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Antioxidant nanozymes regulate reactive oxygen species homeostasis by mimicking the core catalytic 
functions of natural antioxidant enzymes, including superoxide dismutase-, catalase-, and glutathione 
peroxidase-like activities. The clinical translation of natural antioxidant enzymes has long been hampered 
by inherent limitations: short in vivo half-life, susceptibility to inactivation under physiological conditions, 
cumbersome purification processes, high production costs, non-negligible immunogenicity, and limited 
targeting capacity. In contrast, antioxidant nanozymes can overcome these bottlenecks with superior 
structural stability, tunable catalytic activity, low preparation cost, and flexible multifunctional modification. 
Guided by the catalytic mechanisms of natural enzymes, researchers have established rational design 
strategies for antioxidant nanozymes. To date, a diverse array of antioxidant nanozymes have been 
developed, with promising applications in multiple biomedical fields, including inflammatory diseases, 
ischemia–reperfusion injury, neurodegenerative disorders, and cancer adjuvant therapy. Notably, landmark 
clinical progress has been achieved: The catalytic nanocrystal suspension CNM-Au8, a therapeutic candidate 
for amyotrophic lateral sclerosis, has advanced to phase II clinical trials. This review systematically 
summarizes the core catalytic mechanisms of antioxidant nanozymes, clarifies the structure–activity 
relationships between rational material design and catalytic performance, reviews the latest advances 
in their biomedical applications, and dissects the key bottlenecks restricting preclinical research and 
clinical translation. It aims to provide rational design principles for researchers in this field, reduce 
empirical trial and error in material development, and provide guidance for the further optimization 
and clinical translation of antioxidant nanozymes.

Introduction

   Oxidative stress, defined as the imbalance between reactive oxy-
gen species (ROS) generation and endogenous elimination, con-
stitutes the common pathological basis of over 200 major human 
diseases, including neurodegenerative disorders, cardiovascular 
diseases (CVDs), chronic inflammatory conditions, ischemia–
reperfusion injury, and malignant tumors [  1 –  5 ]. Natural anti-
oxidant enzymes, such as superoxide dismutase (SOD) [  6 ,  7 ], 
catalase (CAT) [  8 ], and glutathione peroxidase (GPx) [  9 ], play 
pivotal roles in maintaining intracellular redox homeostasis and 

were once regarded as promising therapeutic candidates. Other 
natural redox-associated enzymes exist in biological systems, 
including peroxiredoxins, thioredoxin- and glutaredoxin-
dependent oxidoreductases, and methionine sulfoxide reduc-
tases. However, these enzymes mainly mediate redox regulation 
or damage reversal and do not contribute to the primary flux of 
ROS elimination. Among these enzymes, SOD-based formula-
tions have already been used clinically as adjuvant treatments 
for conditions including radiation-induced injury, inflammatory 
disorders, and ischemia–reperfusion injury. However, clinical 
and translational studies have revealed pronounced limitations: 
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For example, exogenously administered SOD exhibits a circula-
tion half-life of only several minutes in vivo, necessitating high 
or repeated dosing without yielding sustained therapeutic benefit 
[  10 ]. Enzyme activity is also readily compromised under physio-
logical conditions, and large-scale purification remains costly and 
technically demanding [ 10 ]. Moreover, the intrinsically single-
function nature of native enzymes precludes synergistic multien-
zyme catalysis, while the lack of lesion-targeting capability and 
responsiveness to pathological microenvironments further results 
in inefficient ROS scavenging at disease sites. Collectively, these 
quantitative and functional constraints have substantially hindered 
the clinical translation and large-scale application of antioxidant 
enzymes [  11 ]. Despite decades of research, no antioxidant enzyme-
based therapy has been approved as a first-line clinical intervention 
for oxidative stress-driven diseases. Conventional small-molecule 
antioxidants (e.g., edaravone and vitamin C) are widely used in 
clinical practice, but their therapeutic efficacy in large-scale phase 
III trials for most chronic oxidative stress-driven diseases remains 
inconsistent and poorly reproducible, limited by nonspecific ROS 
scavenging, low catalytic activity, dose-dependent pro-oxidant 
risks, and insufficient lesion-targeted accumulation.

   To address these long-standing clinical and translational 
limitations, researchers have spent decades exploring antioxi-
dant nanomaterials with intrinsic enzyme-mimicking activity, 
culminating in the emergence of antioxidant nanozymes as a 
well-established new generation of artificial enzymes. The earli-
est evidence of this line of research dates back to 1991, when 
Krusic et al. [  12 ] first discovered that C60 fullerenes possess super-
oxide anion (O2 

•−) scavenging activity. Following this initial dis-
covery, a series of representative nanomaterials, including the 
metal oxide CeO2, noble metals Pt and Au, and various carbon-
based systems, were successively reported to exhibit SOD- or CAT-
like activities through to 2006, although these findings remained 
fragmented, with no systematic framework or unified terminology 
established for the field. A defining breakthrough arrived in 2007, 
when the group led by Yan et al. reported the intrinsic peroxidase 
(POD)-like activity of Fe3O4 magnetic nanoparticles, a finding 
that marked the emergence of this research field [  13 ,  14 ]. The 
period from 2011 to 2016 saw rapid expansion of the field, with 
over 100 antioxidant nanozymes spanning metal oxides, noble 
metals, carbon materials, and metal–organic frameworks (MOFs) 
reported, alongside systematic elucidation of the core correlations 
between nanostructure properties and enzyme-like catalytic activ-
ity. From 2016 to 2026, the research focus has further shifted to 
targeted catalytic performance optimization and biomedical appli-
cation expansion, with researchers developing rational engi-
neering strategies to enhance nanozymes’ catalytic efficiency, 
in vivo targeting, and biocompatibility (Fig.  1 ).        

   Benefiting from decades of iterative material design and 
mechanism research, antioxidant nanozymes offer multiple 
transformative advantages over natural antioxidant enzymes, 
including superior physiological stability, tunable catalytic 
activity, scalable low-cost production, and biocompatibility 
[  15 –  19 ]. Moreover, material engineering enables multifunc-
tional integration: By tailoring the composition, structure, 
surface chemistry, and electronic properties of nanomaterials, 
researchers can precisely design their catalytic behaviors and 
biological functions to cope with oxidative stress in complex 
biological contexts [  20 –  23 ]. In the broad field of nanozyme 
research, diverse strategies have been well established to boost 
the intrinsic catalytic activity of nanozymes, including ele-
ment doping, defect engineering, and cofactor-mediated 
activity modulation such as adenosine triphosphate [  24 ,  25 ]. 
These well-established approaches offer critical rational design 
references for the catalytic performance optimization of anti-
oxidant nanozymes.

   The advent of antioxidant nanozymes not only reflects the deep 
convergence of catalysis and nanotechnology but also represents 
a paradigm shift in biomedical engineering, moving from the 
concept of “substituting natural systems” to “surpassing natural 
systems” [  26 –  28 ]. Importantly, several representative systems have 
already demonstrated milestone-level progress toward clinical 
translation: Cerium oxide nanozymes, benefiting from reversible 
Ce3+/Ce4+ redox cycling, exhibit sustained scavenging of O2 

•− and 
hydrogen peroxide (H2O2) and have shown pronounced neuro-
protective effects in primate and rodent models [  29 ]. Prussian blue 
nanozymes, notable for their intrinsic biocompatibility and Food 
and Drug Administration (FDA)-recognized safety profile, have 
achieved efficient ROS detoxification and inflammation suppres-
sion in multiple disease models, such as myocardial ischemia–
reperfusion injury, where their multienzyme-like (SOD- and 
CAT-like) antioxidant activities effectively alleviate oxidative stress 
and inflammatory damage [  30 ,  31 ]. More recently, single-atom 
nanozymes have enabled near-enzyme-level catalytic efficiency 
with maximized atom utilization, for example, Pt-N4-C single-
atom nanozymes that efficiently scavenge ROS and confer robust 
protection against myocardial ischemia–reperfusion injury in vivo 
[  32 ]. Notably, CNM-Au8, an antioxidant gold nanozyme, has 
advanced to phase II clinical trials for amyotrophic lateral sclerosis 
(ALS), representing the most advanced clinical progress of anti-
oxidant nanozymes to date. At the nanoscale, nanozymes can 
mimic the active centers of natural enzymes while integrating the 
designability of materials science, the efficiency of catalytic chem-
istry, and the application-oriented perspective of biomedicine 
[  33 ,  34 ]. Consequently, their therapeutic scope now spans neuro-
protection, inflammation regulation, cancer therapy, and tissue 

Fig. 1. The developmental history of antioxidant nanozymes.
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regeneration, where prolonged circulation time, multienzyme-
like cascade activity, and disease-site accumulation collectively 
outperform conventional antioxidant enzymes in vivo [  35 –  37 ]. 
Beyond biomedicine, antioxidant nanozymes have also shown 
application potential in environmental remediation and cosmetic-
related fields, underscoring their interdisciplinary research value 
[  38 ,  39 ]. With the advent of rational design tools such as density 
functional theory (DFT) calculations and machine learning (ML), 
the development of antioxidant nanozymes is rapidly transitioning 
from empirical exploration to precision-guided construction, fur-
ther accelerating their path toward clinical relevance.

   However, the rapid development of this field has also brought 
critical unaddressed gaps that restrict further clinical translation. 
First, most existing studies focus on the development of single 
nanozyme systems with optimized in vitro activity but lack a 
systematic framework bridging atomic-level catalytic mecha-
nisms, rational material design rules, and in vivo preclinical 
translational requirements. Second, there is still no unified inter-
national standard for the activity evaluation and biosafety assess-
ment of antioxidant nanozymes, leading to poor comparability 
of research results between different laboratories. Third, the 
structure–activity relationships between material engineering 
and catalytic performance remain fragmented across different 
studies, and no generalizable rational design logic has been 
formed to guide material development, resulting in most studies 
still relying on empirical trial-and-error. Furthermore, system-
atic and guiding comprehensive reviews for this field remain 
lacking, with no mature full-chain roadmap from mechanism-
driven design to clinical translation available for researchers.

   This review aims to provide a systematic overview of the 
catalytic mechanisms, rational design strategies, and biomedical 
applications of antioxidant nanozymes. We dissect the catalytic 
mechanisms and rational design strategies of antioxidant nano-
zymes, emphasizing the correlations among electronic struc-
ture, defect engineering, surface chemistry, and enzyme-mimetic 
activity. We then summarize recent breakthroughs in optimiz-
ing catalytic activity, selectivity, environmental responsiveness, 
multifunctional integration, and cascade catalytic systems. 
Next, we elaborate on advances in biomedical applications, 
including neuroprotection, anti-inflammatory therapy, CVD 
management, tumor radiosensitization, tissue engineering, and 
disease diagnosis. Finally, we address key challenges and pro-
pose perspectives for future development. Through this com-
prehensive synthesis, we seek to offer researchers in nanozyme 
science, biomaterials engineering, and translational medicine 
systematic theoretical frameworks and application-focused 
guidance, ultimately facilitating the translation of antioxidant 
nanozymes from basic research to clinical practice as potent 
interventions for oxidative stress-related diseases.   

Catalytic Mechanisms and Characterization 
Techniques of Antioxidant Nanozymes
   The catalytic mechanisms and core design principles of antioxi-
dant nanozymes form the fundamental basis for the development 
of high-performance biomimetic nanozymes. These mechanisms 
are inherently complex, involving critical processes such as elec-
tron transfer and the structural configuration of active centers 
[ 19 , 26 ]. A deep understanding and accurate simulation of these 
processes are essential for the rational design of antioxidant nano-
zymes with enhanced efficiency and stability. Accordingly, this 
section systematically examines the key catalytic mechanisms, 

strategies for constructing biomimetic active centers, advanced 
characterization techniques, and rational design approaches, to 
elucidate how these elements collectively drive progress in this 
rapidly evolving field (Fig.  2 ).          

Elucidation of catalytic mechanisms
   The high catalytic efficiency of natural antioxidant enzymes relies 
on the precise coordination of metal cofactors while also being 
regulated by the conformational dynamics of amino acid residues 
[  40 –  43 ]. These enzymes achieve efficient ROS scavenging through 
2 central pathways: dismutation via sequential single-electron 
transfer, and multi-electron redox transfer [ 43 ,  44 ]. Each type of 
enzyme-like activity follows a specific, nonrandom stepwise cata-
lytic path driven by the reversible redox cycle of the material’s 
active center, and the nanozyme is not stoichiometrically con-
sumed during ideal catalytic turnover, which is the fundamental 
difference between nanozymes and stoichiometric small-molecule 
antioxidants, and the core basis for their long-acting antioxidant 
effects in vivo. Inspired by these mechanisms, the design of anti-
oxidant nanozymes has focused largely on 3 classical enzyme 
systems: SOD, CAT, and GPx, with the core objective of replicat-
ing the electron transfer and radical-regulation logic of natural 
enzymes. Such biomimicry allows the maintenance of redox 
homeostasis within biological systems, with the reconstruction of 
catalytic centers being a focal point of current research (Fig.  2 ).

   SOD-like nanozymes catalyze the dismutation of O2 
•− through 

sequential single-electron transfer steps, which are mainly 
divided into 2 material-specific catalytic mechanisms, each vali-
dated by well-established representative nanozyme systems 
[  45 –  47 ]. The first and most widely studied mechanism relies on 
reversible valence-state transitions of active centers in metal-
based SOD-like nanozymes, whose catalytic cycle follows 2 
sequential, noninterfering half-reactions, as verified by the 
biomimetic dual-site framework loaded with Cu/Zn polyca-
tions (CZP@LC) developed by Lin and coworkers [  48 ,  49 ]. In 
the oxidation half-reaction, the O2 

•− acts as a reducing agent, 

Fig. 2. Core of antioxidant nanozymes: catalytic mechanisms and rational design.

https://doi.org/10.34133/research.1318


Deng et al. 2026 | https://doi.org/10.34133/research.1318 4

donating one electron to the high-valence Cu2+ active center in 
CZP@LC; the O2 

•− is thus oxidized to molecular oxygen, while 
the Cu2+ active center is synchronously reduced to a stable low-
valence Cu+ state. In the subsequent reduction half-reaction, 
another O2 

•− serves as an oxidizing agent, accepting one electron 
from the reduced Cu+ active center. This step re-oxidizes the 
active center back to the initial Cu2+ state to close the valence 
cycle, and the reduced O2 

•− combines with free protons in the 
physiological environment to form H2O2 [ 13 ]. The rapid and 
reversible Cu2+/Cu+ valence cycling in CZP@LC efficiently 
mediates electron transfer between O2 

•− and the catalytic center, 
thus effectively mimicking the superoxide-scavenging activity 
of natural SOD. The second mechanism is electron reservoir-
mediated electron transfer, which is independent of metal 
valence transitions and is the dominant catalytic pathway for 
nonmetal carbon-based SOD-like nanozymes, as typified by 
the activated carbon-derived carbon dots (CDs) nanozymes 
developed by Gao et al. [  50 ]. For this system, surface carbonyl 
groups with delocalized π-electron clouds on CDs act as elec-
tron reservoirs, capturing and releasing electrons to drive the 
sequential single-electron transfer of superoxide dismutation. 
Specifically, in the oxidation step, the carbonyl electron reservoir 
accepts one electron from O2 

•−, oxidizing the O2 
•− to O2; in the 

subsequent reduction step, the electron reservoir donates the 
captured electron to another O2 

•−, reducing it to form H2O2 with 
protons, while the carbonyl group returns to its initial state to 
complete the catalytic cycle. Through this alternating electron 
capture-release process, the CD nanozymes achieve an ultra-
high catalytic efficiency exceeding 10,000 U mg-1. The core prin-
ciple for designing high-activity SOD-like nanozymes is to tune 
the redox potential of the active center (whether metal active 
sites or carbon-based functional groups) to match the redox 
window of the O2 

•− reaction, thereby enabling both half-reactions 
of the dismutation process to proceed spontaneously under 
physiological conditions.

   CAT-like nanozymes catalyze the decomposition of H2O2 
into H2O and O2 via a 2-electron transfer pathway dominated 
by sequential proton-coupled electron transfer (PCET) steps, 
which are mainly implemented by redox-active metal-based 
nanozyme systems, with cerium- and iron-based nanomaterials 
as the most representative and widely studied prototypes 
[  51 –  53 ]. The most classic CAT-like catalytic system is cerium oxide 
nanozymes, whose catalytic cycle strictly follows the sequential 
PCET process, with reversible Ce3+/Ce4+ valence cycling as the 
core driving force [ 51 ,  52 ]. The entire catalytic process is com-
pleted through 3 core steps without releasing free hydroxyl 
radicals, consistent with the catalytic characteristics of natural 
CAT. First, H2O2 molecules adsorb onto the surface of cerium 
oxide nanozymes via hydrogen bonding or coordination with 
unsaturated Ce active centers; this coordination interaction 
polarizes the O–O bond of H2O2, and a hydroperoxo intermedi-
ate stably ligated to the Ce catalytic site is formed after a rapid 
proton-transfer pre-equilibrium. Second, in the rate-determin-
ing step of the entire catalytic cycle, the Ce3+ active center sup-
plies 2 electrons to the bound hydroperoxo species, and the 
O–O bond undergoes heterolytic scission assisted by concurrent 
proton migration, thereby generating a high-valence Ce4+-oxo 
active intermediate and one H2O molecule. Third, the high-
valence Ce4+-oxo intermediate extracts 2 electrons from a sec-
ond H2O2 molecule, triggering a second round of PCET, which 
reduces the Ce active center back to its initial Ce3+ valence state, 
while liberating one H2O molecule and one O2 molecule to 

complete the closed catalytic cycle. In this system, the rapid 
reversible interchange between Ce3+ and Ce4+ dynamically 
modulates the local electron density and the abundance of oxy-
gen vacancies at the active loci, which markedly reduces the 
energy barrier for H2O2 adsorption and O–O bond cleavage, 
thus boosting the overall catalytic turnover frequency [ 52 ]. 
Iron-based oxide nanozymes are another representative CAT-
like system, whose catalytic mechanism follows a similar 2- 
electron PCET pathway with Fe2+/Fe3+ valence cycling as the 
core, while lattice imperfections and edge sites play a key syner-
gistic role [ 53 ]. For iron oxide nanozymes, the edge positions 
with abundant lattice defects can act as electron-conduction 
bridges, promoting efficient charge relay from the Fe active core 
to the adsorbed peroxide substrate, and further optimizing the 
catalytic selectivity of the 2-electron transfer route. This structural 
feature enables iron-based CAT-mimicking nanozymes to main-
tain stable catalytic activity under physiological conditions, 
which is essential for efficient H2O2 clearance and oxidative 
stress alleviation in vivo. The core principle for designing high-
activity CAT-like nanozymes is to optimize the valence cycling 
dynamics of metal active centers, regulate the concentration of 
oxygen vacancies and defect sites, and reduce the energy barrier 
of the rate-determining O–O bond heterolytic cleavage step, 
thereby achieving efficient and selective 2-electron catalytic 
decomposition of H2O2 under physiological conditions.

   GPx-like nanozymes, with selenium-based nanomaterials as 
the most classic representative prototype, catalyze the reduction 
of peroxide substrates via a nucleophilic attack-initiated catalytic 
cycle, which relies on glutathione (GSH) as the reducing co-
substrate to complete the electron transfer chain and realize 
catalytic turnover [  54 ,  55 ]. In the first phase, the reduced active 
center of selenium-based nanozymes (Se2−, reduced selenol 
state) acts as a nucleophile to attack the peroxide substrate, gen-
erating a 2-electron oxidized intermediate (Se0, oxidized selen-
enic acid state), while the peroxide is simultaneously reduced to 
the corresponding harmless alcohol or water [ 54 ]. Following 
this, the thiol group of an initial GSH molecule performs a 
nucleophilic attack on the oxidized selenium-containing inter-
mediate, leading to a stable nanozyme–GSH adduct via a sele-
nium–sulfur bridge and the elimination of one water molecule; 
this step represents the crucial linkage between peroxide reduc-
tion and GSH oxidation, and enables the subsequent regenera-
tion of the catalytically active site [  56 ]. The process then continues 
with a second GSH molecule, whose thiol group attacks the 
nanozyme–GSH adduct. This triggers a chalcogen–sulfur bond 
exchange reaction that yields oxidized glutathione (GSSG) and 
restores the nanozyme’s active selenol site to its original 
reduced Se2− form, thereby closing the full catalytic cycle 
[ 56 ,  57 ]. In this system, the reversible alternation between Se2− 
and Se0 drives the entire electron transfer process: Electrons 
are harvested from the peroxide substrate by the active selenol 
site and subsequently handed off to GSH via the selenium–
sulfur bridge [ 55 , 57 ]. Altogether, these mechanistic steps pro-
vide the foundation for efficient peroxide reduction and radical 
clearance that GPx-like nanozymes carry out in the intracel-
lular redox environment.

   In addition to the above core enzyme systems, natural organ-
isms also have other auxiliary antioxidant pathways [  58 –  60 ], 
which mainly participate in redox regulation and oxidative dam-
age repair, rather than acting as the main route of ROS elimi-
nation. In contrast, the 3 enzyme systems described above 
(SOD, CAT, and GPx) constitute the central catalytic backbone 
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of endogenous antioxidant defense, governing the selective and 
stepwise conversion of O2 

•− and H2O2 into innocuous products 
[  61 ]. By abstracting and replicating the electron transfer path-
ways, valence cycling behavior, and radical-regulation logic 
intrinsic to these natural antioxidant enzymes, these archetypal 
systems establish the theoretical foundation for the rational design 
of antioxidant nanozymes, thereby underpinning their develop-
ment and biomedical application in nanomedicine.   

Electronic structure, defects, and surface chemistry 
of antioxidant nanozymes
   The high catalytic performance of antioxidant nanozymes arises 
from the synergistic interplay of electronic structure, defect engi-
neering, and surface/interface chemistry. These factors collec-
tively govern the construction of enzyme-mimetic active centers 
and the efficiency of electron transfer [  62 ,  63 ]. By emulating the 
electron transfer pathways of natural enzymes, rational design 
can optimize the redox cycling kinetics of variable-valence met-
als, reconstruct band structures via defect states to enable 
multifunctional integration, and employ spatial confinement 
effects to precisely modulate the electron distribution at active 
sites. These strategies not only enable customized radical scav-
enging and cascade catalytic functions but also enhance cata-
lytic stability under complex biological conditions.

   The surface chemistry of antioxidant nanozymes governs 
their initial interactions with ROS substrates, dictating key steps 
of substrate recognition, adsorption, and capture that initiate 
the catalytic cycle. The specific types, surface density, and elec-
tronic state of the functional groups present directly shape how 
tightly the nanozyme binds to its target ROS, how efficiently 
electrons shuttle across the interface, and how readily the down-
stream catalytic sequence gets triggered. Moreover, these sur-
face features are the ones steering the overall behavior of 
nanozymes in biological settings, influencing a wide array of 
critical biological attributes from biocompatibility and targeting 
precision to interactions with the immune system. The chemical 
status of these surface functional groups has a concrete and 
immediate impact on catalytic performance. For example, the 
SOD-like activity of CDs is largely attributed to their surface 
functionalities. Hydroxyl and carboxyl groups work to anchor 
O2 

•− through hydrogen bonding interactions, while carbonyl 
groups serve as electron acceptors to facilitate the production 
of O2, effectively setting up a steady “capture-transfer” electron 
relay system [ 50 ]. In the case of honeysuckle-derived CDs 
(Hy-CDs), it has been further demonstrated that amino groups 
conjugated with the π-system help to stabilize radical intermedi-
ate species, which substantially cuts down the activation energy 
needed for the dismutation reaction to proceed [  64 ]. Moving 
away from systems dominated by organic surface functional 
groups, we see that CeO2 nanozymes rely instead on metal-
centered redox chemistry. Here, the core of the CAT-like activity 
revolves around the reversible redox cycling between Ce3+/Ce4+ 
oxidation states, while oxygen vacancies play a crucial part in 
regulating the Ce3+/Ce4+ redox equilibrium to optimize the 
breakdown of H2O2 [  65 ,  66 ]. These vacancies do not just adjust 
stoichiometry; they also function as electron reservoirs that 
speed up charge transfer between the metal centers and the 
substrate molecules. Collectively, these findings indicate that 
the electron affinity built into surface functional groups and the 
reversible redox switching capabilities of metal ions jointly form 
the foundation of biomimetic catalysis. Moreover, these char-
acteristics represent the key regulatory parameters for exerting 

control over both the selectivity and the kinetics of the reaction 
at hand [  67 ,  68 ].

   Defect engineering stands out as a central approach for acti-
vating otherwise inert surface sites and improving how efficiently 
antioxidant nanozymes shuttle electrons. At a mechanistic level, 
the whole idea is to introduce atomic-scale disorder that disrupts 
the otherwise regular, periodic electronic arrangement of the 
crystal lattice. Doing so brings about plenty of unsaturated coor-
dination centers while also reshaping the material’s band profile 
and the kinetics of charge movement. Beyond lowering the 
energy barrier of the rate-limiting step, this strategy enables elec-
tronic restructuring that promotes the integration of multiple 
enzyme-like functions, reminiscent of the allosteric fine-tuning 
observed in native enzymes. Within Mn3O4/CeO x  heterostruc-
tures, electron flow between CeO x  clusters and Mn3O4 shifts the 
Ce3+/Ce4+ and Mn3+/Mn2+ balances, giving rise to paired active 
regions that drive a concerted SOD/CAT-type response [  46 ]. In 
related work, Zhao and coworkers constructed dual-defect-rich 
ultrafine Pt nanowire nanozymes (Pt NM) designed to clear ROS 
and ease inflammatory skin disorders. In these Pt NM samples, 
twin-related defects impose lattice strain that moves the d-band 
center, which in turn adjusts both adsorption energies and the 
local electron density. Consequently, the active spots bind and 
convert assorted ROS more vigorously, enabling the material 
to exhibit SOD- and CAT-like activities side by side [  69 ]. This 
defect-orchestrated reshaping of the electronic landscape mim-
ics the allosteric regulation that natural enzymes rely on, giving 
a solid conceptual basis for tuning catalytic behavior through 
deliberate control over a material’s inner architecture [  70 ].

   Ultimately, the catalytic response of antioxidant nanozymes 
is governed by their electronic structure. The layout of the elec-
tron cloud, the exact placement of the d-band center, and the 
redox potential at the active site all combine to set the thermo-
dynamic feasibility and the kinetic speed of the reaction. By 
carefully manipulating these electronic traits, one can directly 
command the catalytic output. It directly determines the electron 
transfer capacity between the active site and ROS substrates, the 
adsorption–desorption balance of reaction intermediates, and the 
selectivity of the catalytic pathway, which is the underlying core 
of rational design strategies for antioxidant nanozymes. In cova-
lent organic framework (COF)-based artificial metalloenzymes 
(S-HACOF-Ru), the unique geometry of Ru–N2 coordination 
generates electron-rich regions where unpaired d-electrons facili-
tate the activation of oxygen intermediates by lowering the associ-
ated energy barrier [  71 ]. In heterostructures such as Pt@CNDs, 
the carbonyl and hydroxyl groups of CDs chemically anchor Pt 
nanoparticles, establishing sp2-d orbital hybridization channels. 
This configuration allows H2O2 produced during the SOD-like 
reaction to decompose at Pt sites, enabling the spatially coupled 
decomposition of ROS intermediates [  72 ]. This interface bonding 
and electron–channel co-design not only optimizes the direc-
tionality of electron flux but also enhances the selective rec-
ognition of diverse ROS by catalytic centers. This paradigm 
demonstrates that precise tuning of electronic distributions and 
site geometries at material interfaces can substantially increase 
enzyme-mimetic activity and durability [ 67 ].

   In summary, electronic structure, defect engineering, and 
surface/interface chemistry represent the 3 core determinants 
governing the catalytic performance of antioxidant nanozymes. 
Electronic structure acts as the fundamental regulatory basis, 
which dictates reaction thermodynamics and kinetics through 
the d-band center position and active-site redox potential, thereby 
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controlling electron transfer efficiency and the adsorption–
desorption balance of reaction intermediates [  73 ,  74 ]. Defect 
engineering introduces atomic-scale lattice disorder to gener-
ate unsaturated coordination centers and reshape band struc-
tures, lowering rate-limiting step energy barriers and enabling 
multi-enzyme activity integration by mimicking the alloste-
ric regulation of natural enzymes [  75 ,  76 ]. Surface/interface 
chemistry dominates the initial interactions with ROS, medi-
ating substrate recognition, adsorption, and interfacial elec-
tron transfer via functional groups or reversible metal redox 
couples while also critically shaping the biological compatibil-
ity and stability of nanozymes in complex physiological envi-
ronments [  77 ,  78 ].   

The critical role of characterization techniques in 
mechanistic elucidation
   A deep understanding of the catalytic mechanisms of antioxi-
dant nanozymes relies on multidimensional and high-precision 
characterization techniques. Morphological and structural 
analyses form the foundation. Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) provide 
information on particle size, morphology, and dispersion, all 
of which directly influence the specific surface area and the 
efficiency of contact with radical substrates [  79 ,  80 ]. Dynamic 
light scattering (DLS) is employed to measure the hydrody-
namic size of nanozymes in solution, while zeta potential 
analysis reveals their surface charge. The hydrodynamic size 
determines diffusion behavior and cellular uptake efficiency, 
whereas surface charge governs electrostatic interactions with 
charged radicals or biomolecules [  81 ].

   Understanding the chemical composition and structural 
identity of a material is absolutely essential to elucidate the 
underlying catalytic mechanisms. X-ray photoelectron spec-
troscopy (XPS) provides precise information on the chemical 
and oxidation states right at the surface, thereby identifying 
potential active centers, such as metal ions with specific oxida-
tion states. It allows tracking of redox shifts and elucidation of 
electron-transfer pathways [  82 ]. For the detection of surface 
functional groups, bond vibrations, or even hidden defects and 
dopants, both Fourier transform infrared (FTIR) and Raman 
spectroscopy are incredibly useful tools. These methods provide 
insights into the local chemical environment and help infer 
potential adsorption sites and interactions of reactive species 
[  83 ]. Ultraviolet–visible (UV–Vis) spectroscopy is widely used 
to monitor catalytic reaction kinetics and quantify enzyme-like 
catalytic activity. For nanozymes built on semiconductors or 
noble metals, UV–Vis can go a step further by hinting at details 
about the band structure or plasmon resonance features, effec-
tively linking optical features, such as plasmonic absorption, 
to catalytic redox behavior [  84 ]. Nuclear magnetic resonance 
(NMR), particularly 1H NMR, provides insight into substrate 
changes over time and lets us spot those fleeting intermediates. 
This kind of information is key for piecing together a mecha-
nistic story right down at the molecular scale [  85 ]. Since the 
electrochemical fingerprint of a nanozyme directly reflects its 
intrinsic catalytic performance, techniques including cyclic 
voltammetry (CV) and chronoamperometry (CA) are widely 
employed for catalytic characterization. These techniques enable 
the precise quantification of redox potentials, determination of 
electron transfer kinetics, and evaluation of antioxidant per-
formance under physiologically relevant conditions, which 
provide critical insights into the intrinsic driving mechanisms 

governing enzyme-mimetic behavior and the corresponding 
catalytic reaction pathways [  86 ]. Furthermore, in situ charac-
terization techniques are indispensable for real-time monitor-
ing of dynamic structural and chemical evolution during the 
catalytic process, with in situ XPS, in situ Raman spectroscopy, 
and in situ electron microscopy serving as core and widely 
applied tools in this field [ 31 ,  87 ]. They enable real-time obser-
vation of the surface structure, chemical shifts, and intermedi-
ate species under genuine working conditions, allowing direct 
observation of active-site evolution and reaction intermediates 
under working conditions. Looking at things from this tempo-
ral angle helps us grasp not just the “what” but also the “how” 
and “when” of nanozyme regulation.

   Beyond the physicochemical and dynamic characterization 
of nanozymes themselves, the quantitative evaluation of ROS-
scavenging ability and substrate specificity via targeted func-
tional characterization techniques is a core pillar for mechanistic 
elucidation. As systematically summarized in the latest review, 
the key methods for assessing the ROS-scavenging performance 
of antioxidant nanozymes include electron spin resonance 
(ESR/EPR) spectroscopy, recognized as the gold standard for 
free radical detection, which achieves direct qualitative and 
quantitative analysis of O2 

•−, hydroxyl radicals, singlet oxygen, 
and other ROS through specific spin trapping technology; fluo-
rescence- and chemiluminescence-based probes, which realize 
dynamic visualization and in situ monitoring of ROS clearance 
efficiency at the cellular and in vivo levels; and UV–Vis spec-
trophotometry-based quantitative systems, including enzyme-
like kinetic assays for SOD, CAT, and GPx activities, as well 
as general free radical scavenging evaluation represented 
by 1,1-diphenyl-2-picryl-hydrazyl (DPPH) and 2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays. These 
functional characterization methods provide direct experi-
mental evidence for the ROS-scavenging activity of nanozymes, 
clarifying their catalytic substrate selectivity and dissecting the 
intrinsic structure–activity relationship and catalytic mecha-
nisms [  88 ,  89 ].

   In summary, these characterization techniques—spanning 
morphology, structure, composition, chemical state, electronic 
properties, reaction kinetics, and noninvasive in vivo biological 
performance evaluation—provide a systematic toolbox for 
dissecting the structure–activity relationships of antioxidant 
nanozymes. They not only uncover the molecular mechanisms 
underlying efficient ROS scavenging but also lay the experimental 
and theoretical foundation for the rational design of materials 
with precisely tuned enzyme-like activity and catalytic selectivity, 
thereby deepening our understanding of the biomimetic relation-
ship between artificial nanozymes and natural enzymes.    

Strategies for Rational Design
   The rational design of antioxidant nanozymes is guided by prin-
ciples from advanced materials science and biomimetic cataly-
sis. These strategies include the careful selection of material 
types, precise control of structural and compositional features, 
biomimetic designs inspired by natural antioxidant enzymes, 
guidance from theoretical calculations, and, increasingly, data-
driven approaches using ML. The overall aim is to replicate 
essential enzymatic functions while predicting and optimizing 
catalytic performance, enabling the creation of artificial anti-
oxidant nanozymes with high efficiency, robust stability, and 
tunable functionalities.  
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Rational design of antioxidant nanozymes from a 
materials perspective
   The rational design of antioxidant nanozymes hinges critically 
on material choice, as a material’s intrinsic physicochemical traits 
directly govern catalytic activity, substrate selectivity, and bio-
compatibility. Viewed through a materials science lens, anti-
oxidant nanozymes fall into 4 major categories: carbon-based 
materials, noble metal-based materials, metal oxide-based mate-
rials, and crystalline porous framework materials such as MOFs 
and COFs (Table  1 ). Carbon-based materials, spanning graphene 
and its derivatives, carbon nanotubes, and CDs, feature tunable 
electronic structures, diverse surface chemistries, and flexible 
configurations; these attributes let them effectively replicate the 
active centers and electron transfer routes of native antioxidant 
enzymes [  90 –  93 ]. Noble metal-based materials possess distinct 
redox-active metal centers with versatile oxidation states and 
inherent catalytic breadth, achieving potent, efficient antioxi-
dant action via fine-tuned size and facet engineering. Metal 
oxide-based materials exploit reversible redox cycling among 
lattice metal ions, supplying structural robustness and adjustable 
enzyme-mimetic activity for varied antioxidant uses. Crystalline 
porous framework materials merge the tailorability of organic 
backbones, the extensive porosity of framework topologies, and 
the redox reactivity of metal centers, establishing a distinctive and 
intensively studied scaffold for antioxidant nanozyme develop-
ment [ 72 ,  94 –  100 ]. As a whole, these 4 systems constitute the most 
thoroughly examined foundations for building high-efficacy 
antioxidant nanozymes. Thoughtful selection and structural refine-
ment within these classes pave the way for boosting nanozyme 
potency, durability, and clinical impact in inflammation, ischemia–
reperfusion injury, and other ROS-driven conditions. 

   Carbon-based materials, including graphene and its deriva-
tives, carbon nanotubes, CDs, and other heteroatom-doped car-
bon nanostructures, have attracted considerable attention as 
antioxidant nanozymes because they offer rich surface chem-
istry, tunable electronic structures, and good biocompatibility 
[ 50 , 64 , 67 , 90 ]. Among these, CDs are particularly attractive for 
several reasons: Their ultrasmall size and chemically versatile 
surfaces allow flexible functionalization, so you can incorporate 
targeting motifs and multiple enzyme-mimetic activities all in 
one nanoplatform. A good example is the phosphatidylserine-
targeted peptide-modified CDs (pep-CDs) reported by Chen 

et al. (Fig.  3 A). These pep-CDs keep their deep-red fluorescence 
and photoacoustic properties while using the CLIKKPF peptide 
to selectively bind phosphatidylserine on foam cell membranes. 
Because of this targeting ability, they accumulate more in athero-
sclerotic plaques, which boosts their local SOD-like antioxidant 
and anti-inflammatory effects [ 90 ]. It is worth noting that beyond 
such multifunctional integration, CDs are also compelling from 
a materials science angle, and their intrinsic surface structure can 
support remarkably high enzyme-mimetic activity. By taking 
advantage of the tunable surface states and well-defined carbon 
frameworks of CDs, researchers have made SOD-like nanozymes 
with specific activities above 10,000 U mg−1, far exceeding the 
2,000 to 5,000 U mg−1 of natural SOD enzymes. This highlights 
the inherent catalytic potential of carbon-based materials. These 
CDs nanozymes also tend to localize preferentially in oxidation-
damaged cells and mitochondria, which allows efficient scavenging 
of intracellular ROS and provides neuroprotection in ischemic 
stroke (IS) models [ 50 ]. Combined with their intrinsic stability, 
low toxicity, scalable synthesis, and cost-effectiveness, these mer-
its make CDs a robust and versatile material platform for the 
rational design of antioxidant nanozymes.        

   Noble metal nanozymes, such as nanomaterials derived from 
platinum (Pt), gold (Au), iridium (Ir), palladium (Pd), and ruthe-
nium (Ru), have been studied extensively as antioxidant mimics, 
largely because they offer intrinsically high catalytic activity, 
tunable redox chemistry, and pronounced size-dependent 
behavior. Within this family, Ru-based nanomaterials are 
receiving increasing attention, because of their multiple acces-
sible oxidation states and strong ability to engage in electron 
transfer-mediated ROS regulation. As a case in point, Sun et al. 
described hollow RuO₂ nanospheres (H-RuO2) that possess 
porous shells and a high density of exposed active sites; these 
structural attributes markedly boosted both SOD- and CAT-like 
activities and, by down-regulating nuclear factor κB (NF-κB) 
and tumor necrosis factor-α (TNF-α) signaling pathways, helped 
alleviate bone loss in osteolysis models (Fig.  3 B) [ 98 ]. Beyond 
deliberate structural engineering, particle size itself exerts a deci-
sive influence on the antioxidant performance of noble metal 
nanozymes. When Ru nanoparticles (RuNPs) are scaled down 
to around 2 nm, the fraction of surface-oxidized Ru species rises 
sharply, yielding a CAT-like activity that surpasses that of native 
CAT as well as most previously documented Pt- and Ir-based 

Table 1. Summary of core material systems for antioxidant nanozymes

Material category Typical representative systems Core enzyme-mimetic activities References

 Carbon-based materials  Graphene derivatives, carbon nanotubes, 
CDs, heteroatom-doped carbon 
nanostructures

 SOD, CAT, GPx-like; activity 
modulated via surface/electronic 
structure engineering

[50,64,67,90]

 Noble metal-based materials  Pt, Au, Ir, Pd, Ru-based nanomaterials  SOD, CAT-like cascade; activity 
tuned by size and crystal facet 
engineering

[72,95,196]

 Metal oxide-based materials  CeO2, MnO2, mixed-valence metal oxides  SOD, CAT-like; ROS scavenging via 
reversible metal ion redox cycling

[52,101,197]

 Crystalline porous framework 
materials

 MOFs, COFs  SOD, CAT, GPx-like cascade; 
active-site precise regulation via 
framework design

[71,100,198,199]
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nanozymes (Fig.  3 C) [ 95 ]. This clear size-dependent trend high-
lights the intimate link between the surface electronic structure 
and catalytic output, suggesting that precise manipulation of 
particle dimensions and exposed crystal facets could be an effec-
tive way to fine-tune ROS-scavenging capacity.

   Among metal-based antioxidant nanozymes, metal oxides 
stand out as a particularly substantial category, largely because 
the redox behavior of their metal centers directly dictates 
enzyme-mimicking performance. For instance, well-known 
examples such as CeO2 and MnO2 owe their antioxidant capa-
bilities to the reversible redox switching of surface metal ions. 
In the case of CeO2 nanozymes, the coexistence and ready inter-
conversion between Ce3+ and Ce4+ species provide both SOD- 
and CAT-like functions. Moreover, the particular crystal facets 

that get exposed can reshape the coordination environment around 
Ce sites, steering ROS activation toward distinct enzyme-mimetic 
routes [ 52 ]. MnO2-based systems work through a similar logic: 
They harness Mn-centered redox chemistry to imitate the 
natural enzyme Mn-SOD. When δ-MnO2 is confined within 
nanoarchitectures, Mn active sites become more accessible 
and O2 

•− adsorption is facilitated, which gives a notable boost 
to SOD-like activity compared with free-standing MnO2 nanopar-
ticles [ 101 ]. Finally, bringing together multiple redox-active 
elements, as seen in mixed-valence metal oxides, enables coor-
dinated ROS regulation across different catalytic steps. This not 
only provides a practical way to strengthen antioxidant nano-
zyme activity but also widens the design window for multien-
zyme biomimetic systems [ 52 , 100 ].

Fig. 3. Representative materials of antioxidant nanozymes. (A) Carbon dots [90]. Copyright 2024, Wiley-VCH. (B) Metal oxide [98]. Copyright 2025, Wiley-VCH. (C) Noble metal 
nanozymes [95]. Copyright 2022, Wiley-VCH. (D) Metal–organic frameworks [100]. Copyright 2023, Xiang et al.
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   Crystalline porous framework nanozymes, chiefly those built 
around MOFs and COFs, bring several distinct design strengths 
to the table for crafting antioxidant nanozymes. To begin with, 
the well-ordered pore architecture guarantees that metal active 
centers are both highly exposed and evenly dispersed throughout 
the structure. Beyond that, the organic backbone is tunable, 
which makes it possible to fine-tune the coordination microen-
vironment right at the active sites. Moreover, the framework’s 
confinement effect works to stabilize catalytic intermediates and, 
at the same time, lifts the efficiency of cascade-type catalytic 
processes. For MOF-based antioxidant nanozymes, the metal 
nodes function as the built-in redox-active cores that imitate 
natural antioxidant enzymes, while the adjustable porosity eases 
the transport and local enrichment of substrate molecules. Take 
Mn-containing MOF nanozymes as an example: They deliver 
impressive SOD-like performance by cycling reversibly between 
Mn2+ and Mn3+ oxidation states, and the surrounding framework 
structure markedly improves the long-term stability of these 
active centers under physiological conditions (Fig.  3 D) [ 100 ]. 
Shifting focus to COF-based systems, the fully conjugated 
organic lattice enables fast electron movement, and the atomi-
cally dispersed sites can closely replicate the active pocket archi-
tecture seen in native antioxidant enzymes. As a result, they 
enable efficient cascade catalysis that mirrors SOD, CAT, and 
GPx activities in one material [ 71 ]. By integrating multiple 
redox-active components inside hybrid framework architectures, 
one can orchestrate cooperative ROS handling across different 
stages of a catalytic sequence, a strategy that not only boosts 
overall antioxidant nanozyme performance but also widens the 
possibilities for designing multi-enzyme-inspired systems.

   Therefore, choosing the right material means taking a com-
prehensive look at catalytic pathways, biointerface behavior, 
structural robustness, and practical applicability. Future work 
ought to further investigate how surface atom arrangements, 
defect populations, and catalytic kinetics connect, especially the 
pathways of electron flow and selective radical quenching in 
composite material systems. Striking the right balance among 
catalytic output, selectivity, longevity, and biocompatibility will 
be essential for moving nanozymes into real clinical use. Ultimately, 
rational material design does more than just refine catalytic effi-
ciency; it also enables multiple enzyme-like functions, respon-
siveness to changing conditions, and targeted therapeutic action, 
thereby providing a sturdy foundation for next-generation preci-
sion antioxidant treatments.   

Biomimetic strategies for antioxidant  
nanozyme design
   The catalytic efficiency of natural antioxidant metalloenzymes 
originates from the precise organization of metal cofactors within 
well-defined active-site microenvironments, where coordinated 
metal ions participate in electron transfer and redox cycling while 
the surrounding ligands regulate reaction pathways and energy 
barriers. Rather than relying solely on the intrinsic activity of 
metal species, enzymatic function emerges from the synergistic 
interplay among metal identity, coordination geometry, spatial 
arrangement, and local electronic structure [  102 ,  103 ]. Accordingly, 
the biomimetic design of antioxidant nanozymes is essentially a 
bottom-up reverse engineering of natural enzymes at the nanoscale: 
By replicating the key structural elements that determine the 
catalytic function of natural enzymes at the atomic, molecular, 
and mesoscopic levels, nanozyme design breaks through the 

inherent limitations of natural enzymes while retaining their high 
catalytic efficiency and reaction specificity, which is the core logic 
of this design strategy. A central strategy in the rational design 
of antioxidant nanozymes is to engineer enzyme-like microen-
vironments at the atomic scale, in which metal centers are spa-
tially isolated or paired at defined distances and stabilized by 
tailored coordination environments to enable efficient and selec-
tive ROS scavenging [  104 ,  105 ].

   Spatial arrangement biomimicry of dual active centers: pre-
cise replication of natural enzyme active pockets. The design 
logic of this strategy is to mimic the heteronuclear bimetallic 
active pocket structure of natural antioxidant enzymes, by pre-
cisely controlling the type, spacing, and coordination environ-
ment of dual metal centers, to replicate the synergistic electron 
transfer between bimetallic sites in natural enzymes, and realize 
the efficient coupling of multi-step antioxidant catalytic reac-
tions. Accurate replication of such microenvironments has 
proven critical for achieving high antioxidant enzyme-mimetic 
activity. For instance, Huang et al. constructed a dual-site Cu/
Zn-MOF that closely mimics the active pocket of natural Cu/
Zn-SOD, in which Cu and Zn centers are separated by approxi-
mately 6 Å and anchored by imidazole-type nitrogen ligands 
analogous to histidine residues in native enzymes (Fig.  4 A) [ 104 ]. 
This precise control over metal–metal distance and coordination 
geometry enables efficient SOD-like catalysis while simulta-
neously supporting GPx-, thioredoxin peroxidase (TPx)-, and 
ascorbate peroxidase (APx)-like activities, illustrating how spa-
tially organized metal sites can facilitate multienzyme antioxidant 
cascades within a single framework.        

   Atomic coordination biomimicry of single active centers: core 
design for replicating the catalytic unit of natural enzymes. The 
design logic of this strategy is to precisely replicate the coordina-
tion environment of the metal active center in natural enzymes 
at the atomic level, by tuning the type of coordination atoms, 
coordination number, and spatial symmetry, to reproduce the 
electron transfer and redox cycling behavior of natural enzymes. 
It is the most direct and widely used biomimetic strategy for anti-
oxidant nanozymes, and also the basis for other advanced biomi-
metic designs. Beyond bimetallic pairing, rational modulation of 
single-metal coordination environments also provides an effective 
route to enzyme-mimetic activity. Yang et al. exploited the struc-
tural regularity of the ZIF-8 framework to substitute Zn2+ with 
Co2+, generating well-defined Co-N4 sites that closely resemble 
the Fe-N4 motif in the heme center of natural CAT (Fig.  4 B) [ 105 ]. 
DFT calculations revealed that this coordination environment 
enables proton-coupled 2-electron transfer through Co3+/Co4+ 
valence cycling, thereby promoting efficient H2O2 disproportion-
ation. This example highlights how controlling coordination sym-
metry and electronic structure at isolated metal sites can reproduce 
specific catalytic functions of natural antioxidant enzymes.

   Framework-confined microenvironment biomimicry: overall 
functional replication of natural enzyme catalytic systems. The 
design logic of this strategy is to go beyond replicating local active 
centers and simulate the overall catalytic microenvironment of 
natural enzymes through framework material design, including 
the spatial confinement effect of enzyme pockets, continuous elec-
tron transfer channels, and substrate enrichment effect, to further 
optimize the catalytic efficiency, reaction selectivity, and structural 
stability of antioxidant nanozymes. Framework design further 
allows microenvironment engineering beyond local coordina-
tion. By exploiting the topological tunability of COFs, Xie and 
coworkers precisely guided the spatial distribution of Ru centers, 
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generating a 3-dimensional (3D) architecture with enriched 
electronic states near the Fermi level [ 71 ]. This tailored elec-
tronic environment lowers activation barriers for multielectron 

oxygen-intermediate reactions, enabling efficient cascade ROS 
conversion and demonstrating how extended framework geom-
etry can modulate the electronic structure and catalytic activity of 

Fig. 4. Biomimetic strategies and computational modeling. (A) Dual-site biomimetic Cu/Zn-MOF simulating the pocket microenvironment of natural enzymes [104]. Copyright 
2024, ACS. (B) Co-N4 sites mimicking the Fe-N4 centers in natural CAT [105]. Copyright 2024, ACS. (C) Theoretical calculation on CAT-like activity of Fe-N4 sites [112]. Copyright 
2022, Wiley-VCH. (D) Theoretical calculation on SOD-CAT cascade activity of Mn-based nanozymes [113]. Copyright 2025, Wiley-VCH.
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embedded metal sites. At the atomic limit, Lu et al. reported 
FeN4O2 single-atom catalysts that integrate key structural features 
of SOD, CAT, and APx within a unified coordination environment 
[  106 ]. The atomic isolation of Fe centers and the precisely defined 
ligand field enable broad-spectrum ROS scavenging, underscoring 
that enzyme-like activity can be realized by encoding multiple 
enzymatic reaction motifs into a single, atomically isolated metal 
center through coordination microenvironment engineering, 
rather than relying on multimetal assemblies.

   Collectively, these studies reveal that despite their apparent 
structural diversity, biomimetic antioxidant nanozymes fol-
low common design principles centered on microenvironment 
engineering: precise control over metal–metal distances, coor-
dination structures, spatial confinement, and local electronic 
properties. Such material-level regulation provides a unifying 
framework for understanding how rational nanozyme design 
can translate enzyme-inspired architectures into efficient and 
selective antioxidant catalysis.   

Guiding role of theoretical calculation
   To elucidate the catalytic mechanisms behind antioxidant 
nanozymes, molecular simulation approaches, DFT calcula-
tions in particular, have proven to be indispensable. DFT 
can simulate the electronic structures, adsorption behaviors, 
and reaction energy profiles, thereby providing atomic-level 
insights into catalytic interactions [  107 ]. Such computational 
work does more than just forecast activity trends; crucially, it 
offers a roadmap for rational structural refinement. This dual 
role not only speeds up the development of high-performance 
nanozymes but also deepens our grasp of structure–activity 
relationships, ultimately laying down a robust theoretical 
groundwork for their biomedical translation [  108 –  110 ].

   In studies of active sites, DFT can quantify the effects of dop-
ing or defect engineering on electronic properties. For example, 
Guo et al. demonstrated, through electrostatic potential and 
molecular orbital analyses, that pyridinic nitrogen in N-doped 
CDs generates electron-rich regions that enhance Fe ion chela-
tion. Adsorption energy calculations further elucidated the 
mechanism for inhibiting Fenton reactions [  111 ]. Zhang et al. 
showed that electron transfer from Fe to the carbon matrix in 
defect-engineered Fe-N4 sites enhances H2O2 activation, thereby 
improving CAT-like activity (Fig.  4 C) [ 112 ]. Similarly, Liu et al. 
used d-band center calculations to reveal that montmorillonite 
supports optimize intermediate adsorption energies in Mn-based 
nanozymes, synergistically enhancing SOD-CAT cascade activity 
(Fig.  4 D) [ 113 ].

   With respect to catalytic pathways, DFT can identify rate-
determining steps and energy barrier variations. Jiang et al. con-
firmed via Gibbs free energy calculations that the rate-limiting 
step for Co(OH)2 nanosheet-catalyzed H2O2 decomposition is 
the Co2+→Co3+ transition, with the dinuclear active centers 
enabling efficient dismutation through inner-sphere electron 
transfer [  109 ]. In Fe–Mn dual-atom nanozymes, DFT revealed 
the cooperative mechanism underlying SOD/CAT and clarified 
the cascade reaction pathway O2 

•−→H2O2→O2 [ 113 ]. Yu et al. 
explained the electronic basis for the high antioxidant activity 
and low pro-oxidant behavior of Cu-MOFs by comparing the 
d-band center positions of copper-based materials [ 79 ]. For bio-
logically derived nanozymes, Ma et al. combined XAFS and DFT 
to show that phosphate doping in ferritin alters Fe-core coordina-
tion to form Fe–P bonds, which enhances SOD-like activity and 
provides a molecular template for biomimetic design [ 26 ]. In 

dynamic response systems, Zhao et al. employed DFT calcula-
tions and electromagnetic field simulations to clarify the interfa-
cial charge redistribution and plasmon-induced hot electron 
transfer from Co7Fe3 to ZnO under near-infrared (NIR) irradia-
tion, which selectively activates POD-like ROS generation or 
SOD/CAT-like ROS-scavenging pathways, enabling intelligent 
ROS switching [ 108 ]. These DFT studies go beyond simply clari-
fying how electronic structure, coordination environment, and 
adsorption energetics steer the catalytic behavior of specific nano-
zyme system. They also supply a foundation for deriving more 
widely applicable design rules. In one systematic computational 
investigation, a detailed thermodynamic and kinetic look at O2 

•− 
dismutation on nanomaterial surfaces yielded 2 quantitative 
principles that govern SOD-like activity [  114 ]. The first, termed 
the energy-level principle, emphasizes that intermediate frontier 
molecular orbitals play a decisive part in mediating electron 
transfer and thereby set whether the reaction follows a highest 
occupied molecular orbital (HOMO) or lowest unoccupied 
molecular orbital (LUMO) mediated pathway. The second, the 
adsorption energy principle, defines specific energy windows that 
tip the balance in favor of selective O2 

•− dismutation over compet-
ing side reactions. Follow-up experimental work on MOF systems 
has validated the predictive strength of these ideas, confirming 
that they offer real utility for computational screening and for the 
rational design of nanozymes that possess intrinsic SOD-mimetic 
activity [ 114 ]. Taken as a whole, this work constructs a unified 
framework that links a material’s electronic properties directly to 
its antioxidant function while pulling together the mechanistic 
threads laid out in earlier DFT studies.

   On a broader level, DFT and molecular simulations now do 
much more than unpack the nuances of electronic structure regu-
lation, reaction energy barriers, and interfacial dynamics. They 
are fundamentally moving antioxidant nanozyme design away 
from empirical trial and error and toward a more theory-driven 
framework. Such computational approaches can direct how 
atomic arrangements are set, how coordination environments are 
tailored, and how defect engineering is applied, with the goal of 
optimizing both the electronic structure and the spatial configura-
tion of catalytic centers for efficient, multi-enzyme ROS scaveng-
ing. With ongoing improvements in computational methodology 
and the expanding reach of high-performance computing, molec-
ular simulations are expected to play an increasingly central role 
in predicting catalytic activity, crafting bespoke microenviron-
ments, or engineering smart nanozymes that can respond to 
physiological cues. These advances may facilitate their application 
in precision medicine for diseases such as Parkinson’s disease 
(PD), inflammatory disorders, and wound repair.   

ML-assisted design of antioxidant nanozymes
   Despite substantial advances in material selection, biomimetic 
microenvironment engineering, and theoretical calculations, the 
rational design of antioxidant nanozymes remains challenged by 
the vast combinatorial design space and the highly nonlinear 
relationships between material descriptors and enzyme-mimetic 
performance. Parameters such as elemental composition, oxida-
tion state, particle size, surface chemistry, defect density, coor-
dination environment, and biological microenvironmental 
compatibility are often strongly coupled, making purely empirical 
optimization inefficient. In this context, ML has emerged as a 
powerful complementary tool that enables data-driven explora-
tion of structure–activity relationships beyond the limits of intu-
ition-guided design and conventional theoretical calculations 

https://doi.org/10.34133/research.1318


Deng et al. 2026 | https://doi.org/10.34133/research.1318 12

[  115 ]. Rather than replacing mechanistic understanding, ML 
serves as an integrative framework that assimilates experimental 
data, computational descriptors, and physicochemical features to 
identify key determinants of antioxidant activity and guide the 
rational screening of nanozyme candidates with desired catalytic 
profiles [  116 ].

   In the early days, ML work within the nanozyme field mainly 
targeted classification and activity prediction across various 
material systems. Wei and colleagues [ 116 ] built explainable 
ML models using data extracted from published studies. These 
models were trained to predict multiple enzyme-mimetic activi-
ties, including SOD- and CAT-like functions, and achieved high 
predictive accuracy. Their results also revealed that transition-
metal identity and periodic trends play dominant roles in shap-
ing catalytic behavior. Moreover, sensitivity analysis offered 
interpretable clues about how intrinsic material features govern 
antioxidant activity. This demonstrated that ML can uncover 
hidden correlations that are difficult to extract from isolated 
experiments or single-parameter studies. Alternatively, Sun et al. 
combined ML with data mining assisted by large language mod-
els. This sped up dataset construction and improved prediction 
robustness, allowing them to quantitatively predict kinetic 
parameters like K M and k cat for several antioxidant nanozymes 
[  117 ]. Such integration shows how ML can bridge experimental 
heterogeneity and may help harmonize performance evaluation 
by extracting comparable descriptors from heterogeneous data-
sets. As a result, the reliability of nanozyme design rules gets a 
substantial boost.

   Moving past simple activity prediction, ML was particularly 
effective in application-oriented nanozyme discovery— especially 
in scenarios where you have to simultaneously optimize mul-
tiple therapeutic constraints all at once. For instance, Zhao et al. 
reported the ML-assisted high-throughput screening approach 
for treating ulcerative colitis (UC) [  118 ]. In that study, the ML 
models did not rely solely on a limited number of properties; 
they jointly weighed antioxidant activity, acid stability, surface 
charge, biosafety, and how well the material interacted with the 
intestinal microenvironment when evaluating candidate nano-
zymes. By pairing feature-importance analysis with symbolic 
regression, the team identified SrDy2O4 as the leading candi-
date, an antioxidant nanozyme that not only exhibits strong 
ROS-scavenging ability but also restores mitochondrial function 
and gut microbiota balance in vivo. This case demonstrates that 
ML can knit together catalytic performance with specific biologi-
cal demands, making it possible to uncover therapeutically viable 
antioxidant nanozymes that would be tough, if not impossible, 
to pick out using the usual trial-and-error route.

   Taken together, what these investigations show is that ML 
serves as a formidable auxiliary tool in antioxidant nanozyme 
design. It excels at pulling together high-dimensional data, speed-
ing up the material screening process, and revealing quantitative 
structure–activity relationships that might otherwise stay hidden. 
When you layer in DFT-derived descriptors and design cues 
inspired by natural systems, ML opens up a collaborative route 
toward nanozyme development that is both more predictive and 
more tightly aligned with real-world applications. If applied in a 
reasoned and careful manner, backed by solid datasets and a firm 
grasp of the underlying mechanisms, ML has a real shot at reduc-
ing experimental costs, boosting design throughput, and guiding 
the development of next-generation antioxidant nanozymes. 
These would be materials with not just optimized catalytic chops 
but also clear-cut biomedical relevance.    

Performance Advances of Antioxidant 
Nanozymes
High activity and high selectivity
   High catalytic activity and reaction selectivity are 2 tightly cou-
pled but often competing requirements in antioxidant nanozyme 
design. High activity ensures rapid scavenging of excessive ROS, 
whereas high selectivity restricts reaction pathways to avoid 
undesired side reactions or off-target oxidative damage. From 
a materials design perspective, achieving both simultaneously 
requires precise control over the electronic structure and local 
coordination environment of catalytic centers, rather than simply 
increasing the number of active sites [ 101 ,  119 –  123 ].

   One practical way to steer catalytic selectivity is through metal 
valence engineering, which directly influences electron density 
distribution and the resulting reaction pathways. Li et al. carried 
out a systematic adjustment of the average Mo oxidation state in 
Pluronic F127-coated MoO3−x﻿ nanozymes by applying a mild 
oxidation procedure. As the Mo valence climbed from +4.64 to 
+5.68, CAT-like activity dropped off steadily, whereas POD-like 
activity became more pronounced (Fig.  5 A) [ 73 ]. DFT calcula-
tions further confirmed that the valence state of Mo dictates 
which H2O2 activation route is favored, and consequently 
whether O2 or •OH is produced. The samples with intermediate 
valence numbers (MF-0 and MF-10) actually delivered the best 
efficiency in single-ROS reactions, which underscores the point 
that fine-tuning the valence is indispensable for striking a balance 
between high overall activity and reaction selectivity.        

   Moving beyond valence control, reconstructing the coordi-
nation environment at the atomic scale provides a more straight-
forward lever to confine the catalytic trajectory. Zhang et al. 
designed a heme-cysteine-Fe (HCFe) nanozyme in which the 
sulfur atom from cysteine binds to iron, yielding a distinctive 
[Fe–S] arrangement (Fig.  5 B) [ 124 ]. This particular coordination 
pattern worked to selectively suppress CAT-like function while 
boosting POD-like catalysis, thereby allowing efficient genera-
tion of •OH from H2O2 under acidic pH. According to DFT 
analysis, the Fe–S coordination originating from cysteine feeds 
electrons into the Fe center, pushing the HOMO energy level 
outside the redox window required for H2O2 disproportionation. 
As a result, the second electron transfer step that belongs to the 
CAT pathway gets blocked. Moreover, the moderate adsorption 
free energy of •OH at the Fe–N4S site helps both with H2O2 
activation and with turning over hydroxyl radicals, creating a 
kinetic bias that steers the process toward POD-like behavior. 
This case makes it clear that local coordination chemistry can 
essentially override the native activity of the metal, offering a 
robust handle for attaining highly selective catalysis [ 124 ].

   In addition to tuning the same metal center, introducing alter-
native metal ions with distinct redox characteristics represents 
another effective route to enhance both activity and selectivity. 
Li et al. compared the SOD-like activities of metalloporphyrins 
and found that tin porphyrin (Sn-TCPP) exhibited markedly 
higher activity than conventional Mn-based analogs (Fig.  5 C) 
[ 121 ]. When incorporated into Sn-PCN222 MOF nanozymes, 
the material maintained high catalytic efficiency alongside ther-
mal and acid stability. Mechanistic studies attributed this per-
formance to the Sn3+/Sn2+ redox cycle and the formation of 
J-aggregates in acidic environments, which is associated with 
enhanced SOD-like activity. These results indicate that subtle 
differences in metal electronic configuration and aggregation 
state can fundamentally reshape catalytic outcomes [ 121 ].
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   Taken together, these findings indicate that high activity 
and high selectivity in antioxidant nanozymes are not 2 sepa-
rate, mutually exclusive traits. Instead, they can be pursued 
and achieved simultaneously through the deliberate manipu-
lation of metal valence states, the engineering of coordination 
environments, and the controlled utilization of intrinsic metal 

redox chemistry. Design approaches that operate at this mate-
rials level offer a tangible, workable foundation for building 
nanozymes whose catalytic behavior is both predictable and 
tunable. Such control is critical if these nanomaterials are to 
function reliably in the messy, multifaceted context of biologi-
cal systems.   

Fig. 5. Properties of antioxidant nanozymes. (A) Antioxidant nanozymes with high catalytic activity and selectivity regulated by valence engineering [73]. Copyright 2024, 
Springer Nature. (B) Coordination chemistry of HCFe nanozymes enabling highly selective catalysis [124]. Copyright 2024, Springer Nature. (C) Sn-TCPP with ultrahigh SOD-
like activity [121]. Copyright 2022, ACS. (D) Environmentally responsive antioxidant nanozymes [126]. Copyright 2024, Wiley-VCH.
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Environmentally responsive antioxidant nanozymes
   In the setting of complex pathological microenvironments, 
oxidative stress is highly dynamic rather than static—it shifts 
continuously over the course of disease, with variables like 
ROS levels, pH, enzyme activities, and the local redox milieu 
all in constant flux. Consequently, antioxidant nanozymes that 
work in a constitutive, always-on manner tend to run into a 
timing mismatch: Their activity windows rarely align perfectly 
with the evolving pathological state. As a result, this may lead to 
suboptimal therapeutic effect or, in more severe case, unintended 
meddling with physiological redox signaling. From the per-
spective of rational design, the whole point of environmentally 
responsive antioxidant nanozymes is to tether catalytic behav-
ior directly to the biochemical cues that arise locally, thereby 
allowing the enzyme-mimicking activity to be tuned dynami-
cally, both spatially and temporally [ 81 ,  125 , 126 ].

   On a materials science level, this kind of responsiveness is gen-
erally accomplished not by installing wholly new catalytic centers 
but rather by using external or local stimuli to tweak the material’s 
electronic structures or to modulate how easily the active sites can 
be accessed. A representative case comes from work by He et al., 
who prepared celery-derived CDs, referred to as CECDs, that 
display a dual response to both pH and light (Fig.  5 D) [ 126 ]. In 
this system, ambient pH and photoexcitation cooperate to remodel 
the surface electronic states and charge distribution of the CECDs, 
effectively toggling the redox role and availability of the very same 
active sites. When the environment is acidic, as in an infection 
setting, these CECDs exhibit light-triggered OXD-like activity, 
selectively producing bactericidal ROS. As the wound microen-
vironment gradually moves toward neutral or slightly alkaline pH 
values, shifts in protonation states and alterations in the available 
electron transfer pathways suppress further ROS generation and 
instead steer the same carbon-based active centers toward anti-
oxidant reactions, facilitating ROS scavenging and tissue repair. 
This study makes it clear that a material’s intrinsic properties can 
be harnessed to reversibly switch catalytic pathways in direct 
response to changing environmental conditions.

   The same conceptual thread runs through pH-activated nano-
zymes intended for inflammatory lesions, where local acidosis 
furnishes a reliable pathological hallmark. Jiang and coworkers 
reported platinum–sulfur pre-nanozymes (Pt5.65S) that remain 
catalytically silent under normal physiological conditions but 
undergo conversion into multienzyme-active Ptzymes once they 
encounter the acidic microenvironment of inflammation [  127 ]. 
That conversion simultaneously activates SOD- and CAT-like 
cascade reactions and liberates H2S gas, showing that environ-
mental responsiveness can be encoded by means of controlled 
structural reconfiguration rather than by permanently boosting 
activity. Critically, such designs restrict antioxidant function to 
diseased tissues, thereby keeping interference with redox homeo-
stasis in healthy regions to a minimum.

   Beyond pH responsiveness, enzymatic and physical stimuli 
can also be exploited to achieve localized activation. Xu et al. con-
structed metal-phenolic nanozyme hydrogels (TM/BHT/CuTA) 
that respond selectively to matrix metalloproteinases (MMPs), 
triggering the release of CuTA nanozymes at sites of tissue remod-
eling [  128 ]. The released nanozymes then scavenge multiple ROS 
species while regulating macrophage polarization. In a comple-
mentary approach, Zhang et al. designed polydopamine-based 
nanozyme microneedles in which NIR light induces localized 
photothermal effects, enhancing microcirculation and activating 
antioxidant catalysis at inflamed skin sites [  129 ]. In both cases, 

responsiveness is achieved by coupling catalytic activation to 
disease-associated biochemical or physical signals.

   Taken together, these examples reveal a shared design prin-
ciple for environmentally responsive antioxidant nanozymes: 
Catalytic activity is not maximized globally but is conditionally 
unlocked through microenvironment-triggered modulation of 
active-site structure or electronic state. This adaptive strategy 
enables precise spatiotemporal matching between antioxidant 
function and pathological demand, providing a practical route 
to improve therapeutic specificity while preserving physiologi-
cal redox balance [ 128 , 129 ].   

Multifunctional integration
   Multifunctional integration in antioxidant nanozymes is not just 
about integrating multiple capabilities into one nanomaterial. 
Instead, from a rational design standpoint, it emphasizes the 
coordinated coupling of enzyme-mimetic ROS regulation with 
extra functions, such as imaging, targeting, and therapeutic 
modulation, through a unified material and structural frame-
work. This kind of integration enables nanozymes to function 
as programmable platforms that synchronize catalytic activity 
with diagnosis and intervention in complex pathological micro-
environments [  130 ,  131 ].

   A typical approach is to combine ROS scavenging with 
diagnostic imaging, directly linking catalytic activity to lesion 
visualization. Wu et al. developed a ROS-responsive ceria nano-
zyme-based probe that merges photoacoustic imaging with anti-
oxidant catalysis (Fig.  6 A) [  132 ]. When exposed to high ROS 
levels, the ceria nanozyme both scavenges ROS and triggers gas 
generation, which amplifies the photoacoustic signal. In this 
design, imaging is not independent of catalysis; instead, it arises 
directly from ROS-triggered catalytic behavior. This illustrates 
how material responsiveness can integrate diagnosis and therapy 
within a single platform [ 132 ].        

   Beyond imaging integration, multifunctional nanozymes can 
be engineered to coordinate catalytic ROS scavenging with thera-
peutic delivery and tissue protection. Wei and colleagues [ 133 ] 
reported a nanozyme system for IS that integrates targeted deliv-
ery, sustained antioxidant activity, and neuroprotection (Fig.  6 B). 
In this platform, Pd nanoparticles provide intrinsic SOD- and 
CAT-like activities to catalytically break down superoxide and 
H2, while lattice-stored H2O2 is gradually released to selectively 
quench highly reactive hydroxyl radicals during ischemia–
reperfusion. The coexistence of enzyme-mimetic catalysis and 
molecular antioxidant release enables prolonged, broad-spec-
trum ROS suppression beyond the thrombolysis window. Through 
gas-assisted thrombolysis combined with continuous ROS 
scavenging, the platform addresses both vascular obstruction 
and oxidative injury. This example highlights how multifunc-
tional integration can align nanozyme catalysis with disease-
specific therapeutic demands, rather than just functioning as a 
generic antioxidant.

   More advanced designs further extend multifunctionality 
to encompass biological regulation and real-time monitoring. 
Zhao et al. constructed SrDy2O4 nanozymes with acid-stable 
structures that simultaneously scavenge ROS, repair intes-
tinal barrier integrity, regulate gut microbiota, and enable 
x-ray imaging for noninvasive monitoring in UC models 
(Fig.  6 C) [ 118 ]. Similarly, Zhou et al. developed a microen-
vironment-responsive metal-phenolic network platform that 
targets mitochondria to scavenge ROS, thereby suppressing 
ROS-driven pyroptotic signaling and mitigating oxidative 
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damage-induced extracellular matrix degradation, ultimately 
promoting matrix regeneration (Fig.  6 D) [ 134 ]. In these sys-
tems, multiple functions are tightly linked through material 
composition and microenvironment responsiveness, allowing 
coordinated regulation of oxidative stress and downstream 
pathological processes.

   Collectively, these studies demonstrate that effective multi-
functional antioxidant nanozymes rely on the rational integra-
tion of catalytic activity with complementary biological and 
diagnostic functions through unified material design. Rather 
than increasing complexity unnecessarily, multifunctional inte-
gration enhances therapeutic precision by synchronizing ROS 
regulation with targeting, monitoring, and tissue modulation, 
thereby expanding the practical utility of antioxidant nanozymes 
in multifactorial disease settings [  135 ].   

Cascade multi-enzyme systems
   Cascade multienzyme antioxidant nanozymes aim to mimic 
the mechanisms of natural antioxidant defense system. In these 

systems, several enzyme-mimicking activities run one after 
another, and this helps to eliminate ROS in an efficient and 
targeted way. For example, take a SOD-CAT cascade. First, 
SOD-like activity converts O2 

•− radicals into H2O2. Then CAT-
like activity decomposes that H2O2 into H2O and O2, so harm-
ful intermediates do not build up much. In biological systems, 
this high efficiency comes from substrate channeling. That 
happens inside multienzyme complexes that are well arranged 
in space, and there, reaction intermediates move quickly from 
one active site to the next. To put this idea into nanozyme design, 
we need to go beyond simply combining different enzyme-
mimetic activities. We also have to control how they are placed 
in space and how they interact. This is key for efficient and 
sequential ROS conversion [ 72 ,  136 –  138 ].

   One key design strategy is to link cascade catalysis with 
a switching system that responds to the microenvironment. 
Then, the main enzyme function can change based on the 
disease stage. Liu and coworkers [  139 ] developed sulfur quan-
tum dot nanozymes. These can switch their catalytic activity 

Fig. 6. Multifunctional integration of antioxidant nanozymes. (A) ROS-responsive ceria nanozyme probe integrating photoacoustic imaging and ROS scavenging for theranostic 
application [132]. Copyright 2022, Wiley-VCH. (B) Multifunctional nanozyme platform with targeted drug delivery, sustained ROS scavenging, and neuroprotection for ischemic 
stroke therapy [133]. Copyright 2025, Elsevier. (C) Acid-stable SrDy2O4 nanozyme integrating ROS scavenging, intestinal barrier repair, gut microbiota regulation, and x-ray 
imaging for ulcerative colitis management [118]. Copyright 2025, Wiley-VCH. (D) Microenvironment-responsive metal-phenolic network nanozyme targeting mitochondria to 
integrate ROS scavenging, pyroptosis inhibition, and extracellular matrix regeneration for intervertebral disc degeneration therapy [134]. Copyright 2022, Elsevier.
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in a dynamic way when used in infectious bone defect models. 
In the early infection stage, these nanozymes show SOD- and 
POD-like cascade activity, and that helps to produce ROS that 
can kill bacteria. Then, as the local environment gets less acidic 
while healing goes on, the catalytic behavior changes to SOD- 
and CAT-like activity. Therefore, it efficiently scavenge ROS 
and also polarize macrophages toward the M2 phenotype. This 
work shows that cascade nanozymes can add time-based con-
trol into multienzyme teamwork, and they do this without 
needing complex composite structures.

   Besides switching that is turned on by a stimulus, cascade 
systems can also be made to handle ROS all the time. They do 
this through enzyme steps that work together. For CVD mod-
els, Liu and his team [  140 ] reported MSe1 nanozymes. These 
combine SOD- and GPx-like activities, so they can clean up 
O2 

•− and H2O2 one after another inside atherosclerotic plaques 
(Fig.  7 A). Because this design maintains continuous ROS con-
version, it reduces intermediate buildup, demonstrating the 
advantage of cascade catalysis that is coordinated in space. A 
similar idea is behind the AuCePt hollow multimetallic nano-
zymes made by Shen and colleagues [  137 ]. In these nanozymes, 
many metal parts work together to help SOD- and CAT-like 
cascade reactions, and they also allow the delivery of thera-
peutic molecules (Fig.  7 B). These examples show that having 

several metals work together and building them into one struc-
ture can keep cascade efficiency steady even in complex dis-
ease environments.        

   Cascade nanozyme design has also been used in disease 
settings where ROS control needs to be paired with changes 
in metabolism or the microenvironment. Luo and his group 
[ 141 ] built MnZ@Au cascade nanozymes. These nanozymes 
combine glucose oxidase (GOx)- and CAT-like activities (Fig. 
 7 C). In this system, using up glucose creates reactive inter-
mediates. Moreover, CAT-like activity makes oxygen, which 
helps with low oxygen levels. Together, this strategy enhances 
the therapeutic efficacy of ROS-based treatments and improves 
the spatial distribution of nanozymes via light-induced pho-
tothermal effects. For inflammatory diseases, Pt@PCN222-Mn 
and Pt@CND nanozymes use SOD/CAT cascade catalysis. This 
helps them reduce oxidative stress in an efficient way and also 
protect cell function (Fig.  7 D) [ 136 ]. In these designs, cascade 
catalysis makes sure that ROS transformation is controlled rather 
than indiscriminate ROS scavenging or generation.   

Key environmental factors regulating antioxidant 
nanozyme activity
   The biological application potential of antioxidant nanozymes 
stems not only from their intrinsic multi-enzyme mimetic 

Fig. 7. Cascade multi-enzyme systems. (A) MSe1 nanozymes with SOD- and GPx-like activities scavenge ROS in atherosclerotic plaques, slowing atherosclerosis in ApoE-deficient 
mice [140]. Copyright 2023, Wiley-VCH. (B) AuCePt nanozymes via SOD/CAT-like cascade catalysis scavenge ROS and deliver therapeutics, alleviating liver insulin resistance 
[137]. Copyright 2024, BioMed Central. (C) MnZ@Au cascade nanozymes with GOx- and CAT-like activities modulate tumor microenvironment, enhancing photodynamic 
therapy [141]. Copyright 2023, ACS. (D) Pt@PCN222-Mn nanozymes via SOD/CAT cascade catalysis clear ROS, exerting anti-inflammatory effects [136]. Copyright 2020, AAAS.
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catalytic activity but also from their adaptive regulatory proper-
ties to key physicochemical parameters in physiological and 
pathological microenvironments. pH, temperature, and substrate 
concentration, the 3 core factors that fluctuate dynamically 
in vivo, can precisely and reversibly tune the antioxidant catalytic 
behavior of nanozymes, endowing them with flexible functional 
adaptability that matches the complex in vivo environment [  142 ].

   pH has a basic and common control effect on the antioxidant 
catalytic cycle of nanozymes, and the activity trends are clear 
across all mainstream antioxidant systems [  143 ]. For most anti-
oxidant nanozymes, their SOD-like activity remains stable and 
effective in the neutral to weakly alkaline range, which fits per-
fectly with the physiological pH of healthy tissues [  144 ]. CAT-
like activity exhibits optimal activity at neutral pH, and at this 
pH, the core PCET process of the catalytic cycle is most efficient 
[  145 ]. GPx-like activity also maintains high activity within the 
physiological pH range. Its efficiency depends a lot on the pro-
tonation state of the active center and the nucleophilic reactivity 
of the thiol group in glutathione [ 54 ]. The pH-dependent regula-
tion arises from 3 main mechanisms. First, pH directly controls 
protonation and deprotonation of surface functional groups. 
This changes ROS substrate adsorption and electron transfer at 
the surface. Second, pH changes the valence balance and redox 
potential of variable-valence metal active centers, which then 
affects electron-donating and electron-accepting capability of 
catalytic sites. Third, pH also changes the activation energy of 
the slowest step in the catalytic cycle. This is especially true for 
reactions that need protons, like in CAT- and GPx-like catalysis 
[ 143 ]. Through rational structural design, antioxidant nano-
zymes can fine-tune their pH-responsive catalytic behavior. This 
lets them keep stable antioxidant function over a wider pH range 
and also allows selective activity regulation in different tissue 
microenvironments.

   Temperature regulates the catalytic behavior of antioxidant 
nanozymes mainly by altering substrate mass transport rate, 
reaction rate constant, and activation energy barrier of each 
catalytic step following classic enzymatic kinetic principles 
[  146 ]. Antioxidant nanozymes exhibit exceptional thermal sta-
bility, retaining more than 80% of their initial catalytic activity 
across a wide temperature range of 25 to 50 °C, in sharp contrast 
to natural antioxidant enzymes that undergo irreversible dena-
turation and loss of catalytic activity at temperatures above 40 °C 
[ 146 ]. This thermal stability ensures stable antioxidant function 
under physiological temperature fluctuations in vivo, as well as 
preserved catalytic activity after clinical high-temperature ster-
ilization and long-term storage. For substrate concentration, 
the catalytic behavior of antioxidant nanozymes follows classic 
Michaelis–Menten kinetics, with catalytic efficiency showing 
a typical saturation kinetic characteristic with changes in sub-
strate concentration [  147 ]. Their antioxidant activity is tightly 
and reversibly tuned by the concentration of ROS substrates, 
including O2 

•− and H2O2 , as well as the co-substrate glutathione. 
This concentration-dependent characteristic enables adaptive 
antioxidant regulation: Nanozymes rapidly clear ROS under high 
oxidative load in pathological lesions while maintaining minimal 
catalytic activity at physiological ROS levels to preserve normal 
endogenous redox signal transduction [  148 ].

   Therefore, antioxidant nanozymes exhibit highly tunable 
regulatory properties. They respond to pH, temperature, and 
substrate concentration. These properties are one of their main 
advantages over conventional antioxidant materials. Also, these 
adaptive traits let antioxidant nanozymes adapt to dynamic 

in vivo microenvironments. Then, they give a solid material 
foundation for their safe and efficient use in many biomedical 
settings.    

Biomedical and Therapeutic Applications of 
Antioxidant Nanozymes
   Building on the rational design principles and performance opti-
mization strategies detailed above, antioxidant nanozymes have 
evolved from catalytically active nanomaterials to versatile thera-
peutic and diagnostic platforms, addressing the core limitations 
of conventional antioxidant interventions in complex in vivo 
environments. Leveraging their tunable multienzyme-mimetic 
cascade activities, pathological microenvironment responsiveness, 
and flexible multifunctional integration, these nanozymes enable 
precise spatiotemporal regulation of ROS homeostasis across 
diverse disease settings. This section systematically summarizes 
the latest biomedical advances of antioxidant nanozymes, span-
ning neuroprotection, anti-inflammatory therapy, cardiovascular 
protection, tumor adjuvant therapy, regenerative medicine, and 
disease diagnosis, to delineate their translational value in oxidative 
stress-related disorders (Table  2 ).   

Neuroprotection and treatment of 
neurodegenerative diseases
   Neurodegenerative diseases and central nervous system (CNS) 
injuries are characterized by persistent oxidative stress, excessive 
accumulation of ROS, mitochondrial dysfunction, and chronic 
neuroinflammation, together driving neuronal apoptosis, fer-
roptosis, and progressive functional loss. Excessive ROS directly 
inflicts oxidative damage on neuronal nucleic acids, membrane 
lipids, and functional proteins, further impairs the mitochon-
drial electron transport chain to amplify ROS production, and 
activates glial cells to establish a self-sustaining vicious cycle 
of oxidative stress and neuroinflammation in the pathological 
CNS microenvironment [ 149 ,  150 ]. Conventional small-
molecule antioxidants often fail to provide effective neuropro-
tection due to poor blood–brain barrier (BBB) penetration, 
rapid clearance, and limited ability to address the complex ROS 
spectrum present in the diseased brain [  151 ]. In contrast, anti-
oxidant nanozymes, by mimicking the cascade activities of 
natural enzymes such as SOD and CAT, can simultaneously 
scavenge multiple ROS species while offering tunable physi-
cochemical properties for BBB penetration and lesion target-
ing, making them particularly suited for CNS therapy [  152 ,  153 ].

   In PD, oxidative stress is closely associated with dopami-
nergic neuron degeneration in the substantia nigra, where 
sustained ROS accumulation and neuroinflammation amplify 
neuronal vulnerability [  154 ]. To address the dual challenges 
of BBB penetration and intracellular ROS clearance, a chiral 
MOF-encapsulated platinum nanozyme (Ptzyme@D-ZIF) was 
designed to exploit D-chirality-enhanced transport across the 
BBB (Fig.  8 A) [  155 ]. This structural design directly matches 
the need for efficient brain delivery, while the intrinsic SOD/
CAT-like activity of Pt nanozymes enables continuous ROS 
scavenging in situ, thereby suppressing apoptosis and fer-
roptosis and improving motor function. Similarly, targeting 
mitochondrial oxidative stress, an early and central event in 
PD pathology, iron single-atom nanozymes delivered via mito-
chondrion-targeted liposomes (Mito@Fe-ISAzyme) were enriched 
in vulnerable brain regions using microneedle-assisted deliv-
ery [  156 ]. This design aligns the catalytic site with the primary 
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ROS source, enhancing antioxidant efficiency and mitigating 
neuroinflammation-driven neuronal damage.        

   Cerebral ischemia–reperfusion injury (CIRI) is character-
ized by a burst of reactive oxygen and nitrogen species (RONS) 
that occurs during reperfusion. This burst then overwhelms 
endogenous antioxidant defenses and also turns on apoptosis-
related signaling pathways [  157 ]. To address this acute and 
many-sided oxidative challenge, the team built dual-iron-atom 
nanozymes inside selenium-containing MOFs (Fe2NC@Se). 
This system works as a SOD/CAT/GPx-like cascade (Fig.  8 B) 
[ 158 ]. Multiple redox-active centers are rationally integrated. 
This lets the nanozymes efficiently scavenge multiple RONS. 
Moreover, it also stops apoptosis signal-regulating kinase 1 
(ASK1)/c-Jun N-terminal kinase (JNK)-mediated apoptosis. 
This shows that matching cascade catalytic ability to the reper-
fusion-related oxidative microenvironment is key for good 
neuroprotection.

   In IS, oxidative stress is tightly coupled with thrombosis and 
inflammatory activation during reperfusion [  159 ]. Thrombin-
activated peptide-templated MnO2 nanozymes (PNzyme/
MnO2) were therefore designed to respond specifically to the 
thrombotic microenvironment (Fig.  8 C) [ 160 ]. This strategy 
enables site-specific thrombolysis while leveraging the intrinsic 
SOD- and CAT-like activities of MnO2 to scavenge ROS and 
suppress astrocyte activation and inflammatory cytokine release, 
demonstrating how coupling antioxidant catalysis with disease-
triggered activation improves both efficacy and safety.

   In Alzheimer’s disease (AD), chronic oxidative stress coex-
ists with impaired antioxidant signaling and progressive neu-
ronal dysfunction [  161 ]. An MOF-based platform integrating 
targeting peptides, cerium oxide nanozymes, and a CRISPRa 
system (CMOPKP) was developed to cross the BBB and selec-
tively accumulate in AD lesions [ 162 ]. The nanozyme moiety 
restores redox homeostasis via CAT-mediated ROS scavenging, 
while concurrent activation of the Nrf2 pathway reinforces 

endogenous antioxidant defense. This design strategy integrates 
sustained CAT catalytic activity to target the long-term redox 
dysregulation typical of neurodegenerative pathologies.

   Collectively, the available studies indicate that the neuropro-
tective efficacy of antioxidant nanozymes does not solely derive 
from their high catalytic activity, but rather depends on the ratio-
nal matching between the disease-specific oxidative microen-
vironment of the CNS and the tailored design features of 
nanozymes. These core design features include BBB permeability, 
subcellular targeting capability, cascade catalytic performance, 
and stimulus-responsive activation. Such design-driven strategies 
provide a rational framework for the development of nanozyme-
based therapeutic systems targeting complex CNS disorders.   

Anti-inflammatory therapy
   Autoimmune and infectious diseases often come with long-
lasting inflammation and excessive ROS production. These 2 
processes amplify each other and promote continuous tissue 
damage. Excessive ROS turns on the NF-κB and mitogen-
activated protein kinase (MAPK) pro-inflammatory signaling 
pathways in both innate and adaptive immune cells. This also 
boosts the release of pro-inflammatory cytokines, damages tis-
sue barriers through oxidative stress, and increases autoantigen 
exposure because of both infectious triggers and autoimmune 
responses. This leads to uncontrolled inflammatory cascades 
in the local pathological microenvironment. In these disease 
settings, ROS are not just byproducts of inflammation. They 
also actively control immune cell polarization, cytokine release, 
and barrier integrity. Conventional antioxidants or anti-inflam-
matory drugs often cannot stop this feedback loop because they 
have low stability or poor lesion-targeting ability or cannot 
simultaneously address oxidative stress and immune response 
dysregulation. Antioxidant nanozymes have adjustable redox 
activity and structural adaptability. Thus, they give us a practi-
cal way to match catalytic function with the inflammatory 

Table 2. Summary of biomedical applications of antioxidant nanozymes

Application category Core therapeutic strategy Target disease models References

 Neuroprotection and  
neurodegenerative  
disease therapy

 BBB penetration + SOD/CAT cascade ROS 
scavenging, inhibits neuroinflammation and 
neuronal death

 Parkinson’s disease, Alzheimer’s 
disease, ischemic stroke, cerebral 
ischemia–reperfusion injury

[149–162]

 Anti-inflammatory therapy  Lesion-targeted ROS/RNS clearance, modulates 
immune polarization, blocks oxidative stress-
inflammation vicious cycle

 Rheumatoid arthritis, ulcerative  
colitis, systemic sepsis, urinary  
tract infection

[163–169]

 Cardiovascular protection  Plaque/cardiac-targeted ROS scavenging, 
regulates macrophage phenotype, improves 
vascular endothelial function

 Atherosclerosis, myocardial  
ischemia–reperfusion injury, acute 
myocardial infarction

[170–175]

 Tumor adjuvant therapy and 
normal tissue protection

 Tumor microenvironment remodeling, 
radiotherapy/chemotherapy sensitization, 
normal tissue oxidative damage protection

 Solid tumor radiosensitization, 
chemo/radiotherapy-induced  
organ injury

[176–181]

 Tissue engineering and  
regenerative medicine

 Scaffold-loaded sustained ROS scavenging, 
modulates inflammatory microenvironment, 
promotes stem cell differentiation

 Diabetic chronic wounds, osteochon-
dral regeneration, acute liver  
failure repair

[182–189]

 Disease diagnosis  Antioxidant catalysis-mediated signal 
amplification, ROS scavenging improves 
in vivo sensing stability

 Cardiac biomarker detection, in vivo 
neurotransmitter sensing, trace 
biomarker assay

[190–193]
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Fig. 8. Neuroprotection, neurodegenerative disease treatment, and anti-inflammatory therapy. (A) Ptzyme@D-ZIF reduces brain ROS, suppresses neuronal cell death, and 
improves motor function in Parkinson’s disease models [155]. Copyright 2023, Springer Nature. (B) Fe2NC@Se scavenge RONS, inhibit apoptosis signaling, and alleviate 
cerebral ischemia–reperfusion injury [158]. Copyright 2022, Wiley-VCH. (C) PNzyme/MnO2 target thrombi, scavenge ROS, and exert thrombolytic-neuroprotective effects in 
ischemic stroke [160]. Copyright 2024, Wiley-VCH. (D) DAGQD@Cu@KGN SAN scavenge joint ROS, reduce inflammation, and aid cartilage repair for rheumatoid arthritis [165]. 
Copyright 2025, Springer Nature. (E) Se-CA nanozymes scavenge ROS/RNS and restore intestinal barrier function for ulcerative colitis [167]. Copyright 2025, Wiley-VCH. 
(F) Dextran-modified ceria nanozymes block bacterial adhesion, scavenge ROS, and treat urinary tract infection [169]. Copyright 2024, ACS.
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microenvironment. Then, they can remove local RONS and 
also adjust immune behavior [ 163 ].

   Rheumatoid arthritis (RA) is characterized by a confined joint 
cavity environment with sustained oxidative stress, inflamma-
tory macrophage infiltration, and progressive cartilage degenera-
tion [  164 ]. To address these coupled challenges, an injectable 
hydrogel system based on dopamine-modified hyaluronic acid 
(DA-HA) was designed to provide both mechanical lubrication 
and localized nanozyme delivery (Fig.  8 D) [ 165 ]. Copper single-
atom nanozymes (DAGQD@Cu SAN) embedded in the hydro-
gel mimic SOD/CAT activities, enabling continuous scavenging 
of O2 

•−, H2O2, and •OH directly within the joint space, where 
ROS concentrations are highest. This local antioxidant action 
suppresses M1 macrophage polarization and inflammatory cas-
cades, while the sustained release of the cartilage repair factor 
KGN supports tissue regeneration. The design illustrates how 
matching antioxidant catalysis with joint-specific mechanical 
and inflammatory features enables effective, long-term RA 
management.

   UC is a chronic inflammatory bowel disease whose inflam-
matory lesions are strictly restricted to the intestinal mucosa, 
with pathogenesis closely linked to macrophage-derived oxida-
tive stress, epithelial cell ferroptosis, and gut microbiota dysbio-
sis [  166 ]. To this end, arginine-modified selenium nanozymes 
(Se-CAs) have been rationally developed, which exploit the high 
expression of cationic amino acid transporter-2 (CAT2) on 
M1-type macrophages to achieve targeted accumulation at 
inflammatory sites (Fig.  8 E) [ 167 ]. This targeted delivery strat-
egy ensures that the antioxidant activity of the nanozymes is 
predominantly enriched at pathological lesions. Mechanistically, 
Se-CAs efficiently scavenge ROS/RNS and stabilize epithelial 
redox homeostasis, thereby protecting intestinal barrier integ-
rity, down-regulating proinflammatory signaling, and restoring 
gut microbiota balance. This rational design exemplifies the 
precise matching between immune cell-targeted delivery and 
the spatial requirements of antioxidant therapy for localized 
inflammatory diseases.

   By contrast, systemic sepsis is a life-threatening systemic 
inflammatory disorder characterized by diffuse whole-body 
oxidative stress, cytokine storm, and multiple organ dysfunc-
tion, rather than localized inflammatory lesions. For this 
pathological scenario, selenium nanoparticles coated with 
metal-polyphenol networks (denoted TZn@CSe) have been 
fabricated, which exhibit prolonged blood circulation, multi-
modal antioxidant activity, and immunomodulatory capacity 
[  168 ]. These nanozymes effectively reduce systemic ROS levels 
and promote the phenotypic switch of macrophages from 
proinflammatory M1 to regulatory phenotypes, thereby 
inhibiting excessive cytokine release and interrupting the 
vicious cycle between ROS overproduction and inflamma-
tory amplification. This design highlights that, for systemic 
inflammatory diseases, the core design criteria for antioxi-
dant nanozymes are excellent blood stability, biocompatibility, 
and immunomodulatory function, rather than lesion-specific 
retention.

   For urinary tract infections (UTIs), the core pathological 
processes occur synchronously on the urinary mucosal surface, 
including bacterial adhesion, ROS-driven inflammatory injury, 
and urothelial barrier damage. To address this, dextran-modi-
fied ultrasmall ceria nanozymes (DECs) have been engineered, 
which bind to bacterial FimH proteins via multivalent interac-
tions. This design not only blocks bacterial adhesion but also 

preserves the intrinsic SOD- and CAT-like catalytic activities 
of the nanozymes (Fig.  8 F) [ 169 ]. Through sustained ROS scav-
enging, DECs alleviate inflammatory damage to the urothelium, 
promote mucosal tissue repair, and reduce the risk of recurrent 
infection. This bifunctional design integrating anti-adhesion 
and antioxidant activity demonstrates that antioxidant nano-
zymes can simultaneously block pathogen colonization and 
modulate host inflammatory responses.

   Taken together, these studies show that effective anti-
inflammatory nanozyme therapy depends on aligning cata-
lytic behavior, targeting strategy, and material stability with 
the specific inflammatory microenvironment of each dis-
ease. Rather than acting solely as ROS scavengers, antioxi-
dant nanozymes function as regulators of immune-redox 
coupling, enabling localized or systemic disruption of the 
ROS-inflammation feedback loop. This design-oriented 
perspective provides a practical framework for developing 
nanozyme-based interventions in complex autoimmune and 
infectious diseases.   

Cardiovascular protection
   CVDs are still a top cause of death around the world. Their 
disease process is complex, so there are many challenges for 
treatment. In atherosclerosis (AS), 3 things happen together: 
oxidative stress in the endothelium, problems with lipid metab-
olism, and long-term inflammation. Together, they create a 
pathological environment. In that environment, ROS builds 
up, which makes plaques worse and disrupts the immune sys-
tem off balance [ 170 ]. For myocardial ischemia/reperfusion 
injury (MIRI), the problem involves sudden bursts of ROS and 
a chain reaction of inflammation. This makes heart damage 
worse and also makes treatment harder [  171 ]. All of this shows 
the need for antioxidant strategies designed specifically for the 
oxidative and inflammatory microenvironment of heart lesions. 
Antioxidant nanozymes are designed to match these disease 
features, with tunable catalytic activity, multi-enzyme mimetic 
function, and targeted delivery capability. These nanozymes 
can efficiently scavenge ROS and can also adapt to the lesion’s 
environment, thereby breaking the vicious cycle where oxida-
tive stress and inflammation amplify each other, and helping 
maintain tissue stability [ 77 ,  172 ].

   For treating AS, the design of nanozymes focuses on reaching 
the lesion and doing multiple jobs that match the local oxidative 
and inflammatory state. For instance, An and coworkers [  173 ] 
made a liposome system with LyP-1 peptide on it (called 
LyP−1Lip@HS). This system carries Prussian blue nanozymes 
(HMPBs). It builds up mainly in plaque macrophages. Then, 
when ultrasound is applied, it releases natural H2S and also cleans 
up ROS using SOD-like activity. This design takes advantage 
of the high ROS level in plaques to push macrophages toward 
an anti-inflammatory M2 type. That helps promote cholesterol 
efflux and lowers plaque inflammation (Fig.  9 A). Also, He and 
coworkers [  174 ] created PBNZ@PP-Man nanozymes. These tar-
get both endothelial cells and macrophages. They get rid of ROS, 
stop monocytes from entering the tissue, and help clear out dying 
cells. All these design choices come directly from the disease 
features of AS. The nanozymes can fix the microenvironment 
balance and control inflammation very precisely.        

   For treating MIRI, nanozyme methods try to stop the inflam-
mation–ROS cycle in the ischemic tissue. Liu and coworkers 
[ 175 ] made Fe-Cur@TA nanozymes with tannic acid on them. 
These nanozymes can target the heart, so they build up more in 
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heart tissue (Fig.  9 B). Their SOD-like catalytic activity neutralizes 
ROS. At the same time, they change the immune response by 
pushing M2 macrophages and lowering inflammatory cytokines. 
Long and coworkers [ 30 ] made polysaccharide-coated Prussian 
blue nanozymes (PBNz@PSCs). These have stronger SOD-like 
activity. They change macrophage types and help blood vessels 
work better by turning on adenosine monophosphate-activated 

protein kinase (AMPK) (Fig.  9 C). Ye and coworkers [ 31 ] designed 
platinum single-atom nanozymes (PtsaN-C). These clean up ROS 
well using SOD/CAT-like activity. They also block the MAPK/
JNK pathway. That keeps heart cells stable. In all these cases, the 
nanozyme design is guided by the specific ROS profile, immune 
condition, and tissue structure of the injured heart. That way, 
treatment is as precise as possible.

Fig. 9. Roles of nanozymes in cardiovascular protection and tumor therapy adjuvants, sensitization, and protection. (A) LyP−1Lip@HS target plaque macrophages, scavenge 
ROS, and reverse atherosclerosis [173]. Copyright 2025, Elsevier. (B) Cardiac-targeting Fe-Cur@TA nanozymes scavenge free radicals and improve myocardial function [175]. 
Copyright 2024, Wiley-VCH. (C) PBNz@PSC modulate macrophages and aid myocardial repair [30]. Copyright 2025, ACS. (D) Curcumin–copper composite nanozymes scavenge 
cisplatin-induced ROS, protect kidneys, and alleviate acute renal injury [179]. Copyright 2025, Elsevier. (E) Photo-responsive antioxidant patches neutralize radiation-induced 
free radicals and promote skin wound repair [180]. Copyright 2024, Elsevier.
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   All these examples show that good heart nanozymes are not 
just simple ROS removers. Instead, they are carefully designed 
to match the oxidative and inflammatory microenvironment 
of each lesion. They combine targeted delivery, multiple enzyme 
activities, and immune system control to give wide-ranging 
protection. Such design-focused methods help blood vessel 
lining work better, control blood vessel tone, lower inflamma-
tion, and help tissue heal. This gives us a clear mechanism for 
precise treatment of complex CVDs.   

Tumor therapy adjuvant, sensitization, and 
protective strategies
   In tumor tissues, the microenvironment is pathological, with 
hypoxia, high ROS, and lactate buildup. All these promote 
tumor growth and therapeutic resistance [ 176 ]. High ROS also 
impairs immune cells like T cells and dendritic cells, thereby 
reducing the efficacy of immunotherapy. This creates a demand 
for nanozymes that fit the tumor’s oxidative and metabolic state, 
with the ability to regulate ROS, modulate metabolism, and 
support antitumor immunity.

   Antioxidant nanozymes are rationally designed to directly 
target these pathological hallmarks. For example, CoMnFe lay-
ered double oxide (LDO) nanozymes possess a 2D structure, 
which provides a large specific surface area and abundant cata-
lytic active sites, while the doped transition metals facilitate 
rapid electron transfer. These nanozymes exhibit CAT-, POD-, 
and OXD-like activities, thereby enabling multiple synergistic 
functions: converting H2O2 into O2 to alleviate tumor hypoxia, 
generating toxic ROS to sensitize radiotherapy, and scavenging 
lactate to inhibit tumor tissue repair and metabolic reprogram-
ming [  177 ]. Benefiting from the precise matching between the 
structural and functional features of LDO nanozymes and the 
ROS- and lactate-enriched tumor microenvironment, these 
nanozymes achieve simultaneous multi-pathway regulation, 
which substantially enhances the radiotherapy efficacy of uveal 
melanoma and holds promising application potential for other 
hypoxia-sensitive tumors.

   Antioxidant nanozymes also protect normal tissues from 
damage caused by treatment. Radiotherapy and chemotherapy 
often cause severe damage to the kidneys, heart, and skin because 
of too much ROS [  178 ]. For example, curcumin–copper nano-
zymes act like SOD. They remove ROS made by cisplatin therapy. 
This alleviates cisplatin-induced nephrotoxicity and blocks cas-
pase-3-mediated apoptosis (Fig.  9 D) [ 179 ]. Also, photoresponsive 
patches with gallic acid and gold nanorods neutralize free radicals 
and help heal skin wounds from radiation (Fig.  9 E) [ 180 ]. These 
examples show that nanozyme design can be changed to match 
tumor features or to fix off-target oxidative stress. This gives 
tissue-specific protection.

   The tumor immune microenvironment is also a key thera-
peutic target. Excessive ROS accumulation in tumors impairs 
the effector function of T cells and dendritic cells, thereby atten-
uating antitumor immunity [ 176 ]. In contrast, antioxidant nano-
zymes maintain intracellular redox homeostasis, thus protecting 
immune effector cells and exerting synergistic effects with immu-
notherapy. This strategy achieves bidirectional regulation: It 
enhances the antitumor efficacy of treatment while protecting 
normal tissues and preserving systemic immune function [ 181 ].

   In short, tumor-targeted antioxidant nanozymes are ratio-
nally designed to match the oxidative and metabolic charac-
teristics of the tumor microenvironment, enabling them to 
exert multiple synergistic functions including ROS scavenging, 

lactate clearance, hypoxia alleviation, and immunomodulation. 
This design-driven strategy significantly improves antitumor 
therapeutic outcomes while protecting normal tissues, endow-
ing these nanozymes with important application value in com-
prehensive antitumor therapeutic regimens.   

Tissue engineering and regenerative medicine
   Because of their tunable biomimetic catalytic activity, antioxidant 
nanozymes have emerged as promising functional components 
in tissue engineering and regenerative medicine [ 182 ]. In acutely 
injured tissues, excess ROS directly disrupts the extracellular 
matrix integrity, activates pro-apoptotic and pro-inflammatory 
signaling cascades, and also severely impairs endogenous stem 
cell function. This further hinders the normal tissue repair pro-
cesses [ 93 ]. Upon the incorporation of nanozymes into biomate-
rial scaffolds, localized and sustained ROS elimination can be 
achieved, alongside concurrent remodeling of the inflammatory 
microenvironment. This dual function keeps implanted or endog-
enous cells alive, helps them move from proliferation to differen-
tiation, and also supports the shift from the inflammatory phase 
to the remodeling phase. All these together lead to efficient tissue 
reconstruction. Notably, mechanical stimulation and cellular 
mechano-transduction are now recognized as core regulators of 
tissue development, regeneration, and remodeling. Recent work 
also shows that the biomechanical properties of biomaterial scaf-
folds can work together with antioxidant nanozymes. This gives 
multi-dimensional control over the regenerative microenviron-
ment [  183 ]. The stiffness, viscoelasticity, and topological structure 
of scaffolds can precisely change cell fate and tissue repair progres-
sion through mechano-transduction pathways. At the same time, 
nanozymes take care of oxidative and inflammatory barriers in 
the lesion site. Together, they push forward efficient tissue repair 
and functional reconstruction [ 183 ].

   In chronic diabetic wounds, for example, MOF-818 nano-
zymes incorporated into thermoresponsive hydrogels address the 
persistent oxidative microenvironment by mimicking SOD/CAT-
like activities, achieving prolonged local ROS clearance. This 
targeted antioxidant function not only reduces oxidative damage 
to surrounding cells but also promotes resolution of inflam-
mation, enabling healing outcomes comparable to daily clinical 
use of epidermal growth factor gel with a single application, 
thus providing an efficient approach for otherwise hard-to-heal 
wounds (Fig.  10 A) [  184 ]. In the same diabetic wound repair sce-
nario, a glucose-responsive self-switchable Zn–Fe MOF nano-
zyme-hydrogel system has been developed to address the coupled 
hyperglycemia, bacterial infection, and oxidative stress barriers. 
This system integrates GOx and insulin to realize cascade 
catalysis: Hyperglycemia triggers its peroxidase-like activity 
for antibacterial hydroxyl radical generation and on-demand 
insulin release, with catalytic activity self-terminated under 
normoglycemia to prevent hypoglycemia, ultimately accel-
erating wound healing [  185 ]. Likewise, in solar dermatitis, 
an acute UVB-induced skin radiation injury driven by excessive 
ROS accumulation and inflammatory cascade, a π-conjugated 
polyphthalocyanine-based artificial antioxidase with highly 
surface-exposed Ru active sites (HSE-PPcRu) has been developed. 
With robust SOD/CAT-like ROS-scavenging activity, this sys-
tem effectively neutralizes excess ROS, modulates MAPK/NF-κB 
inflammatory pathways, inhibits keratinocyte damage, and ulti-
mately alleviates UVB-induced solar dermatitis in vivo [  186 ].        

   Matching the scaffold stiffness to that of native bone or car-
tilage further enhances the pro-regenerative effect. Biomimetic 
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Fig. 10. Nanozymes for tissue engineering, regenerative medicine, and disease diagnosis. (A) MOF-818 nanozymes in thermo-responsive hydrogels clear ROS, reduce oxidative 
damage, and accelerate chronic diabetic wound healing [184]. Copyright 2022, ACS. (B) Antioxidant nanoparticles in 3D-printed scaffolds neutralize joint ROS, protect 
chondrocytes, and promote osteochondral regeneration [188]. Copyright 2022, Wiley-VCH. (C) The Au@PANI-based microfluidic sensor uses an oxygen cycle cascade to 
enhance signal and detect cardiac troponin I ultrasensitively [192]. Copyright 2021, ACS. (D) FeN4 single-atom catalysts scavenge ROS, suppress neuroinflammation, and 
improve long-term reliability of in vivo dopamine detection [193]. Copyright 2024, Springer Nature. (E) Pt NPs/CoSAs@NC nanozymes enable femtomolar-level detection of 
PTP1B via cascade-catalyzed signal amplification [138]. Copyright 2024, Wiley-VCH.
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matrix stiffness promotes the osteogenic or chondrogenic dif-
ferentiation of mesenchymal stem cells via mechano-transduc-
tion signaling, which acts synergistically with the antioxidant 
activity of nanozymes [ 183 ]. Zinc-based biodegradable materi-
als have been extensively studied for bone scaffolds due to their 
moderate degradation rate and good biocompatibility. In addi-
tion, zinc-based nanozymes can scavenge ROS in bone defects, 
thereby reducing oxidative stress. This improves the bone heal-
ing efficacy of zinc scaffold systems [  187 ]. For bone and cartilage 
repair, the intra-articular environment has excessive oxidative 
stress and impaired cell growth. Incorporation of antioxidant 
nanozymes into 3D-printed wollastonite bioceramic scaffolds 
enables the system to scavenge excess ROS via SOD-like activity. 
This protects chondrocytes and enhances glucose metabolism, 
supporting chondrocyte growth and maturation. The nano-
zymes also promote the osteogenic differentiation of bone 
marrow-derived mesenchymal stem cells, leading to better osteo-
chondral integration than pristine scaffolds alone (Fig.  10 B) [ 188 ].

   For acute liver failure, excessive ROS and inflammatory 
storms in the liver impair hepatocyte survival and tissue regen-
eration. Antioxidative gold nanoclusters (NAC-Au NCs) with 
SOD/CAT-like activity are incorporated into 3D-printed liver 
sinusoid scaffolds, which are combined with hydrogels carrying 
hepatocyte-like cell spheroids (HLCs). This construct provides 
physical support and reduces ROS levels. As a result, oxidative 
stress is alleviated, inflammation is suppressed, and liver function 
indices are improved, facilitating liver tissue repair and func-
tional recovery [ 189 ]. Together, these examples illustrate a gen-
eral design principle: By matching the catalytic properties of 
nanozymes to the specific oxidative and inflammatory charac-
teristics of a tissue microenvironment, alongside the rational 
design of scaffold biomechanical properties to recapitulate native 
tissue mechanical cues, it is possible to achieve multilevel, syn-
ergistic interventions. Such strategies not only protect resident 
and implanted cells from ROS-induced damage but also actively 
modulate the local biochemical and biomechanical milieu to 
enhance angiogenesis, cell migration, stem cell differentiation, 
and tissue regeneration, providing a robust framework for devel-
oping high-efficiency, intelligent regenerative platforms.   

Disease diagnosis
   Antioxidant nanozymes exhibit catalytic functions analogous to 
natural antioxidant enzymes, enabling precise regulation of bio-
logical catalytic signals. This further enhances the sensitivity and 
selectivity of biomarker detection through cascade signal ampli-
fication, substrate-specific redox catalysis, and microenviron-
ment-responsive activity regulation [ 190 ,  191 ]. Researchers also 
use atomic-level engineering to optimize the surface coordination 
environment, morphology, and composite material interfaces of 
nanozymes, which significantly improves their catalytic rate and 
substrate specificity. Such designs achieve 2 core functions: First, 
they remove ROS efficiently; second, they turn antioxidant pro-
cesses into measurable electrochemical or photoelectrical signals. 
The catalytic activity directly contributes to signal amplification 
and sensing performance. This method exhibits excellent perfor-
mance in complex biological samples and is especially effective 
at reducing biointerface interference and improving signal stabil-
ity and reliability.

   For example, Feng et al. made a dual-channel microfluidic 
sensor based on SOD-Au@PANI. In this sensor, SOD breaks 
down O2 

•− into H2O2 and O2. Subsequently, Au@PANI breaks 
down H2O2 to make O2 again. The regenerated O2 acts as an 

electron acceptor, thereby enhancing the cathodic photocur-
rent. Benefiting from this mechanism, the sensor can detect 
cardiac troponin I (cTnI) with very high sensitivity with a limit 
of detection of 0.042 pg mL−1. There is an oxygen cycle cascade. 
This cascade changes the antioxidant process into positive-
feedback amplified photoelectric signal. As a result, trace bio-
markers can be recognized reliably (Fig.  10 C) [ 192 ]. For sensing 
in vivo, Gao et al. designed a FeN4 single-atom nanozyme with 
dual antioxidant activity (SOD/CAT-like) and electrocatalytic 
activity toward dopamine oxidation. After being implanted into 
rat brains, the nanozymes eliminate interfacial ROS, alleviate 
neuroinflammation, and achieve long-term stable dopamine 
detection. This design fixes the signal errors caused by inflam-
mation in traditional electrochemical sensors (Fig.  10 D) [ 193 ].

   In addition, Wang et al. fabricated a Pt NP/CoSA@NC mul-
tifunctional nanozyme. It has POD-, OXD-, and CAT-like 
activities. These nanozymes help dopamine polymerize in situ 
into polydopamine (PDA). The generated PDA acts as a pho-
toelectric polarity regulator, switching the cathodic current of 
ZnCdS photoanode to anodic current. The polymerization causes 
signal amplification. This allows detection of protein tyrosine 
phosphatase 1B (PTP1B) at femtomolar levels, with a detection 
limit of 0.04 fM (Fig.  10 E) [ 138 ]. This method uses antioxidant 
catalytic activity to enhance detection sensitivity and adopts 
signal aggregation to improve anti-interference performance, 
exhibiting good reliability and specificity for trace biomarker 
detection.

   In conclusion, antioxidant nanozymes function as efficient 
signal amplifiers in disease diagnosis and can cooperate with 
diverse signal transduction pathways to accomplish high-
sensitivity and high-specificity biological detection. By care-
fully designing catalytic functions and material interfaces, 
these systems can reduce interference in complex biological 
samples, promoting the clinical transformation of biomarker 
detection technology. The main advantage is the deep integra-
tion of catalytic activity and signal conversion. This offers a new 
way for early diagnosis and precise monitoring.    

Challenges and Future Perspectives
   Although antioxidant nanozymes have achieved substantial 
progress in basic research and practical applications for disease 
therapy, tissue regeneration, and precision medicine, translating 
these bench-synthesized materials into clinical practice still 
faces numerous obstacles. These limitations derive from 2 major 
aspects: inherent drawbacks of nanozyme materials themselves, 
as well as the complexity of biological microenvironments 
and actual clinical therapeutic demands. First, nanozymes 
are required to maintain high catalytic activity and selectivity, 
and accurately distinguish physiological ROS from pathological 
ROS, so as to avoid disturbing normal cellular signal transduc-
tion. Second, the in vivo behaviors of nanozymes are extremely 
intricate. The interactions between nanozymes, biological mac-
romolecules, and the immune system remain incompletely 
elucidated, which directly determines their in vivo therapeutic 
efficacy and biological safety. Furthermore, different laborato-
ries use different methods and standards to test these nano-
zymes. This results in poor comparability of research findings 
across independent studies. Additional critical bottlenecks 
restricting clinical translation include scalable production, cost 
control, and efficient in vivo delivery of nanozyme systems. More 
critically, the requirements for redox homeostasis regulation vary 
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drastically across different disease contexts and tissue types, 
which necessitates the development of stimulus-responsive 
nanozymes with selective ROS modulation capacity. Specifically, 
these nanozymes should selectively scavenge pathological ROS 
associated with disease progression while preserving physi-
ological ROS that are essential for normal biological func-
tions. Collectively, these interconnected challenges highlight 
the urgent need for a systematic, full-chain strategy spanning 
rational material design, optimized in vivo delivery, and stan-
dardized clinical translation. Herein, we systematically sum-
marize 8 core unresolved challenges currently facing the field.  

Enhancing activity and selectivity
   A core challenge for antioxidant nanozymes is that their cata-
lytic efficiency and specificity toward particular ROS are gener-
ally lower than those of natural enzymes. Current strategies 
aim to optimize composition, size, morphology, and surface 
chemistry. However, these approaches cannot fully resolve critical 
issues: Nanozymes often struggle to distinguish between physi-
ological ROS and pathological excess. While scavenging harmful 
radicals, they may inadvertently affect signaling molecules, and 
some nanozymes generate secondary reactive species, such as 
hydroxyl radicals, during catalysis. These dual limitations in 
activity and selectivity severely restrict therapeutic precision 
in complex biological environments, forming a primary bot-
tleneck for clinical translation. Emerging approaches include 
biomimetic interface design and ML-assisted optimization; 
however, achieving the specificity of natural enzymes remains 
challenging.   

Complexity of catalytic mechanisms
   The in vivo catalytic mechanisms of nanozymes remain poorly 
clarified. Most studies are done in vitro with simple setups, and 
these setups do not capture the real complexity of blood, inter-
stitial fluid, or tissue microenvironments. Once entering organ-
isms, nanozymes are rapidly coated by various biomolecules to 
form dynamic protein coronas. This corona can hide or change 
the catalytic sites. When nanozymes meet immune parts or cell 
receptors, unwanted biological effects may happen, and these 
could alter metabolic pathways. Because we know so little about 
how the whole process works, it is hard to guess how well they 
will catalyze at disease sites. It is also tough to tell if they might 
disturb normal body functions. Advances in in situ character-
ization and theoretical calculations have been made, but real-
time monitoring of nanozyme behavior in vivo is still very hard 
to do. This makes smart design difficult.   

Standardization
   A pressing issue is the lack of a unified evaluation system. Globally, 
more than 20 methods are used to measure nanozyme activity. 
For example, SOD-like activity alone has 5 major assay techniques, 
each with different parameters (temperature, pH, and substrate 
concentration), leading to poor comparability. Instrumentation 
choices for characterization (e.g., microscopy and spectroscopy) 
further influence the interpretation of structure–activity relation-
ships. Reference standards vary across studies, complicating cross-
comparison. Without standardization, the literature data are 
inconsistent, and cross-laboratory performance assessments 
lack meaning. Establishing a complete standard system cover-
ing activity assays, toxicity evaluation, and in vitro–in vivo cor-
relation remains a long-term goal.   

Biocompatibility and safety
   Long-term safety is a key requirement for clinical translation. 
Most current studies only focus on short-term in vitro cyto-
toxicity detection, while the full in vivo transport pathways and 
metabolic fate of nanozymes have not been systematically clari-
fied. Animal tests show that some nanozymes build up in the 
liver and spleen at levels reaching 60% of the given dose, but 
there is very little information about what happens to them 
after 3 months. Metal-based nanozymes can shed ions when 
they are inside acidic lysosomes, and this release can lead to 
damage in mitochondria and cause DNA oxidation. Some 
carbon-based nanozymes may switch on the NLRP3 inflam-
masome, a process that can then set off chronic fibrosis [  194 ]. 
Because of these dangers, a well-planned safety assessment 
framework is needed. Such a framework must include studies 
on immunogenicity, reproductive toxicity, neurotoxicity, and 
also an evaluation of how much breakdown products accumu-
late in tissues. At the moment, there are no standardized safety 
guidelines made just for nanozymes.   

Scale-up production and cost
   Moving from laboratory-scale synthesis to industrial production 
is a key hurdle. High-performance nanozymes typically need 
precious metal precursors, high-temperature pyrolysis, or vac-
uum deposition. These methods give only gram amounts and 
are expensive. As an example, platinum-based nanozymes cost 
can be substantially more expensive than natural enzymes, 
depending on synthesis and purification processes. It is hard to 
scale up and still keep uniform particle properties. Microfluidic 
approaches make uniform particles but have low throughput. 
Conventional hydrothermal methods give wider size distribu-
tions and batch variation over 30%. Continuous-flow reactors 
and biomimetic mineralization are being explored as potential 
solutions. But making kilogram-scale batches with consistent 
single- particle performance at clinically acceptable cost is still 
a big challenge.   

Targeted delivery efficiency
   Efficient and precise delivery to disease sites (ischemia/reperfusion 
zones, inflammatory lesions, or tumor microenvironments) is 
essential for therapeutic efficacy. Strategies include surface func-
tionalization with antibodies, peptides, or aptamers and the 
exploitation of physicochemical properties such as magnetic or 
pH responsiveness. Nevertheless, physiological barriers, reticulo-
endothelial clearance, the vascular endothelium, and high tumor 
interstitial pressure limit effective accumulation. Improving deliv-
ery efficiency requires smarter, biomimetic systems and a deeper 
understanding of in vivo transport mechanisms.   

Clinical translation barriers
   The pathway from the laboratory to the clinic faces numerous 
challenges. Preclinical animal models cannot fully mimic the 
complexity of human diseases (e.g., murine liver metabolism 
is about 7 times faster than that in humans, with distinct oxida-
tive stress pathways). Regulatory requirements necessitate 
Good Laboratory Practice (GLP)-compliant studies on acute, 
chronic, and genotoxic toxicity, which often involve costs in 
the millions. Nanozyme-specific pharmacokinetics and immu-
notoxicity studies currently lack clear regulatory guidance, 
extending development timelines by several years. Industrial-
scale production requires Good Manufacturing Practice 
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(GMP)-compliant facilities, yet it remains uncertain whether 
nanozymes can maintain their catalytic activity and structural 
integrity under standard sterilization or other stringent indus-
trial conditions. To date, few antioxidant nanozymes have 
advanced to phase II clinical trials, with only a handful of 
candidates entering early-stage clinical development—most 
notably CNM-Au8, an antioxidant catalytic gold nanozyme 
developed as a potential therapeutic for ALS. Overcoming 
these barriers will require coordinated efforts across aca-
demia, industry, and clinical practice, as well as tailored regula-
tory strategies.   

Maintaining redox homeostasis
   The ultimate challenge is the precise regulation of redox bal-
ance. Physiological ROS are key signaling molecules in growth, 
differentiation, and immunity. Most existing nanozymes are 
engineered to maintain high and sustained activity. While 
scavenging pathological ROS, they may interfere with physi-
ological signaling and thereby induce rebound effects. Recent 
advances have led to the development of ROS concentration-
dependent dynamic responsive nanozymes, whose antioxidant 
catalytic activity can be adaptively tuned in response to local 
ROS levels, thus effectively preserving the normal signaling 
function of physiological ROS while eliminating excess patho-
logical ROS [  195 ]. Different diseases require context-specific 
modulation: Tumors may require local ROS elevation, whereas 
neurodegenerative diseases benefit from gentle, sustained ROS 
control. Ideal nanozymes would possess biosensing capability 
to dynamically adjust activity according to local ROS levels. 
Although pH-responsive, light-controlled, and such ROS-
responsive dynamic nanozymes have been explored, achieving 
truly intelligent, on-demand antioxidant function remains 
challenging, requiring innovations in both material design and 
precise in vivo control.

   In summary, this review systematically sorts out the defini-
tion, rational design, and catalytic optimization of antioxidant 
nanozymes. There is a growing consensus that building nano-
zymes based on the structural and functional traits of natural 
enzymes offers a clear path toward high catalytic efficiency and 
selectivity. Nature has fine-tuned its enzymatic systems across 
billions of years of evolution, and deep catalytic insights are 
embedded in atomic arrangements and the regulation of micro-
environments. So, as these principles are uncovered and applied 
to material design, nanozyme research is moving from trial-
and-error work toward more mechanism-guided engineering. 
Also, bioinspired antioxidant nanozymes are expected to become 
a central focus in both catalysis and biomedical studies. Finally, 
the aim of this review is to spark wider interest, offer conceptual 
ideas, and support the rational development of next-generation 
nanozymes that can achieve precise and controllable redox 
regulation in living systems.    
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