissues. Additionally, ensuring their biocompatibility in vivo to 
avoid adverse immune reactions.

3. Long-term safety and stability: Conduct systematic evaluations of the long-term safety and stability of nanozymes 
in vivo, investigating their metabolic pathways and potential degradation products to ensure treatment safety. This 
requires additional in vivo experiments and preclinical validations.

4. Development of multifunctional nanozymes: Designing nanozymes with multiple functions, such as simultaneous 
diagnosis and treatment, or stimulus-responsive drug release (eg, ultrasound, photothermal), to meet the needs of 
personalized therapy.

5. In-depth mechanism research: Further elucidating the mechanisms of nanozymes in autoimmune disease treatment, 
particularly the molecular details of immune regulation, inflammatory signaling pathways, and microenvironment 
improvement, to provide scientific support for optimizing treatment strategies.

In summary, nanozymes, as an emerging therapeutic tool, have shown tremendous potential in the field of autoimmune 
diseases. With advancements in materials science and continued research, nanozymes are expected to become a vital 
pillar of biomedicine, offering patients more efficient and safer treatment options and significantly improving their 
quality of life.
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