
Coordination Chemistry Reviews 508 (2024) 215771

Available online 17 March 2024
0010-8545/© 2024 Elsevier B.V. All rights reserved.

Review 

Transition metal-based nanozymes: Classification, catalytic mechanisms 
and emerging biomedical applications 

Dandan Zhang b, Qing Chen a, Qunxiang Ren a, Wenbin Zhong c, Hongjin Zhang c, 
Guannan Wang a,*, Yang Zhang a,* 

a Shenyang Key Laboratory of Medical Molecular Theranostic Probes in School of Pharmacy, Shenyang Medical College, 146 Huanghe North Avenue, Shenyang 110034, 
China 
b School of Public Health, Shenyang Medical College, 146 Huanghe North Avenue, Shenyang 110034, China 
c School of Basic Medicine, Shenyang Medical College, 146 Huanghe North Avenue, Shenyang 110034, China   

A R T I C L E  I N F O   

Keywords: 
Nanozyme 
Transition metal 
Catalytic property regulation 
Biomedical application 
Therapy 

A B S T R A C T   

Transition metal-based nanozymes, which exhibit intrinsic enzyme-like capacities, have several advantages over 
natural enzymes, including excellent stability, abundant metal sources, controllable activity, and inexpensive 
preparation processes. Nanozymes are characterized by interesting physicochemical properties, including pho
toluminescence, superparamagnetism, and special optical properties. Recently, various transition metal-based 
nanozyme platforms have been developed to target single or multiple substrates. The catalytic properties of 
nanozymes can be regulated by microenvironmental factors such as pH, oxygenation level, and concentration of 
H2O2, and also by a magnetic field, light, ultrasound, and heat. Thus, nanozyme signals can be maximized and 
tailored for disease diagnosis and treatment. Prompted by these inherent advantages, new approaches for 
diagnosis, treatment, and theranostics are emerging and gaining momentum. In this review, we summarize the 
preparation, catalytic mechanisms, and properties of transition metal-based nanozymes and highlight their 
emerging biomedical applications, including disease diagnosis, cancer therapy, imaging, and antibacterial in
fections. We anticipate that this review will be significant for improving our understanding of the capacities of 
metal-based nanozymes and motivating broader applications in several biomedical fields.   

1. Introduction 

Nanozymes are catalytic nanomaterials that convert enzyme 

substrates into products, although they may have different catalytic 
mechanisms than their counterparts [1,2]. As emerging materials, 
nanozymes have unique physicochemical features and catalytic 
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properties similar to those of natural enzymes and have attracted sig
nificant attention in recent years [3–5]. Compared to natural enzymes, 
nanozymes have several advantages, including high stability, renewable 
precursor sources, adjustable activity, and low cost. In addition, nano
zymes exhibit interesting physicochemical properties such as photo
luminescence, supermagnetism, and photothermal properties [6–8]. 
Transition-metal-based nanozymes (TMNs) are a class of nanozymes 
that inherit the intrinsic properties of nanozymes, except for excellent 
magnetic, optical, electrical, and other properties with multi-valent 
electrons [9]. TMNs have been widely studied because of these advan
tages and have been evaluated for a variety of applications in environ
mental science, biomedicine, chemical and biosensing [10–12], 
bioimaging [13,14], cancer diagnosis and therapy [9], and antioxidant 
therapy [15–17]. In this review, we provide an overview of different 
categories of TMNs, their typical properties and catalytic mechanisms, 
and their potential biomedical applications. 

The name “nanozyme” can be traced back to a 2004 study by Scrimin 
and colleagues in which triazacyclonane-functionalized gold nano
particles (AuNPs) were used as catalysts of transphosphorylation re
actions. Yan et al. (2007) found that magnetic Fe3O4 NPs have 
peroxidase (POD)-like properties. Subsequently, researchers have 
shown that nanomaterials, including carbon-based nanomaterials, such 
as graphitic carbon, porous carbon, and carbon nanotubes 
[13,15,18–22] mimic the activity of natural enzymes. This is also the 
case for transition metal and transition metal-oxide NPs such as iron 
oxide [23–25], manganese [16,26,27], ceria [28–30], noble metal 
[31–35], and metal–organic frameworks (MOFs) [36,37]. Customized 
nanozymes, which imitate the catalytic properties and mechanisms of 
natural enzymes, have been developed to overcome some drawbacks of 
natural enzymes, particularly in terms of the eco-environment [9,38]. 
Furthermore, the scope of applications for nanozymes has expanded, 
particularly in biomedicine, owing to their more robust multicatalytic 
activity under wide pH and temperature conditions, facilitating possible 
breakthroughs in the field. Examples of this are the nano-CeO2, nano- 
MnO2, and nano-Fe3O4 nanozymes, which can catalyze the oxidation of 
3,3,5,5’-tetra-methylbenzidine (TMB) and 2,2-azino-bis(3-ethylbenzo
thiazoline)-6- sulfonate (ABTS) substrates to generate chromogenic 
products. Most artificial transition metals and metal-oxide nano
materials have remarkable enzymatic properties, including typical oxi
doreductases such as glucose oxidase (GOx), POD, oxidase (OXD), 
catalase (CAT), superoxide dismutase (SOD), and glutathione peroxi
dase (GPx) (Fig. 1). Other hydrolase-like activities such as urease, pro
tease, esterase, and nuclease-like properties, which can catalyze the 
hydrolysis of carboxylic- and phosphoric-acid esters, are also exhibited 
by various transition metals and metal-oxide nanomaterials. However, 
few studies have classified TMNs by their mechanism of action on sub
strates and their emerging biomedical applications. 

Hence, we explored the classification of TMNs according to their 
modes of action, including self-acting, synergistic, and remotely 
controlled catalytic mechanisms. We also discuss the latest advances in 
the biomedical applications of nanozymes, including disease diagnosis, 
imaging, antibacterial applications, and cancer therapy. We examined 
strategies used to improve the efficacy of these nanozymes in various 
diseases. Finally, we analyze the current limitations and potential future 
directions for TMNs development, particularly in the biomedical field. 

2. Catalytic properties of artificial TMNs 

TMNs such as noble metal NPs and manganese-, iron-, copper-, and 
cerium-based NPs have been used to elucidate the catalytic abilities of 
OXD, POD, CAT, SOD, GOx, and GPx. In addition to single-NP systems, 
composites combining transition metal-based units with other nanounits 
have been developed, including Fe3O4-Pt and Au-Pt. It has been 
observed that TMNs often display synergistic effects that can signifi
cantly boost their catalytic performance when integrated with other 
nanozymes. Various natural metal enzymes have been identified in 
living organisms that play vital roles in complicated biocatalytic pro
cesses. Considering the inherent limitations of natural metallic enzymes, 
the development of artificial TMNs as potential substitutes for enzymes 
is promising. Most TMNs belong to the oxidoreductase family, and their 
intrinsic enzymatic activity is related to the atomic composition of the 
nanozyme surface and interior, with the exception of other influencing 
factors, including morphology and size, surface groups, pH, tempera
ture, and reaction time. Although TMNs have been studied for several 
decades, there is still a lack of understanding of their catalytic mecha
nisms and kinetics. Herein, we review the typical catalytic mechanisms 
and kinetics of TMNs. Table 1 provides a classification and its typical 
bioapplications, which may help further our knowledge of TMNs. 

2.1. Monometal nanozymes 

Monometal nanozymes generally refer to noble metal NPs, which 
exhibit surface plasmon resonance (SPR), optical and photothermal 
conversion properties, and are chemically stable [59,63,154]. These 
nanozymes exhibit OXD, POD, CAT, and SOD activities [39,49]. For 
example, noble-metal NPs have been observed to catalyze the oxidation 
of substrates such as TMB in the presence of H2O2 under acidic condi
tions because the reaction intermediate O* exhibits POD activity instead 
of free radicals [43]. Additionally, these nanozymes can catalyze the 
decomposition of H2O2 into H2O and O2 under basic conditions, thereby 
replicating CAT activity [31,49]. Noble-metal NPs have also shown 
SOD-like activity, enabling them to quench O2•

- and adjust the levels of 
reactive oxygen, making them suitable for in vivo applications [31]. 
Researchers have conducted relevant studies on the catalytic mecha
nisms of noble metal nanozymes. The mechanisms of Au, Ag, Pt, and Pd 
have been investigated in terms of their POD and CAT activities using 
theoretical calculations and experimental verification [155]. H2O2 
molecules attach to Au (111) surfaces and undergo a decomposition 
reaction under acidic or neutral conditions, leading to the formation of 
highly oxidizing oxygen species denoted as O* (* indicates the substance 
adsorbed on the metal surface). O* can then react with hydrogen atoms 
from the organic substrates, resulting in oxidation reactions that show 
POD activity. However, under alkaline conditions, hydroxyl groups were 
adsorbed onto the Au (111) surface, and in the presence of OH*, H2O2* 
underwent an acid decomposition reaction, resulting in the adsorbed 
oxygen species, O2*, which was released as O2; therefore, the catalyst 
showed CAT-like activity. Notably, OH* acts as both an active site for 
CAT-like activity and an inhibitory site for POD-like activity. Subse
quently, the mechanisms of the effects of Au, Ag, Pt, and Pd on OXD and 
SOD activity were also studied. Because trilinear oxygen (3O2) with a 
magnetic moment is the main component of O2 in air, it does not readily 
react with organic substrates. However, when 3O2 is adsorbed onto a 
metal surface, the metal electrons enter the antibonding orbitals of 3O2, Fig. 1. Typical nanozyme reaction formulas.  
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Table 1 
Current relative metal nanomaterials as enzyme analogues and emerging bioapplications.  

Type Nanomaterial Enzyme-like Application Detection limit Reference 

Monometal 
nanozyme 

Au NCs GOx, Therapeutics for cancer  [39] 
Au NPs POD, CAT, 

SOD   
[40,41] 

Ag NPs SOD, CAT   [42] 
Pt NPs POD Detection of Hg2+ 7.2 nM [43] 
Pt NCs POD Detection of glucose 0.28muM [44] 
Pt-apoferritin NPs POD, CAT – – [45] 
Pd NPs POD Detection of I-, Antibacteria 0.19 nM [32,46] 
Pd NCs SOD, CAT – – [31] 
Pd nanosheets CAT, POD Therapeutics for tumor – [47] 
Ru NPs POD, OXD – – [48] 
Ir NPs POD, CAT, 

OXD 
Oxidation of aromatic alcohols – [49] 

Cu NCs POD Detection of H2O2 and glucose 10 µM, 100 µM [50] 
Cu-CDs POD, CAT Antibacteria – [51] 
Os NPs POD Detectionof glucose and pyruvic acid 400 nM [52] 
Rh NPs POD Detection of H2O2 and glucose <0.75 μM [53] 
Mn(II) OXD – – [54] 
FeNPs OXD Detection of dopamine 10 nM [55] 

Metal alloy 
nanozyme 

Au2Pt CAT Therapeutics for tumor – [56] 
AgPt NPs CAT, POD – – [57] 
Au-Pt NCs OXD – – [58] 
Fe-Pt NPs OXD – – [59] 
Pd/Pt NWs OXD Detection of acidphosphatase 0.06 U L-1 [60] 
NiPd NPs CAT,POD, 

OXD 
Detection of glucose 4.2 μM [61] 

Au@Pt nanorods OXD, POD Detection of H2O2, glucose, cholesterol 45 μM, 45 μM, 30 μM [62] 
Au@PtNPs CAT Detection of cocaine 0.33 μM [63] 
Au@PdPt nanodots OXD Detection of Fe2+ 1.5 μM [64] 
PtCo NPs OXD Detection of cancer cells  [65] 
Au@Ag nanodots POD Immunoassay for carcinoembryonic antigen 30 fg mL− 1 [66] 
Au@Pd nanodots POD Immunoassay for carcinoembryonic antigen 3 fg mL− 1 [67] 
Pd-Ir nanocubes POD Immunoassay forhuman prostate surface antigen 0.67 pgmL− 1 [68] 
Bi/Au NPs POD Detection of thrombin 2.5 pM [69] 
Bi/Pt NPs POD Detection of glucose 0.2 μM [70] 
AgM (Au, Pd, Pt) NPs POD Detection of ascorbic acid 6.7 μM [71] 
AgPt NCs POD Detection of thrombin 2.6 nM [72] 
PtCu nanoframe POD Phenol degradation – [73] 
PtCu nanocages POD, SOD, 

CAT, AAO 
Detection of dehydroepiandrosterone 0.5 ngmL− 1 [74] 

Pd@Pt NPs POD, CAT, 
OXD 

Detection of Salmonella 58 CFU mL− 1 [75] 

US-HEANPs POD Therapeutics for tumor  [76] 
Metal oxide- 

based 
nanozyme 

MnO2 NSs OXD Detection of acid phosphatase 40 μU mL− 1 [77] 
MnO2 NPs POD, CAT, 

SOD 
Immunoassays for goat anti-human IgG, Antioxidant 0.25 μg mL− 1, 0.025 μg mL− 1 [78,79] 

MnO2 nanoflakes POD Detection of glucose 1 μM [26] 
Mn3O4 NPs OXD, POD, 

CAT, SOD 
Detection of arsenic, Antioxidant 1.32 μgL-1 [80–82] 

Fe3O4 POD, CAT Immunoassay for target Ag, Antioxidant 18 fgmL− 1, [83,84] 
γ-Fe2O3NPs POD, CAT Antioxidant – [23] 
α-Fe2O3 NPs CAT Antioxidant – [85] 
CeO2NRs OXD Detection of GSH – [28] 
CeO2 NPs POD,CAT, 

SOD 
Antioxidant – [86–88] 

CeO2 nanocrystals Phosphatase – – [89] 
CeO2− xnanorods POD, 

hydrolase 
Antibacteria – [90,91] 

Co3O4 NPs CAT Detection of H2O2 4.4 μM [92] 
Co3O4 nanoflowers POD, 

CAT, OXD, 
SOD 

Detection of acid phosphatase and H2O2 0.062 U L-1, 
2 μM 

[93] 

NiO nanoflowers SOD – – [94] 
ZnO NPs OXD, POD Detection of carvedilol, 

L-cystine, L-proline, 
L-cysteine,L-histidine, dopamine, epinephrine, 
pyrogallic acid, tannic acid, ascorbic acid, 
hydroquinone, pyrocatechol and p-aminophenol 

3.25 nM, 
0.85 ng/L, 0.91 ng/L, 0.79 ng/L, 0.56 
ng/L, 0.8 ng/L, 0.74 ng/L, 0.43 ng/L, 
0.27 ng/L, 0.38 ng/L, 0.65 ng/L, 0.11 
ng/L, 0.89 ng/L 

[95,96] 

V2O5 nanowires POD Antioxidant – [97] 
V2O5 NPs POD Antibacteria – [98] 
VO2 nanoplates POD – – [99] 
V6O13 nanotextiles OXD, POD, 

CAT 
Detection of glutathione,H2O2 and glucose 0.63 μM, 

6.41 μM, 
0.02 μM 

[100] 

(continued on next page) 
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leading to its dissociation and the formation of O* without a magnetic 
moment. O* can oxidize organic substrates, resulting in monometal 
nanozymes exhibiting OXD-like activity. The superoxide anion •O2

– is a 
Brønsted base and susceptible to protonation, so it can be transformed 
into peroxyhydroxyl radicals (HO2•) in the solution. Once adsorbed onto 
the metal surface, HO2• undergoes atomic rearrangement, resulting in 
the production of O2* and H2O2*, thus displaying SOD-like activity. 
Notably, it was also found by theoretical calculations that the catalytic 

activity increases with increasing adsorption energies of H2O2 and 3O2 
on the metal surface [156]. There have been many reports on enzyme- 
like catalysis by noble-metal nanozymes; however, few studies have 
been conducted on their catalytic mechanisms. 

2.2. Metal alloy nanozymes 

The catalytic properties of TMNs can be adjusted by fabricating 

Table 1 (continued ) 

Type Nanomaterial Enzyme-like Application Detection limit Reference 

VOxnanoflakes POD, CAT Detection of glucose and H2O2  [101] 
Cu2O NPs OXD – – [102] 
CuO NPs POD Phenol degradation – [103] 
Cu5.4O NPs SOD, CAT Therapeutics for inflammation related diseases – [104] 
CuxO NCs SOD, CAT Therapeutics for Parkinson’s disease – [105] 
MoO3 OXD Cytoprotection – [106] 
RuO2 NPs POD, CAT, 

SOD 
Therapeutics for acute kidney injury – [107] 

Single- 
atom 
nanozymes 

FeN5 SA/CNF OXD Antibacteria – [108] 
Fe SAEs POD, OXD, 

CAT 
Degrade phenol – [109] 

Fe-SAs/NC POD, CAT, 
SOD 

Detection of acetylcholinesterase, Cytoprotection 0.56 U L-1 [110,111] 

Fe-N-C SAzymes OXD, POD Detection of acetylcholinesterase, organo 
phosphorus compounds and glucose 

0.014 mU mL− 1, 0.97 ng mL− 1, 8.2 μM [112,113] 

CNT/FeNC SAN POD Detection of H2O2, glucose, and ascorbic acid 0.03 μM, 0.02 μM, 0.03 μM [114] 
Fe-N-rGO POD Detection of acetylcholine and H2O2 20 nM [115] 
SA-Fe/NG POD Detection of Cr(VI) 3 nM [116] 
SAFNCs POD Antibacteria – [117] 
Pt/CeO2 POD, CAT, 

SOD 
Therapeutics for neurotrauma – [118] 

Cu/HCSs POD, CAT, 
SOD 

Antibacteria – [119] 

Cu-N-C POD Detection of H2O2 and glucose 0.12 μM, 
0.58 μM 

[120] 

Ti3(AlxCu1-x)C2 POD Detection of H2O2 0.06 μM [121] 
PMCS POD Disinfection – [122] 
MoSA-Nx-C POD Detection of xanthine – [123] 
Fe-N/C SACs POD, OXD, 

CAT 
Antioxidant – [124] 

OxgenMCC-r CAT Therapeutics for tumor – [125] 
Co-MoS2 POD  – [126] 
Co-PMCS CAT, SOD, 

POD 
Sepsis management – [127] 

MitoCAT-g OXD Therapeutics for cancer – [128] 
FeBNC SAzymes POD Detection of organo phosphorus pesticides 2.19 ngmL− 1 [129] 

Diatomic 
nanozymes 

Mo/Zn POD Detection of H2O2 24.4 µM [130] 
Fe2NC@Se SOD, OXD, 

CAT 
Therapeutics for reperfusioninjury – [131] 

CuMn CAT, OXD Therapeutic for tumor – [132] 
M1/M2-NC (M = Fe, Co, 
Ni, Mn, Ru, Cu) 

POD Therapeutic for tumor – [133] 

Other 
nanozymes 

Cu/GMP MOF OXD Detection of epinephrine 0.41 μg mL− 1 [134] 
Ce-MOF OXD Detection of cysteine, homocysteine and glutathione 0.150 μM, 

0.132 μM, 
0.125 μM 

[135] 

Co/2Fe MOF OXD, POD Detection of H2O2 5 μM [136] 
Au/CuS composite POD Degrading pollutants – [137] 
Au-MOF OXD, POD Detection of glucose, glucose and lactate 8.5 μM, 4.2 μM, 5.0 μM [138,139] 
FeS POD Detection of H2O2 92 nM [140] 
Fe3S4NPs POD Detection of glucose 0.16 μM [141] 
FeS2NPs OXD, POD Therapeutics for tumor – [142] 
MoS2 nanoflowers POD Antibacteria – [143] 
MoS2-Pt74Ag26 

nanohybrids 
POD Detection of H2O2 and glucose 0.4 μM, 0.8 μM [144] 

MoS2-Lys NSs POD Antibacteria – [145] 
Fe-MOF POD Detection of H2O2 and ascorbic acid 0.13 μM, 15 μM [146] 
Cu-MOF POD Detection of alkaline phosphatase 0.19 UL-1 [147] 
Ni-MOF POD Detection of H2O2 8 nM [148] 
Pt-MOF POD, CAT Detection of Hg2+, Therapeutics for cancer 0.35 nM [149,150] 
Tb-MOF POD Detection of estrogen endocrine disruptors 50 pM [151] 
CuS NCs POD, CAT, 

SOD 
Detection of acid phosphatase 0.01 U L-1 [152] 

MoS2@Au@BSANSs POD, CAT, 
SOD 

Antibacteria – [153]  
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alloys with different elemental compositions (bimetallic and multime
tallic alloys) [23,85,93]. Compared to monometallic nanozymes, metal- 
alloy nanozymes are more cost-effective and have been observed to 
show improved performance in biocatalytic reactions. For example, 
although small Pt NPs (<5 nm) exhibit excellent catalytic activity, SPR is 
rarely employed because it is located in the UV region. In contrast, Au 
nanorods exhibit a ratio-dependent longitudinal SPR and are often used 
in optical sensing, imaging, and hyperthermia treatment. Inspired by 
this, Guo et al. developed Au@Pt nanostructures and discovered that the 
OXD-, POD-, and CAT-like activities of Au@Pt were dependent on the 
composition [157]. Therefore, the Pt-containing nanostructure was 
demonstrated for sensing-based enzyme-linked immunosorbent assays 
(ELISA) by detecting mouse interleukin 2 (Fig. 2). The results revealed 
that the antibody was securely attached to the Au@Pt nanostructures, 
displaying strong biological detection capability, and this approach was 
more sensitive in the presence of H2O2. Moreover, the introduction of 
magnetic metals such as cobalt, iron, and nickel can yield multimetallic 
alloy nanozymes and further enhance the enzymatic properties of these 
alloys [61,65]. Mei et al. found that PtCuCo NPs can act as POD-like 
catalysts in the reaction between luminol and H2O2 [158]. PtCuCo 
NPs catalyzed the rapid decomposition of H2O2 and dissolved oxygen 
into highly reactive (hydroxyl radicals) •OH and O2•

-. O2•
- initiate an 

active oxygen chain reaction to form singlet oxygen (1O2). Simulta
neously, luminol and H2O2 are broken down to generate luminol- and 
HO2

–. This triggered a reaction between the generated luminol- and HO2
– 

with •OH, accelerating the production of luminol•-. Luminol•- then re
acts with 1O2 and O2•

- to form unstable 3-APA*, which quickly returns 
to the ground state and emits bright light at 425 nm. Owing to the 
synergistic catalytic activity of PtCuCo, trimetallic nanozymes possess 
the highest activity among the studied particles. In summary, synergistic 
effects are the main reasons for the improved catalytic performance of 
metal-alloy nanozymes [62,159]. 

In addition to bimetallic and trimetallic nanozymes, high entropy 

alloys (HEA) are a new type of alloy nanozymes developed in recent 
years, which are composed of five or more metals in equal or nearly 
equal proportions. The combination of multiple components in HEAs 
creates a stable single-phase solid-solution structure that can modify the 
electronic and geometric structures of the alloy materials to achieve 
outstanding catalytic performance. For example, Liang et al. developed 
ultrasmall HEA nanoparticles (US-HEANPs) through the carbonization 
of metallo-supramolecular precursors created by an aldol condensation 
reaction-based metal–ligand crosslinking technique [76]. This simple 
and versatile method produces US-HEANPs with remarkable POD-like 
activity. Because US-HEANPs have random mismatches, atomic occu
pancy, and original properties of the five different metal elements, 
electron transfer during the reaction was accelerated, thus accelerating 
the enzyme catalysis process and generating highly toxic •OH from 
endogenous H2O2. Furthermore, US-HEANPs exhibit a high photo
thermal conversion effect. However, reports on the production of HEAs 
with specific structures and investigations of their enzymatic catalytic 
activity are limited. Despite their remarkable catalytic performance, 
further research is required to achieve controllable synthesis methods 
and fully elucidate the catalytic mechanisms of HEAs as nanozymes for 
more widespread applications. 

2.3. Metal-oxide nanozymes 

Various metal oxides have been used to synthesize nanozymes. It has 
been reported that these metal oxide-based nanozymes have enzymatic 
activity similar to various enzymes, including POD, OXD, CAT, and SOD 
[93], due to their high surface energy and proportionately large surface 
area, as well as magnetic and fluorescence quenching properties [160]. 
Iron-oxide NPs were the first nanozymes to be discovered with intrinsic 
POD-like activity. It has been reported that Fe3O4 can catalyze the 
oxidation of horseradish peroxidase (HRP) substrates such as TMB, 2,2′- 
diamino-azobenzene, or OPD, resulting in the formation of blue-, brown- 

Fig. 2. (A) (a) SEM image of Au@Pt and (b) UV–vis-near-infrared (NIR) spectrum of Au@Pt. Color changed depiction of oxidizing TMB and OPD without (c) and with 
(d) the H2O2. Catalytic reaction of O2 (e) and H2O2 (f) by TMB reduction. (B) The ELISA depended on Au@Pt NRs (a) and Au@Pt 0.17 (b). Reprinted with permission 
from Ref. [157]. 
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or orange-colored products [25]. DFT calculations were used to study 
the catalytic mechanisms and reaction kinetics of the iron-oxide surfaces 
with POD-like activities [161]. All surfaces analyzed were found to 
catalyze the reaction through a three-step mechanism involving the 
chemisorption of H2O2 to form two hydroxyl adsorbates, followed by 
two reduction processes to remove the hydroxyl groups from the surface. 
In addition to iron-based nanomaterials, many other types of metal- 
oxide nanomaterials exhibit similar enzymatic properties. Moreover, 
electron transfer-related mechanisms have been employed to explain the 
enzymatic performance of metal oxide-based nanozymes [162]. For 
example, CeO2 mimics CAT [163]. The H2O2 molecule first attaches to 
the 2Ce4+ binding site of the oxygen vacancy site, resulting in a fully 
reduced oxygen vacancy site, with oxygen being produced from the 
released protons and two electrons being transferred to the two Ce4+. 
Subsequently, the homolysis of the O–O bond leads to the binding of 
another H2O2 molecule to the 2Ce3+ site, which is a consequence of the 
transfer of two electrons and the uptake of two protons. The nanoceria 
surface returned to its initial Ce4+ sites after H2O molecules were 
released. However, the proposed mechanisms for CAT-like properties 
have certain shortcomings because they do not consider real structural 
features [164]. Guo et al. explored the potential mechanism of CAT-like 
activity at the atomic and molecular levels [165]. The mechanisms of 
alkali- and acid-like dissociation and hydrogen peroxide association 
were considered by incorporating two H2O2 molecules into the calcu
lation model. Calculations of the thermochemical energies and associ
ated activation barriers suggested that the most viable mechanism for 
the CAT-mimicking catalytic recycling of Co3O4 is the bi-hydrogen 
peroxide associative mechanism. In addition, CeO2 can simulate POD 
[166] and SOD [167] because of the large number of empty oxygen sites 
and mixed valence states of 3 + and 4 + in cerium. Co3O4 NPs show 
POD, OXD, and SOD-like activities [92,168,169]. V2O5 has shown 
intrinsic POD-like activity [170], which was attributed to the nanozyme 
surface properties and not to free orthovanadate anions. Furthermore, 
Mn3O4 [171] and MnO2 [172] have been reported to be SOD mimics. 
The coupled electron-transfer model, polished catalytic cycle mecha
nism, and Langmuir–Hinshelwood and Eley–Rideal mechanisms are 
considered possible mechanisms for explaining the SOD mimetic prop
erties of nanozymes [163,165,173,174]. 

2.4. Single-atom nanozymes 

With the advancement of high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM), the study of nano
zymes has entered a new era of single-atom analyses. Single Pt atoms 
dispersed on FeOx exhibit remarkable stability and activity for CO 
oxidation, thus leading to the concept of “single-atom catalysts,” namely 
a catalyst constructed by anchoring isolated metal atoms with catalytic 
activity on a solid support, with a uniform distribution of active sites and 
no obvious interaction between them [175–179]. Single-atom catalysts 
greatly improve the utilization rate of atoms and the density of active 
centers compared to traditional catalysts. Similarly, various single-atom 
nanozymes (SAzymes) have been developed, and this research area is 
becoming increasingly popular [114]. The typical structures of SAzymes 
include metal-oxide (M− oxide), metal–metal (M− M), metal-N4 
(M− N4), and metal-N5 (M− N5) [108,180–182]. The main factors 
affecting the enzymatic properties of SAzymes are the active sites of 
M− N and the coordination structure of M− N− C groups (mainly Fe, Cu, 
Pt, and Zn) [183–186]. The main factors affecting the catalytic activity 
of SAzymes with the best electronic and geometric M− N− C coordina
tion structures are the carrier morphology, molecular ligands, metal 
clusters, atomic dopants, defects, number and type of N atoms, and the 
heterozygous mode [187]. Researchers have discovered that SAzymes 
are more efficient than ”conventional“ nanozymes, with activity levels 
that are a factor of 3–100 times higher [180]. Yan et al. demonstrated 
that a Pt/CeO2 SAzymes had POD-like activity that was 3–10 times 
higher than that of Pt particles and CeO2 nanoclusters due to the ability 

of CeO2 to strongly trap Pt single atoms [118]. Additionally, dispersing 
single Pt atoms on the CeO2 surface increases the utilization of single Pt 
atoms by up to 100 %. Moreover, the Pt/CeO2 nanozyme displayed 
higher CAT-like activity and four-fold higher SOD-like activity than Pt 
NPs and CeO2 nanoclusters (Fig. 3). In addition to mimicking POD, CAT, 
and SOD activities, SAzymes exhibit OXD and GPx activities. Re
searchers successfully synthesized iron SAzymes (Fe-N/C-CNT) con
taining an FeN3 active site, confirming that FeN3 is a key oxidative active 
site conferring significant OXD-like activity to Fe-N/C-CNT and that the 
catalytic mechanism may be based on the resulting reactive oxygen 
species (ROS) [183,188]. Huang et al. proposed a novel iron SAzyme 
(FeN5 SA/CNF) and assessed the catalytic activities of FeN4 SA/CNF and 
MN5 SA/CNF (where M denotes the metal: Mn, Fe, Co, Ni, or Cu) [108]. 
Moreover, FeN5 SA/CNF exhibited a stronger OXD-like activity than 
other NPs, such as CeO2, Fe3O4, MnO2, CuO, Au, Pd, and Pt. Cao et al. 
synthesized Co/PMCS NPs that simulated the catalytic processes of SOD, 
CAT, and GPx to eliminate O2•

- and H2O2 [127]. Concurrently, •OH was 
effectively reduced by the redox cycles, demonstrating the unprece
dented activity of the nanozymes. Moreover, the SAzyme effectively 
eradicates •NO through the collective action of coporphyrin centers, 
which is nearly impossible for nanozymes. The theoretical mechanisms 
of SAzyme catalysis can be elucidated using DFT because of the unique 
coordination environment of atomically dispersed metal catalysts. In 
M− N− C nanostructures, the isolated M− Nx active sites act as the heart 
of metalloproteinases, and the presence of nitrogen is vital for their 
enzyme-like catalytic activities in SAzymes. The catalytic performance 
of SAzymes in a transition-metal oxide can be attributed to strong 
metal–support interactions between the isolated metal atoms and the 
support. To further elucidate the catalytic mechanism of SAzymes, they 
introduced the concept of electronic metal–support interaction (EMSI) 
to explain how the chemical and catalytic properties of the metal and 
support can be affected by electronic perturbations, specifically shifts in 
the energy of the d-band center. Overall, the catalytic activity of 
SAzymes is largely associated with the electronic states of the active site 
[189]. 

2.5. Diatomic nanozymes 

Diatomic nanozymes (DAzymes), particularly heteronuclear 
DAzymes, are nanoscale molecules composed of two different atoms 
held together by coordination bonds. This special structure provides 
remarkable catalytic performance, specificity, stability, and controlla
bility. The high catalytic efficiency and specificity of DAzymes accel
erate chemical reactions in organisms, and their high structural stability 
makes them resistant to inactivation during the catalytic process, mak
ing them useful for various applications in biomedicine and environ
mental science. Additionally, the catalytic activity can be regulated by 
adjusting the atomic type, coordination environment, and other factors 
to meet the requirements of different applications [190]. Zhou et al. 
developed multifunctional CuMn diatomic nanozymes loaded with the 
chemotherapeutic drug doxorubicin (DOX@CuMn-DAzymes) [132]. 
This system triggered a super-exchange interaction between the Cu and 
Mn atoms, resulting in an optimized electronic structure and the syn
ergistic effect of Cu2+–Mn3+ diatomic pairs. The DOX@CuMn DAzymes 
had excellent CAT and OXD enzyme activities and could efficiently 
catalyze cascade reactions with endogenous H2O2 as the starting reac
tant in an acidic tumor microenvironment. This highly active catalytic 
center accelerates the rate-fixing step of the cascade reaction, thereby 
promoting the subsequent generation of 1O2. In addition, DOX@CuMn 
DAzymes exhibited remarkable 1064 nm laser-prompted photothermal 
performance, high DOX loading efficiency, and dual pH- and near 
infrared ray (NIR)-responsive DOX release. Song et al. presented a 
straightforward and universal method for synthesizing a DAzyme library 
with similar structures using formamide condensation and carboniza
tion to demonstrate the POD-like catalytic properties of these materials 
[133]. The results revealed that Fe-N4 is a highly active site with 
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outstanding POD-like activity, and the incorporation of heteronuclear 
metal atoms, particularly Co atoms, significantly enhances the catalytic 
efficiency. Theoretical calculations suggested that doping with Co het
eronuclear sites modulates the d-band center of Fe1-NC, providing 
additional reaction sites and decreasing the reaction energy barrier of 
the entire catalytic pathway, thus facilitating the catalytic process. 
Additionally, upon doping with Fe and Co atoms, the photothermal 
performance of the amorphous NC improved with decreasing band gap. 
The synergetic effect between the homo- or heterobimetallic pairs in 
DAzymes is a key factor for improving the catalytic performance. 
However, few studies have thoroughly investigated and systematically 
verified the role of diatomic sites in nanozymes to explore their 
respective structure–activity relationships in biocatalytic reactions. 

2.6. Other nanozymes 

In addition to the metal- and metal oxide-based nanozymes, 
SAzymes, and DAzymes mentioned above, metal sulfides (e.g., FeS2, 
CuS, and MoS2), MOFs, and metallic core–shell nanostructures have 
been reported to exhibit enzymatic activity [136,191,192]. In this re
view, we focus on nanozymes based on metal sulfides and MOFs. In the 
last few years, metal sulfide-based nanozymes have been developed as 
substitutes for enzymes, offering benefits such as straightforward syn
thesis, a low bandgap for electron transfer, and adjustable catalytic 
effectiveness [193]. Among the many metal sulfide-based nanozymes, 
those that incorporate MoS2 have been shown to have superior redox 
chemistry, photophysical properties, and excellent POD-like catalytic 
activity [143,194]. Lin et al. reported that layered MoS2 nanosheets 
have POD-like activity, can produce •OH through the decomposition of 
H2O2, and catalyze substrates such as OPD, ABTS, and TMB in color 
reactions [195]. In the reaction process, electrostatic effects cause TMB 
to be adsorbed on the surface of the nanosheets, resulting in electron 
transfer from the amino groups to the nanosheets, thus accelerating the 
electron transfer between the nanosheets and H2O2 and increasing the 
reaction rate. Compared with other nanomaterials (such as Co3O4, TiO2 
nanotubes, Fe3O4 NPs, and Pt nanotubes), MoS2 nanosheets are char
acterized by higher catalytic activity and faster reaction rates over a 
wide pH range (2.0–7.5). Additionally, for MoS2 nanosheets, the kinetic 

results show a ping-pong mechanism, suggesting that MoS2 tends to 
react with the substrate first, and then releases it to react with the other 
substrate. MOFs have also been studied for their outstanding physico
chemical and thermal stabilities, high specific surface areas, and uni
form cavity structures. The application of MOFs in nanozymes is based 
on two important aspects: (i) MOFs themselves have nanozyme activity, 
and (ii) MOFs act as carriers for various enzymes. Yang et al. prepared a 
bimetallic (Co/2Fe) organic framework with POD- and OXD-like activity 
[136]. The introduction of Co enhanced the oxidation activity of the 
MOF (Co/2Fe), resulting in a high affinity for TMB. ZIF-8 is a typical 
MOF used for nanozyme immobilization. Wu et al. immobilized GOD 
and POD in ZIF-8 to form a multienzyme system [196]. The rigidity and 
limitations of the MOF scaffold structure enhance the thermal stability 
of the embedded enzyme, thereby preventing protein hydrolysis and 
chelation. These composites exhibited impressive catalytic efficiencies 
in enzyme cascade reactions. Zhao et al. prepared Fe-based MOFs and 
constructed a cascade colorimetric system using Fe-based MOFs loaded 
with GOx to detect glucose [197]. Compared with HRP, this system 
showed a higher POD-like activity. Thus, MOFs have two functions: (i) 
as POD mimics and (ii) as supports for GOx. Moreover, the high activity 
of MOFs results from their large exposed surface areas, which provide 
abundant accessible catalytic sites and few diffusion barriers. 

3. Regulation activity of TMNs 

The activity of multiple nanozymes is determined by exogenous 
conditions (e.g., pH and temperature), size, morphology, composition, 
surface modification, ions or molecules, and external energy. Among 
these factors, the composition has the most significant influence on ac
tivity. The various factors affecting the enzymatic activity of nanozymes 
stem from (i) the effect of the number of nanozyme active sites and (ii) 
their influence on the activity of a single active site. In this section, we 
discuss how each factor affects nanozyme activity. 

3.1. Exogenous condition 

Nanozyme activity is influenced by the pH of the surrounding me
dium. The POD activity of nanozymes is usually more efficient in acidic 

Fig. 3. (A) Schematic diagram of the enzymatic antioxidant defense system in the absence and presence of Pt/CeO2 catalysis. (B) Survival rate of cells incubated with 
(a) nanozymes, (b) H2O2, and (c) LPS in the presence and absence of nanozymes through MTT determination. Fluorogram of total ROS in cells stained with DCFH-DA 
in the presence of (d) H2O2 and (e) LPS and in the presence and absence of nanozymes. Levels of (f) IL-1β, (g) IL-6, and (h) TNF-α in cell determined with H2O2 
induction by ELISA. Reprinted with permission from Ref. [118]. 
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environments, whereas the CAT activity is more efficient in alkaline 
environments. Gao et al. analyzed the mechanism by which pH affects 
the activity of nanozymes, using noble-metal nanozymes as a model 
[155]. The results showed that pH changed the decomposition process of 
the reactants on the surface of the noble metal. Under acidic conditions, 
H2O2 tends to undergo base-like decomposition on the metal surface, 
and the pre-adsorbed hydrogen combines with the obtained OH to form 
H2O* and OH*. However, under alkaline conditions, H2O2 tends to 
undergo acid-like decomposition due to the pre-adsorption of OH, pro
ducing H2O* and O2*. At different pH values, POD and CAT activities 
were altered through different decomposition pathways. In addition, Gu 
et. al. reported pH-dependent POD and CAT-like activities of Fe3O4 
nanozymes [23]. Under acidic lysosome-mimicking conditions, nano
zymes catalyze H2O2 to generate •OH. In neutral physiological envi
ronments, Fe3O4 nanozymes can remove harmful H2O2 through CAT- 
like activity (Fig. 4). Additionally, the catalytic efficiency of nano
zymes is influenced by temperature. It was shown that Fe@PCN-224 NPs 
exhibit optimal POD-like properties at pH 3.5 and a temperature of 45℃ 
[198]. At lower temperatures, 37 and 25℃, the activity of the NP 
decreased to 90 % and 80 %, respectively. Although many novel nano
zymes have displayed remarkable enzyme-like properties across a wide 
range of temperatures, their catalytic properties may be slightly 
diminished below the optimal temperature [199]. See (Fig. 5). 

3.2. Size and morphology 

The effectiveness of typical nanozymes depends on the particle size; 
as the particle size decreases, the specific surface area increases and the 
number of surface atoms increases, leading to a lack of coordination 
between the surface atoms. This in turn increases the number of surface- 
active sites, thus enhancing the catalytic efficiency of the nanozymes. 
Many studies have shown that nanozymes with smaller particle sizes 
exhibit higher catalytic capacities. Xi et al. synthesized Pd-Ir NPs with 
four sizes from 3.3 to 13.0 nm, which all exhibited POD-like properties 
[200]. A model system was used to investigate the size effects and it was 
shown that smaller NPs exhibited lower detection limits and better 
catalytic properties. Berret et al. measured the size-dependent properties 
of SOD-mimicking and CAT-mimicking CeO2 NPs within a size range of 
4.5–28 nm [201]. Smaller particles displayed the highest catalytic effi
ciency, owing to an increase in the Ce3+ fraction. Interestingly, Liu et al. 
selected β-Casein to create a hybrid Au-based nanozyme of varying sizes 
(2.8, 4.2, and 8.7 nm) [202]. The 4.2-nm nanozyme exhibited the 
highest POD-like catalytic activity, while the 8.7-nm nanozyme had the 
lowest activity. This could be because the protein coating on the nano
zyme affected the gap between the substrate and the nanozyme core. 
Furthermore, Gao et al. experimentally evaluated the POD-like 

properties of Fe3O4 NPs of different sizes [25]. The results showed 
that the catalytic performance decreased in the order of 30, 150, and 
300 nm particles. This was ascribed to the higher surface-to-volume 
ratio of the smaller nanoparticles, which allowed them to combine 
better with the corresponding substrates. However, for a single nano
particle, smaller particles with smaller surface areas exhibit poorer 
catalytic properties. The surface area of a single particle with a diameter 
of 300 nm is four times larger than that of a particle with a diameter of 
150 nm. Therefore, the size effect can be used to modify the nanozymes 
to achieve optimal catalytic performance. However, size reduction alone 
is not a reliable method for controlling the catalytic properties of 
nanozymes because it exposes only a limited number of surface-active 
sites. 

During the reaction, the morphology of the nanozymes changes 
owing to variations in the reaction conditions, which further affects 
catalyst performance [80]. The relationship between morphology and 
catalytic activity has been extensively studied, and the main influencing 
factors are surface area, pore size, and volume. Liu et al. explored the 
catalytic properties of Fe3O4 NPs with three different morphologies 
(spherical, triangular, and octahedral) and found that three types of 
nanomaterials with similar sizes and different morphologies exhibited 
different catalytic activities; spherical and octahedral Fe3O4 NPs showed 
the highest and lowest catalytic activities, respectively [203]. This may 
be due to the different arrangements of Fe atoms on the surfaces of 
nanoparticles with different morphological structures and crystal sur
faces. In 2017, Mugesh et al. discovered that flower-shaped Mn3O4 
nanozymes had the highest enzyme-like properties among five types of 
Mn3O4 nanozymes, owing to their larger size, high specific surface area, 
and pore size [81]. Furthermore, four types of V2O5 nanozymes with 
different morphologies were analyzed by DFT calculations, indicating 
that the (010) crystal surface had the highest GPx activity [204]. 

3.3. Surface chemistry 

Surface modification is a promising strategy for modifying materials 
or avoiding their aggregation by modifying specific groups or molecules 
on the surface of materials. Because of the changes in the nano
zyme–substrate interactions and/or electron-transfer properties during 
the catalytic process, nanozyme activity can be improved through sur
face modification, which involves altering the electronic structure of 
surfaces, adjusting surface acidity, blocking surface access, and facili
tating product desorption. In addition, because nanozymes are affected 
by salt ions and small molecules in the working system and are prone to 
aggregation, surface modification can also enhance nanozyme stability 
[205,206]. This section discusses the improvement of nanozyme activity 
by surface modification. Surface modification can influence the activity 

Fig. 4. (A) Scheme diagram of POD-like property induced cytotoxicity by IONPs. (B, C) POD-like property of IONPs. (D, E) CAT-like property of IONPs. Reprinted 
with permission from Ref. [23]. 
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Fig. 5. (A) Effect of time on the AA absorbance in different environments (a, b). (c) The H2O2 productionin the catalytic system. Effect of time on TMB absorbance 
with Pd cubes (d) and the Pd octahedrons (e) catalyzing. (f) The fluorogram of •OH detection in the different systems. (B) The relative energies (eV) (a). The distances 
(Å) between O atoms (b). The adsorption structures of the two species containing oxygen withlowest-energyon the facets of Pd{111} and Pd{100} (c and d). 
Reprinted with permission from Ref. [46]. 
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of nanozymes by regulating the adsorption of substrates. Yan et al. 
proposed the use of histidine residue-anchored Fe3O4 nanozymes [207]. 
The affinity between the H2O2 and imidazole group of histidine 
increased 10-fold owing to hydrogen bond formation, leading to an 
improved POD-like activity of the Fe3O4 nanozymes and a 20-fold 
enhancement of the catalytic efficiency (kcat/KM). Furthermore, CAT- 
like properties were improved by histidine modification. Furthermore, 
Wu et al. showed that oxidation of the TMB substrate, which is an 
indication of the POD activity of gold nanorods (AuNRs), could be 
significantly increased by coating the surface of cetyl
trimethylammonium bromide (CTAB)-modified AuNRs [208]. The 
electrostatic attraction between the carboxyl group of cysteine and the 
protonated amino group of the TMB substrate enhances the POD activity 
of the AuNRs; this effect occurred only during the oxidation of the TMB 
substrate. Interestingly, surface modification by the introduction of 
glutathione (GSH) with two carboxylic groups inhibited the increase in 

catalytic properties. This was attributed to the large molecular size of 
GSH, which increased the distance between AuNRs and TMB-GSH 
compared to that between TMB-Cys and AuNRs. Yue et al. chelated 
metal ions onto CeO2 nanorod surfaces to obtain functionalized ceria 
nanorod catalysts, M/CeO2 (where M represents Fe3+, Co2+, Mn2+, Ni2+, 
Cu2+, or Zn2+) [209]. These metal ions all showed a positive effect on 
enhancing the POD-like performance, with Mn(II)/CeO2 exhibiting the 
best affinity for TMB because the surface carboxyl groups serve as 
substrate-binding sites. Recently, Liu et al. developed substrate-binding 
pockets on Fe3O4 nanozymes with POD-like properties by growing 
molecularly imprinted polymers [154]. The authors reported moderate 
specificity for neutral monomers by imprinting an adsorbed substrate 
such as TMB and later introducing charged monomers. The imprinted 
substrate had a 100-fold greater specificity than the non-imprinted 
substrate compared to bare Fe3O4. The same method was successfully 
used to imprint the AuNPs (POD mimic) and nanoceria (OXD mimic) 

Fig. 6. (A) The activity and specificity of oxidating TMB and ABTS for (a) Fe3O4 NPs, (b) T-MIPneg and (c) A-MIPpos nanogels in the presence and absence of H2O2. 
(d) Preparation diagram of T-MIP. (B) Catalytic rate of Fe3O4 NPs and different nanogels used (a) TMB and (b) ABTS as substrates. The specificity of Fe3O4 NPs and 
four imprinted nanogels catalytically oxidized (c) TMB and (d) ABTS. The increase fold of these five nanomaterials for oxidization of TMB over ABTS (e) and for 
oxidization of ABTS over TMB (f). (C) TEM images of (a) nanoceria and (b) AuNP imprinted T-MIP nanogels. Oxidating TMB by (c) free nanoceria and (d) AuNPs. 
Reprinted with permission from Ref. [154]. 
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(Fig. 6). On the other hand, surface modification can also regulate the 
effect of nanozyme active sites by influencing electron transfer during 
catalysis. Liu et al. addressed the limitations of CeO2 NPs by modifying 
the surface of CeO2 with F- and obtained over 100-fold OXD-like activity 
compared to bare CeO2, which was ascribed to changes in the surface 
charge and accelerated electron transfer after introducing F- [210]. 
Berret et al. prepared six nanoparticles by associating CeO2 cores with 
six types of polymer-grafted copolymers with distinct terminal groups 
[211]. The authors systematically investigated the SOD-, CAT-, POD-, 
and OXD-like catalytic properties of the nanoparticles. The interaction 
between the polymer and metal center may change the oxidation state of 
CeO2, thus inhibiting CAT- and OXD-like activity, and the synergistic 
interaction between the polymer and the nanoparticles can enhance the 
POD-like property, whereas the SOD-like property is not affected. 

In addition, PEG-grafted copolymer-coated particles showed better 
performance for oxidoreductase-like enzymes than poly(acrylic acid)- 
coated particles. Huo et al. proposed that the critical factor in modu
lating the catalytic properties of nanozymes is the effect of functional 
groups on the electron-transfer capacity [212]. Therefore, they modified 
Co3O4 nanoplates with amino, carboxyl, hydroxyl, and sulfhydryl 
groups, and systematically studied their POD mimetic properties and 
kinetic processes. All functional groups, except for the hydroxyl group, 
exhibited enhanced POD-like activities and the given order of activity. 
These results indicate that differences in the electron-transfer abilities of 
different functional groups are responsible for the distinct catalytic 
properties of functionalized nanozymes. 

3.4. Composition 

Generally, transition metals possess many easily lost single electrons, 
resulting in variable oxidation states in their electronic configurations, 
which enable transformations between various valence states, making 
them candidates for enzyme-like catalysis. Hence, the catalytic oxida
tion properties of TMNs can be adjusted by regulating specific metal 
components. For example, the orders of the different metals that oxidize 
TMB and glucose are (Pt, Ir, Pd, Rh, Ru, Au) and (Au, Pt, Ru, Ir, Pd, Rh), 
respectively. The catalytic oxidation capacity of TMNs is generally 
improved by alloying [213]. After the addition of different metals, 
changes in the geometry of the active sites in the raw material and 
charge transfer between them and the original metal affect the proper
ties of TMNs [214]. Moreover, the properties of TMNs are significantly 
influenced by the fractions of the components. Xie et al. incorporated 
different metals into Ag NPs to form AgM (M = Au/Pd/Pt) alloys [71]. 
AgM alloys exhibited composition- and proportion-dependent POD ac
tivities, confirming that alloying effectively regulates the catalytic ac
tivity. To investigate the proportional adjustment of the components, 
Liu et al. studied various enzyme-like properties (e.g., POD, OXD, fer
roxidase, CAT, and SOD) of PtRu NPs and the radical-scavenging prop
erties of 1,1-diphenyl-2-picryl hydrazyl [215]. It was determined that 
the Pt/Ru molar ratio had a considerable effect on the enzyme-like ac
tivities of the PtRu NPs owing to alterations in electron transfer and 
electronic variation. The catalytic activities were in the order Pt90Ru10 
> Pt75Ru25 > Pt > Pt40Ru6, implying that alloying Pt with Ru can 
improve both the pro- and anti-oxidant capacities. Another alloying 
method for TMNs is the formation of core–shell structure, where surface 
stresses and ligand effects exist between the outer and inner metals, 
affecting the overall d-band center of the material and the activity of the 
active site [216]. Xia et al. developed Pd@Ir cubes by coating them with 
extremely thin layers of Ir atoms [68]. This POD-like activity was 
significantly increased by the expansion of the Ir lattice caused by Pd, 
exhibiting catalytic constants over 20 and 400 times greater than those 
of the original Pd cubes and HRP, respectively. Moreover, the POD-like 
activity of Pd@Ir was related to the thickness of the outer metal layer. 

Elemental doping is a practical way to regulate the enzymatic 
properties of TMNs. Among the various heteroatoms, the best catalytic 
activity enhancement was observed in the one-dimensional nanowires 

made of CeO2 or CeO2-based nanomaterials because of their rough and 
active (110) facets, which enable the generation of oxygen defects 
[217]. Zhang et al. introduced various metal elements (Ag, Cr, Co, Rh, 
Pd, Mn, and Ni) into CeO2 NPs to prepare CeO2 nanozymes and found 
that they exhibited activity similar to that of various enzymes [218]. The 
Cr/CeO2 nanozymes showed the best performance because of the in
crease in the surface Ce3+/Ce4+ ratio by Cr3+ incorporation, resulting in 
an enzyme-like activity 3–5-fold higher than the corresponding levels 
with undoped CeO2. In addition, the number and type of doped atoms 
are critical for regulating the activity of nanozymes. Chen et al. syn
thesized a battery of Pr-modified ceria nanocubes by adjusting the Pr 
concentration [219]. Because the conduction-band position of Pr is 
lower, it can more easily accept electrons from the TMB reducing agent, 
resulting in improved OXD performance of the Pr-modified ceria NCs 
with increasing Pr concentration. Jampaiah et al. synthesized various 
Fe3+-doped CeO2 nanorods (3, 6, 9, and 12 % Fe doping) and studied 
their POD-like and glucose detection properties [220]. The 6 % Fe3+- 
doped CeO2 nanorods displayed a higher catalytic activity than the 
undoped and Fe3+-doped CeO2 nanorods, and a superior catalytic ac
tivity for TMB oxidation, as confirmed by steady-state kinetic analysis. 

3.5. Ions or molecules 

In addition to H+ or OH– ions in solution, other ions or molecules can 
be added to bind to the surface of the nanozymes, thereby affecting the 
stability of the nanozymes themselves or the binding of the nanozyme to 
the substrate. It is well established that both ions and molecules can 
adjust the catalytic properties of nanozymes by serving as modulators. 
Guo et al. investigated the effect of halide ions on the POD-linked ac
tivity of protein-modified Au NPs based on the Au-X interaction-directed 
binding of halide ions to Au NPs [221]. The catalytic activity of protein- 
modified Au NPs could be altered by halides because of the different Au- 
X interactions. The inhibitory effect of F-, Cl-, Br-, and I- on protein- 
modified Au NPs nanozymes was enhanced successively, similar to the 
reversible and irreversible inhibition of natural enzymes. It is likely that 
I- adsorbs strongly onto the Au nanozyme surface, which may block the 
binding sites on the nanozyme surface. Although binding at the active 
sites is a common inhibition principle, it does not apply to all ions, and 
the physicochemical mechanism needs to be analyzed in detail. Liu et al. 
prepared β-casein stabilized Pt NPs (CM-PtNPs) using β-casein as a 
model protein and systematically studied the effect of sulfide on the 
POD-like property of CM-PtNP [222]. The experimental data showed 
that sulfide has various regulatory influences on the POD-like properties 
of CM-PtNP for different reaction substrates. In the case of TMB as a 
reaction substrate, S2

- combines with CM-PtNP via Pt–S bonds, which 
blocks the active sites and switches off the activity. In the case of ABTS, 
the transition from Pt2+ to Pt0 was caused by sulfide binding to the Pt 
nanozyme surface, resulting in more active sites and enhanced enzy
matic activity. In 2017, the effects of tungstate, molybdate, sulfate, and 
selenate ions (similar to phosphoric acid ions) on Ce nanozymes were 
investigated [156]. The results showed that the four ions had no influ
ence on the surface valence state; tungstate and molybdate inhibited 
phosphatase activity by inhibiting the interaction between the ATP 
substrate and nanozymes, but did not affect CAT activity, whereas sul
fate and selenate did not affect the activity. Small molecules, such as 
ATP, ADP, AMP, and other adenosine molecules in solution also bind to 
the surface of nanozymes [223–225]. These small molecules can 
enhance the POD-like activity by promoting H2O2 oxidation and 
enhancing the interactions between •OH and the nanomaterials. How
ever, when macromolecular substances (such as proteins) are bound to 
the surface of nanozymes, the binding of the substrate to the nanozymes 
is usually affected by steric hindrance, and the activity of the enzyme is 
inhibited. Self et al. reported that bovine serum proteins, which are 
commonly used in cell culture, inhibit the phosphatase activity of CeO2 
nanozymes [226]. When injected into the blood, nanozymes used for in 
vivo therapy encounter a large number of proteins that can produce a 
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protein crown on their surface, causing irreversible inhibition of activity 
and seriously hindering their application in vivo. Therefore, the effect of 
protein cap formation on nanozyme activity in vivo must be investigated 
before nanozymes can be viewed as an effective therapeutic option. 

3.6. External energy 

Nanozyme activity can be remotely regulated by external energy 
based on the physical and chemical performance of nanozymes. For 
example, the development of a light-controlled system may be a prom
ising strategy for controlling the catalytic efficiency of nanozymes given 
the high temporal and spatial accuracy afforded by this technique. Prins 
et al. used light-responsive molecules to regulate the catalytic properties 
of nanozymes [227]. When 4-(phenylazo)-benzoic acid was exposed to 
light in the UV to visual spectrum, the conformation of the photo
responsive azobenzene group changed from trans to cis-structures, and 
these changes were reversible. When exposed to visible light, the trans- 
structure of 4-(phenylazo)-benzoic acid has a strong affinity for Au NP 1, 
thus hindering the binding of the substrate to the nanozyme and 
decreasing its catalytic activity. In contrast, under UV light, the cis 
structure of 4-(phenylazo)-benzoic acid has a lower affinity for Au 
because of its increased polarity, allowing the catalytic properties of Au 
NP 1 to be monitored efficiently by detecting the fluorescence intensity 
of the product. Zhang et al. combined AuNPs and α-FeOOH microcrys
tals anchored on the surface of porous carbon, forming Au/α-FeOOH- 
FPC catalysts with visible-light-driven enzymatic properties [159]. In 
this study, AuNPs catalyzed the oxidation of glucose with oxygen to 
produce H2O2 and gluconic acid. The SPR effect facilitates the interac
tion between glucose molecules and oscillating local electromagnetic 
fields, which activate the glucose molecules and increase the production 
of H2O2. The light energy absorbed by AuNPs also generates heat, 
increasing the temperature to an optimal level for enzymatic reactions. 
Furthermore, hot electrons from plasmon-excited AuNPs accelerate 
charge separation at the Au/α-FeOOH interface, resulting in efficient 
cycling of Fe3+/Fe2+. Additionally, the growth of α-FeOOH nanocrystals 
on carbon frameworks facilitates electron transfer between carbon and 
α-FeOOH, thus preventing the leaching of iron ions. Zhu et al. found that 
the catalytic properties of Fe2O3 nanozymes, which are related to light, 

are affected by the band gap and range of light absorption, which are 
responsible for forming a barrier and absorbing light energy [228]. 
Additionally, they observed that enzyme-like properties varied 
depending on the type of light excitation. Wang et al. observed that the 
catalytic properties of Au/Si/Azo were enhanced in the presence of UV 
illumination but suppressed in the presence of visible light [229]. These 
findings suggest that the isomerization of Azo regulates host–guest in
teractions between azo and cyclodextrin, which is essential for con
trolling catalytic activity when exposed to UV or visible light. Other 
forces, such as sound and heat, can also affect the performance of 
nanozymes. External control may promote the activity of single active 
sites by improving the thermal motion of reactants near the active site or 
by modifying the number of active sites by controlling their coverage by 
molecules. Lin et al. synthesized a disordered graphite nanozyme 
through carbonization and found that maximum enzyme activity was 
obtained at 60℃ [230]. With the photothermal conversion ability of 
graphene, the specific activation of nanozymes in tumor treatment can 
be achieved using near-infrared light. Zheng et al. connected an 
ultrasound-sensitive agent, T790, to the surface of a Pd@Pt nanozyme 
(Fig. 7) [231]. T790 inhibits the CAT activity of Pd@Pt, and enzyme 
activity can be restored after ultrasonic stimulation, thus achieving 
targeted therapy with controllable tumor sites. The strong penetration 
ability of ultrasound enables it to be used in vivo, unlike light, which 
cannot penetrate the body. 

4. Biomedical applications 

An increasing number of TMNs have been demonstrated as potential 
substitutes for natural enzymes that they mimic. The accumulation of 
results from recent studies has deepened our understanding of TMN 
systems and has stimulated their biomedical applications. The applica
tions of TMNs in this field include early diagnosis, imaging, and treat
ment of various diseases. Here, we highlight the various emerging 
applications of TMNs in biomedicine. By categorizing TMNs based on 
their particular applications, we highlight the most recent developments 
and future potential of this technology. 

Fig. 7. (A) The synthesis scheme of Pd@Pt-T790 nanoplatform. (B) Pd@Pt-T790 was able to be effectively accumulated at the infection site through the influence of 
EPR. Reprinted with permission from Ref. [231]. 
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4.1. Disease diagnosis 

TMNs are multifunctional molecules that have both catalytic activity 
and unique physical and chemical properties such as magnetic, fluo
rescent, and photothermal properties. By combining nanozymes with 
early cancer diagnostic technology, they can be used to detect cancer- 
related genes, molecules, cells, and tissues, thus providing a novel 

approach for enzyme-catalyzed reactions in cancer diagnosis. Here, we 
review the advances made in the in vitro detection of cancer-related 
genes, GSH and other cancer biomarkers, and cancer cells, and high
light the importance of cancer diagnosis in vivo. Other diseases including 
metabolic, infectious, neurodegenerative, cardiovascular, and inflam
matory diseases are also reviewed. 

Fig. 8. (A) (a) Synthesis process of CuTA@Ag, (b) POD-like activity (c) SERS detection by using Ag NPs deposited metal-polyphenol; (B) (a) SERS detection for 
cellular GSH of MCF-7. (b) SERS spectra and (c) Raman intensity of TMB (3 mM) on the CuTA@Ag-iv in the cytosol sample. (d) GSH levels in MCF-7, MDA-MB-231 
cell lysates analyzed with SERS way. (e) Absorbance at 412 nm for different GSH concentrations employing the GSH kit. (f) GSH levels in cell lysates analyzed with 
kits. (g) Linear fitting curve of the standard kit. (h) SERS comparison between using CuTA@Agand the standard kit. Reprinted with permission from Ref. [238]. 
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4.1.1. Cancer diagnosis 

4.1.1.1. Genes detection. Genetic alterations are a key factor in the 
development of cancer, and both proto-oncogenes and tumor suppressor 
genes are necessary for the growth, proliferation, and regulation of cells. 
Nevertheless, when exposed to certain conditions such as viral infection, 
chemical carcinogens, or radiation, these genes are easily mutated, 
deleted, or inactivated, causing malignant cell transformation and 
tumor formation. Thus, the detection of cancer-related genes is one way 
to diagnose cancer [232]. Generally, the conventional method concen
trates on amplifying genes through a polymerase chain reaction, iden
tifying them with labeled nucleic acid probes, and converting them into 
detectable signals such as fluorescence, color, and current. However, 
probe labeling is time-consuming and increases the complexity of op
erations [233]. Wang et al. developed an easy, label-free DNA detection 
method using platinum-based nanozymes to detect the breast cancer 
gene BRCA1 [234]. Platinum NPs (Pt NPs) were loaded onto the surface 
of mesoporous silica (mSiO2) to form Pt@mSiO2 nanomaterials. Pt NPs 
exhibit POD activity, which catalyzes the chromogenic reaction of the 
enzyme substrate TMB with H2O2. The single-stranded DNA probe (P1) 
was then adsorbed onto the surface of Pt@mSiO2 via electrostatic in
teractions; the mSiO2 channel was closed and the internal Pt NPs could 
not catalyze the reaction. However, when complementary DNA (T0) was 
specifically bound to P1 on the surface of Pt@mSiO2, the exposed Pt NPs 
catalyzed TMB oxidation. The sensitivity of the nanozyme signal 
amplification strategy for BRCA1 was 3 nM and it exhibited excellent 
single-base pair mismatch recognition ability. Compared to other 
detection methods, the nanozyme exhibited higher sensitivity and did 
not require a label probe, demonstrating its huge potential for clinical 
translational. 

4.1.1.2. GSH detection. GSH is an important antioxidant in living sys
tems and its content in cancer cells is higher than that in normal cells 
[235,236]. Various detection systems have been proposed for detecting 
GSH-dependent TMNs. Wei et al. provided a photosensitized metal
–organic framework (PSMOF) that can imitate OXD-like structures 
controlled by light [237]. PSMOF can catalyze TMB oxidation into 
oxidized TMB in the presence of visible light irradiation, which has a 
strong absorbance at 652 nm and exhibits visible, distinguishable color 
changes, thus making it a colorimetric probe for the detection of GSH. 
The constructed platform was used to evaluate the GSH levels in the 
lysates of normal and cancer cells. These results are in agreement with 
the findings of a commercial GSH detection assay, which showed that 
the GSH content in cancer cells was approximately double that in normal 
cells. In addition, Ag NP/copper-polyphenol colloidal spheres 
(CuTA@Ag) were synthesized [238]. The nanozyme performance and 
surface-enhanced Raman scattering (SERS) properties were related to 
the size and density of the deposited Ag NPs. The SERS performance of 
CuTA@Ag was investigated using oxTMB, a catalytic product of the 
nanozymes, as a molecular probe (Fig. 8). The system exhibited good 
detection of GSH levels in cancer cells with satisfactory accuracy and 
reproducibility. Recently, we fabricated catalytically active protein- 
directed nanoflower-like artificial nanozymes (apo-TF-MnOx NFs) 
using a biomineralization method to develop a simple visible colori
metric sensor for GSH [239]. The experiments proved that the apo-TF- 
MnOx NFs exhibited POD, CAT, and SOD activities and realized the 
differential identification of GSH without invasive treatment, which is 
an advantage over other methods. 

4.1.1.3. Detection of other biomarkers. Biomarkers play an important 
role in cancer research. In addition to GSH, biomarker classes specific to 
tumors involving microRNA (miRNA), DNA, RNA, or proteins have 
recently been identified, which are related to their potential application 
as therapeutic targets and in easy clinical diagnosis and follow-up 
monitoring [240]. Furthermore, researchers have focused on 

identifying cancer biomarkers to link molecular mechanisms to clinical 
diagnosis and cancer therapy. Recently, TMNs have been used to detect 
various biomarkers. Li et al. utilized the miR-107 target as an activator 
to develop the self-assembly of Au nanospheres driven by miRNAs on the 
surface of hollow Au/Ag alloy nanocubes for prostate cancer diagnosis 
[241]. The prepared nanozymes were able to generate plasmonic- 
activated SERS signals in the presence of miR-107 and exhibited a 
novel self-assembled nanomaterial with only signal-amplifying perfor
mance. The Au nanospheres on the surface of hollow alloy nanocubes 
caused catalytic cascades of nanozymes for Raman signals. Additionally, 
TMNs can be used to detect protein-based cancer biomarkers (Fig. 9). 
Furthermore, Li et al. reported a novel immunosensor comprised of a Au- 
Ag composite nanocup array meta-SPR chip and an artificial nanozyme- 
labeled antibody [242]. The sensor was demonstrated for the ultrasen
sitive and selective detection of cancer biomarkers with a detection limit 
of alpha-fetoprotein of 21.74 fM, which is far lower than that of com
mercial enzyme-linked immunosorbent assay kits. The device was also 
tested for the quantification of carcinoembryonic antigen and carbo
hydrate antigen 125. Owing to its high speed, user-friendliness, and high 
throughput, this platform has the potential for rapid, high-throughput 
cancer screening or early diagnosis. An electrochemical sensor was 
designed by synthesizing a cysteine-histidine-Cu-modified jujube-like 
Cu2O nanozyme (CH-Cu@J-Cu2O) for the detection of mucin-1 on the 
surface of MCF-7 cells. The sensor had a linear range from 0.5 to 5000 
pg mL− 1 and a limit of detection of 0.085 pg mL− 1 [243]. 

Meng et al. prepared a Pd@Ir core–shell nanozyme and proposed a 
colorimetric signal amplification method based on the bimetallic 
nanozyme-mediated in situ-catalyzed reporter deposition [244]. This 
method used gastric cancer biomarkers pepsinogen I and pepsinogen II 
as model targets and reached a cutoff value of 10 pg mL− 1, 200 times 
lower than that without signal enhancement. A highly sensitive heter
ostructured BiVO4/CoPi photoelectrochemical (PEC) biosensor was 
developed for the detection of miRNA 141, with the aid of in-house- 
synthesized AuPt nanodendrites as the nanozyme [245]. Using a cyclic 
enzyme strategy, the PEC biosensor exhibited an impressively wide 
linear range of 5 fM to 1 pM and a low limit of detection of 0.17 fM 
(signal-to-noise ratio of 3). This breakthrough provides valuable insights 
into the sensitivity analysis of tumor-associated miRNAs in clinical 
settings. 

4.1.1.4. Cancer cell and tissue detection. Recently, the precise and sen
sitive detection of tumor cells has become of utmost clinical importance 
for tracking the development of the disease and assisting the selection of 
efficient treatment methods to improve clinical results. Trau et al. used 
dual-functional Fe3O4 nanozymes with magnetic properties and enzyme 
activity to establish a nanozyme immunoassay for the rapid separation 
and colorimetric detection of circulating tumor cells (CTC) in serum 
[246]. A carboxyl-modified Fe3O4 nanozyme was covalently bound to 
melanoma-specific antibodies to construct a specific melanoma- 
recognizing Fe3O4 nanozyme, which was then added to the patient’s 
serum to enrich and separate CTCs based on the magnetic properties of 
Fe3O4 (Fig. 10). Visual detection of CTCs was performed via the POD 
activity. This convenient, time-saving, and highly sensitive CTC detec
tion method provides a diagnostic basis for the recurrence and metas
tasis of melanoma in clinical practice and is a good case for the 
multifunctional application of nanozymes. In 2023, Li et al. designed an 
ultrasensitive photothermal cell sensor that combined Fe3O4@PDA NPs 
and multifunctional Ti3C2@Au@Pt nanozymes to directly capture and 
detect breast cancer (BC)-CTCs [247]. DNA (P1) containing MUC1 in
ducers was adsorbed onto the surface of the Fe3O4@PDA-P1 capture 
nanoprobes via Ca2+-mediated DNA adsorption for effective BC-CTC 
capture. To increase the detection signal, a multifunctional two- 
dimensional core–shell Ti3C2@Au@Pt nanozyme was synthesized, 
which is an excellent photothermal nanomaterial and also catalyzes the 
production of oxTMB from TMB, thereby amplifying the temperature 
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Fig. 9. The preparation of plasmonic nanostructures as SERS probe for miR-107 detection. (B) Raman detection for miR-107. (C) Differential detection for miR-107 
in urine samples from PCa patients and healthy people by this plasmonic nanostructures, *P < 0.05. Reprinted with permission from Ref. [242]. 

Fig. 10. (A) Visual CTC detection. (B) The cell suspensions with 103 MCSP over expressed cells, 105 LnCap cells and 105 MDA-MB-231 cells. (C) CTC detection in 
model patient bloods. p(+): 103 LM-MEL-33 cells were added into 7.5 mL healthy blood. p(− ): no LM-MEL-33 cells were added into 7.5 mL healthy blood. Reprinted 
with permission from Ref. [246]. 
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signal. Consequently, the recognition and binding of multiple adaptors 
are expected to enhance the detection sensitivity and accuracy. This cell 
sensor has great potential for accurate diagnosis and personalized 
medical therapy of early breast cancer. 

Immunohistochemical detection is currently recognized as the “gold 
standard” for cancer diagnosis worldwide and is commonly used for 
pathological diagnosis. The basic process includes the specific binding of 
antibodies to tumor-related antigens, the specific recognition of tumor 
cells through the primary antibody, identification of the primary anti
body by a second antibody labeled with biotin, and finally the binding of 
streptomycin labeled on HRP to biotin. Finally, POD was used to oxidize 
the chromogenic substrate to detect the tumor tissue. However, this 
immunoassay method requires various antibody incubations and 
repeated washing with a buffer solution, which has shortcomings such as 
complicated steps and long operation times, and the analysis of the re
sults is limited by the subjective judgment of those performing the assay. 
Therefore, it is necessary to improve this method clinically. In 2012, Fan 
et al. developed a new method for the immunohistochemical detection 
of cancer using nanozymes [248]. They found for the first time that 
human heavy-chain ferritin can identify tumor organization and that the 
recognition level is accurately related to the degree of cancer 

malignancy. A dual-function probe was developed that could recognize 
and visualize tumors and achieve the fast and sensitive detection of 
tumor tissues. Compared with the conventional immunohistochemical 
method, the new strategy: (i) has higher sensitivity and specificity; (ii) is 
more simple and repeatable; (iii) is faster (analysis in less than 1 h); (iv) 
has lower cost and eliminates the need for expensive, volatile antibodies. 
These results indicate that ferritin nanozymes are an effective new re
agent for rapid, economical, and broad-spectrum tumor diagnosis. 
Subsequently, Pan et al. confirmed that increasing the size of the 
nanozyme wrapped in the H-ferritin shell in the ferritin nanozyme en
hances its POD performance and staining effect on tumor tissues [249]. 
By loading an Fe–Co hybrid nanozyme into the H-ferritin shell, the POD- 
like activity of the ferritin nanozyme could be further enhanced, thus 
increasing the sensitivity of the ferritin nanozyme for tumor tissue 
detection [250]. These reports confirm the feasibility and universality of 
ferritin nanozymes in the pathological diagnosis of cancer. 

4.1.2. Diagnosis of other diseases 
In addition to cancer diagnosis, scientists have developed new stra

tegies for disease diagnosis based on TMNs, including metabolic, in
fectious, neuro degenerative, cardiovascular, and inflammatory 

Table 2 
Nanozymes for other diseases diagnosis.  

Diseases Biomarker Metal-based 
nanozymes 

Activity Method Application References 

Metabolic diseases Glucose in blood and uring, purines, fats, 
proteins,etc 

rGO-CMC-H@ 
Pt NCs 

POD Electrochemical 
detection 

1,5-anhydroglucitol [251]   

Cu-Pt POD Electrochemical 
detection 

Glucose [252]   

Ch-Mn3O4 NPs POD Colorimetric detection Glucose and alpha- 
amylase 

[253]   

MoSe2/ZnO GOD Surface plasmon 
resonance 

Glucose [254]   

RGO-PT/Pt@ 
Pd NPs 

POD Colorimetric detection 1,5-anhydroglucitol [255]   

AuNP@AuNCs POD 
GOD 

Colorimetric detection H2O2 and glucose [256]   

BSA-PtNP@ 
MnCo2O4 

OXD 
POD 

Colorimetric detection Glutathione 
glucose 

[257]   

MnO2 nanoflakes POD 
GOD 

Colorimetric detection Glucose [26] 

Infectious diseases Various pathogens Fe3O4  Immunoassay Ebola    
CeO2 NPs OXD Colorimetric detection C. trachomatis    
BSA-Ag NCs OXD Colorimetric detection Human 

immunodeficiency virus 
[258]   

Antibodies- Fe3O4 POD Colorimetric detection Rotavirus [259]   
Antibodies-Au@ 
Pt NRs 

POD Colorimetric 
immunoassay 

Rubella virus [260]   

FeS2 POD Colorimetric detection SARS-CoV2 [261]   
PtNPs@Co3O4 

NCs 
POD Colorimetric 

immunoassay 
Norovirus [262]   

Pt@Au NPs POD Colorimetric 
immunoassay and 
smartphone 

Zika virus [263]   

Ag-TiO2 SAN POD Adsorption SARS-CoV2 [264] 
Neurodegenerative 

disease 
Acetylcholine, cysteine, ascular endothelial 
growth factor (VEGF), dopamine 

DNA-Ag/Pt NCs POD Electrochemical 
detection 

VEGF [265]   

PtNPs/GO POD Colorimetric detection L-cysteine [266]   
Au/Ag NPs POD Fluorescence detection Acetylcholine [267]   
DNA-Ag/Pt NCs POD Colorimetric detection L-cysteine [268]   
PtCuSe CAT 

SOD 
Remove reactive 
oxygen species 

Parkinson’s disease [269]   

PtCu NAs SOD Remove reactive 
oxygen species 

Parkinson’s disease [270] 

Cardiovascular 
disease 

B-type natriuretic peptide, troponin T, 
homocysteine, ascorbic acid, thrombin, total 
cholesterol, etc. 

Pt NPs CAT Digital volumetric bar- 
chart chip 

B-type natriuretic 
peptide 

[271]   

MOF-818 OXD Colorimetric detection Troponin I [272]   
PtNCs POD Colorimetric detection Thrombin [273]   
Fe3O4@C/Ni POD Colorimetric detection Blood cholesterol [274]   
Mn@Co3O4 OXD 

POD 
Colorimetric detection Ascorbic acid [275]  
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diseases. The relevant reports are listed in Table 2. 

4.2. Cancer therapy 

To date, many nanozymes, such as metal nanozymes, metal oxide 
nanozymes, MOFs, and some non-metal nanozymes, have been designed 
and applied in biomedicine, particularly in cancer therapy. Depending 
on their catalytic mechanism, natural enzymes can be divided into hy
drolases, oxidoreductases, lyases, transferases, ligases, isomerases, and 
translocases [276]. In this section, we summarize the oxidoreductase- 
like properties of nanozymes, including POD, OXD, CAT, and SOD, 
which are regularly used in tumor catalytic therapy, cascade catalytic 
therapy, and multifaceted synergistic therapies, mainly involving in 
chemodynamic therapy (CDT), immunotherapy, photothermal therapy 
(PTT), photodynamic therapy (PDT), radiotherapy (RT) and sonody
namic therapy (SDT) (Fig. 11). 

4.2.1. Catalytic therapy 
In recent decades, a series of TMNs that act as POD-like nanozymes 

have been developed [204,264,277]. OXDs are known to catalyze oxi
dation–reduction reactions, producing either H2O2 or the superoxide 
radical O2•

-. Among the different nanozymes, CeO2 nanoparticles have 
been widely researched for their OXD-like properties in the presence of 
O2 [28,278,279]. Recently, TMNs have been employed as toxic agents in 
the catalytic treatment of cancer, depending on the particular tumor 
microenvironment (TME), such as excessive H2O2, glucose, and acidity 
[280]. Through their POD- and OXD-like activities, toxic ROS are 
generated in a sequence of catalytic reactions, thereby hindering the 
survival and proliferation of cancer cells. Therefore, the cascading ef
fects of OXD and POD-like nanozymes are generally employed to 
enhance the efficacy of cancer therapies [281,282]. As shown in Fig. 12, 
Fan et al. synthesized two nanozymes, FA-pyriteand Cy5.5-FA-pyrite 
with very high H2O2 affinity, which led to a 4,144- and 3,086-fold in
creases in catalytic activity compared to Fe3O4 nanozymes and natural 
HRP, respectively [283]. The pyrite anozyme exhibited intrinsic GOx- 
like property, allowing it to catalyze the oxidation of reduced GSH 
and generate H2O2. Hence, the dual-functional pyrite nanozyme was 
used to developed a self-cascade platform that could produce large 
amounts of •OH and reduce the level of reduced GSH, followed by the 
apoptosis and ferroptosis in cancer cells. This nanozyme exhibits specific 

cytotoxicity against cancer cells and excellent biodegradability, thus 
ensuring its safety. These results suggested that the pyrite nanozymes 
are reliable therapeutic agents for the nanozyme-based catalytic treat
ment. To create an OXD-POD cascade platform, Chen et al. prepared 
hollow mesoporous Prussian blue (mGPB) with multi-enzymatic activity 
that which was coated with a cancer cell membrane and carried GOx 
[284]. 

Given the inherent hypoxic environment of tumors, OXD-like nano
zymes can generally generate adequate O2 for cascade catalytic treat
ment when combined with CAT or CAT mimics. Wang et al. synthesized 
highly ordered MnO2@PtCo nanoflowers by growing MnO2 on the sur
faces of PtCo nanoparticles in situ [285]. Utilizing the CAT-like prop
erties of MnO2 and the OXD-like properties of PtCo, MnO2@PtCo 
nanoflowers can supply O2 to ease hypoxic conditions and increase ROS 
production in tumors, thereby providing excellent cancer therapy 
(Fig. 13). 

Ling et al. prepared biodegradable MoO3-x nanourchins (NUs) with 
CAT- and OXD-like properties [286]. In the TME, the CAT-like behavior 
of the MoO3− x NUs can catalyze the decomposition of H2O2 and provide 
abundant O2 for the next reaction. The high OXD-like ability of nano
zymes can produce substantial amounts of cytotoxic O2•

- to induce 
cancer cell apoptosis. Importantly, when the MoO3− x NU nanozyme is 
placed in blood or normal tissues with a neutral pH, they can quickly be 
decatalyzed, rendering them safe in the body. In another study, Jing 
et al. [287] designed a bimetallic FeCu PNzyme which was co- 
encapsulated with natural GOx and the anticancer drug mitoxantrone 
(MTO). The produced biocompatible formulation, FeCu-GOx PNzyme- 
MTO acted as both a carrier and a therapeutic reagent. The cascade 
catalytic treatment was initiated by the transformation of intratumoral 
gluconic acid to H2O2 by GOx induction, which was then transformed 
into ROS by the FeCu nanozyme. SOD converts O2•

- into O2 and H2O2, 
which are key defense mechanisms against oxidative damage in organ
isms. Generally, the components and structures of natural SOD involve 
metals such as Cu, Zn, Fe, and Mn [288,289]. The CAT- and SOD-like 
cascade reactions of nanozymes are mainly used in cancer therapy to 
supply H2O2 and O2 that then produce toxic ROS in cancer cells. 
Furthermore, O2 can improve the oxygen-depleted TME of cancer cells 
and is essential for O2-dependent cancer therapies, such as SDT, RT, 
phototherapy, and immunotherapy. For example, Liang et al. prepared a 
Pt-TiO2 heterostructure for improved SDT [290]. The additional O2 

Fig. 11. Describe properties of oxidoreductases-mimic nanozymes and their anti-tumor applications. S is reduced state substances and P is the oxidation state 
production. Reprinted with permission from Ref. [276]. 
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produced by the CAT-like activity of the Pt nanozyme enhances SDT. 

4.2.2. Multifaceted synergistic cancer therapy 
In addition to the catalytic or cascade catalytic therapy effects arising 

from the inherent enzymatic activity of nanozymes, multi-enzymatic 
nanozymes are extensively applied as specific toxic reagents or adju
vants to facilitate CDT, immunotherapy, phototherapy, SDT, RT, and 
chemotherapy in multifaceted synergistic cancer treatment. Given that 
these methods have great potential for solid tumor therapy, many 
studies have focused on combining them with TME-responsive cascade 

reaction systems to achieve improved synergistic therapeutic results. 
Table 3 summarizes typical studies. 

CDT is characterized by the local decomposition of endogenous H2O2 
and the production of ROS by in situ activation of tumor sites in Fenton 
or Fenton-like reactions [304,305], where the produced ROS can trigger 
cancer cell death. Moreover, in a neutral microenvironment, the Fenton 
reaction is inhibited, and a low supply of H2O2 is provided. Therefore, 
this method does not have a significant effect on normal cells or tissues. 
Some types of TMNs have been shown to facilitate CDT by repeating the 
action of Fenton reaction-activating enzymes, which kill cancer cells 

Fig. 12. (A) The synthesis of POD-like and GSH-OXD-like pyrite nanozymes and mechanism depiction of apoptosis-ferroptosis synergistic tumor therapy. (B) (a) The 
method of FA modified pyrite nanozymes; (b) The FTIR spectra of pyrite with and without FA modification; (c) TEM images of CT26 cells after co-incubating with 
pyrite and FA-pyrite, respectively. (d) Quantitative detection in CT26 cells; (e, f) Fluorescence detection and quantification of ROS in tumor areas. Tumor volume (g), 
images of stripped tumor tissue (h), stripped tumor weight (i) and body weight of mice (j) after different treatments. Tumor tissues staining by HE, TUNEL, and 
immunohistochemical analysis. Reprinted with permission from Ref. [283]. 
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[306]. 
Phototherapy methods such as PTT and PDT are non-invasive cancer 

treatments that use light radiation to induce the death of cancer cells. 
PTT kills cancer cells by local hyperthermic damage under light radia
tion of a specific wavelength. In PDT, the light energy reacts with the 
surrounding O2 to generate high levels of cytotoxic ROS to oxidize 
biomacromolecules and cause their dysfunction. In recent years, TMNs 
with multiple enzymatic abilities, particularly POD- and CAT-like 

activities, have been proposed for tumor phototherapy [291–293,307]. 
Liu et al. developed a novel PtFe@Fe3O4 nanozyme with improved POD- 
and CAT-like activities in an acidic TME [289]. As a result, combining 
photoenhanced tumor catalytic therapy with PTT using PtFe@Fe3O4 has 
the potential to alleviate tumor TME hypoxia and eradicate tumors. A 
combination of PDT and PTT is more effective. Liu et al. developed a 
synergistic phototherapy system based on nanozymes with nitrogen- 
doped carbon nanospheres and iron phthalocyanine [294], demon
strating the potential of multifunctional nanozyme-dependent cancer 
therapy. 

SDT is a non-invasive tumor therapeutic method that depends on 
ultrasound and sonosensitizers [308]. However, tumor hypoxia and 
insufficient singlet oxides significantly compromise the effectiveness of 
this treatment [309]. To overcome this, Lin et al. synthesized nanozyme 
Pt–CuS to achieve synergistic therapeutic modalities based on SDT 
[288]. As shown in Fig. 14, hollow CuS was loaded with sonosensitizer 
reagents for SDT, and the Pt nanozyme decomposed the intrinsic H2O2 to 
produce O2 to relieve tumor hypoxia, thus enhancing PDT (Fig. 14A). 
Furthermore, Pt–CuS with photothermal characteristics could both exert 
a PTT influence on tumor cells and aid the enzyme-like activity of Pt to 
produce O2, thereby enhancing the cancer cell apoptosis induced by SDT 
(Fig. 14B). Hence, this multifunctional system provides a synergistic 
approach for PTT and catalysis, highlighting the potential of SDT for 
tumor eradication. Some interesting strategies have been developed for 
the synergization of SDT with chemodynamic treatments. 

Cheng et al. reported that titanium monoxide nanorods (TiO1+x NRs) 
are active in CDT via their Fenton-like catalytic activity, which could 
improve SDT [296]. The system produced more ROS than conventional 
sonosensitizers because of the oxygen vacancies in the TiO1+x NRs. In 
addition, the HRP-like activity of TiO1+x NRs can be used to catalyze the 
conversion of endogenous H2O2 into •OH, thereby enabling CDT when 
combined with SDT. Based on the above review, the obvious advantages 
of SDT, such as its non-invasive and deep tissue penetration, have made 
it a powerful strategy for cancer therapy. Similar to PDT, SDT requires 
O2 and nanozymes with multiple enzymatic functions can provide excess 
amounts of O2. In addition, nanozymes are ideal carriers for the trans
portation of sonosensitizers in the circulatory system. 

RT has also been used in combination with nanozymes in cancer 

Fig. 13. (A) Preparation of MnO2@PtCo nanoflowers. (B) The diagram of the generation mechanism of ROS and cytotoxicity by MnO2@PtCo nanoflowers in relation 
to oxygen tension. Reprinted with permission from Ref. [285]. 

Table 3 
Typical reports on multifaceted synergistic cancer therapy.  

Metal-based 
nanozymes 

Activities Therapeutic mode Reference 

Au@HCNs POD, OXD PTT, Catalytic therapy [291] 
Au-Ag@HA NPs POD Radiation, Nanozyme/ 

Ag combined therapy 
[292] 

PtPB nanozyme CAT, POD PTT, PDT [293] 
FePc/HNCS POD, CAT PDT, PTT [294] 
PtFe@Fe3O4 POD, CAT Catalytic therapy, PTT [289] 
Ang-IR780-MnO2- 

PLGA 
CAT Chemotherapy, SDT [295] 

PEG-TiO1+x 

nanorods 
HRP CDT, SDT [296] 

Pt-CuS-P-TAPP Catalyze 
decomposition of 
endogenous H2O2 

PTT, SDT [288] 

Cu-CuFe2O4 

nanozyme 
CAT, GSH 
peroxidase-like 

CDT, SDT [297] 

TiO2-Fe3O4@PEG Catalyze 
decomposition of 
endogenous H2O2 

CDT, SDT [298] 

UPFB with Janus 
nanostructures 

CAT SDT, PDT, CDT [299] 

Mn-doped Ag2Se CAT Immunotherapy, RT, 
imaging 

[300] 

Porous platinum 
nanoparticles 

CAT Chemotherapy, RT [301] 

Ir@liposome CAT PTT, RT, imaging [302] 
HCeO2@ICG-RGD Catalyze 

decomposition of 
endogenous H2O2 

CDT, PTT [303]  
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therapy. For instance, Liu et al. developed ultrasmall liposomal-coated Ir 
nanocrystals (Ir@liposomes), which exhibited high temperature/pH 
stability and CAT-like properties, particularly in the presence of NIR 
light, and could induce photothermally improved enzyme-like activity 
(Fig. 15). Thus, RT was achieved based on minimizing tumor hypoxia 
and the RT activity of Ir [302]. Recently, several types of multi- 
functional TMNs have been used in RT. Sun et al. designed a new 
nanozyme by introducing Mn ions into Ag2Se quantum dots that 
exhibited emission in the NIR-II window [300]. This nanozyme facili
tated radiation deposition in vivo, which was attributed to the radio
sensitivity of Ag. Moreover, a nanoprobe was developed by coupling the 
nanozyme with a tumor-specific peptide (RGD) for NIR-II imaging- 
guided RT of tumors. In vivo studies have shown that nanosystems can 
improve antitumor immunity, thereby noticeably inhibiting tumor 
growth. 

4.3. Imaging 

TMNs possess enzymatic catalytic properties in vivo and have become 
increasingly popular in molecular imaging because of their unique 
properties such as various enzymatic properties, biocompatibility, and 
easy surface tenability. Nanozymes are generally used to improve im
aging sensitivity and accuracy by combining different nanozymes with 
fluorescent, superparamagnetic, photoacoustic, and photothermal 
properties. Nanozymes can also recognize specific TME biomarkers, 
such as changes in metal ions and miRNA expression, which aid the early 
diagnosis of some cancers [310]. In addition, combining imaging stra
tegies (e.g., magnetic resonance imaging (MRI), computerized tomog
raphy (CT), NIR imaging, photoacoustic imaging (PAI)) and therapeutic 
methods (e.g., PTT, PDT, and CDT) [311,312], nanozyme systems can 
provide a personalized diagnosis and indicate the best approach for 

integrated diagnosis and therapy [313]. With a divergence in the 
fundamental concepts of these imaging techniques, we concentrated on 
recent advances in molecular imaging based on distinct types of 
nanozymes. 

4.3.1. Magnetic resonance imaging 
Following the discovery of the POD-like activity of Fe3O4, the 

superparamagnetism of Fe3O4 NPs has attracted considerable attention 
because of the short relaxation time of the surrounding protons, which 
makes this material suitable as a T2-weighted MRI agent [314]. Subse
quently, Mooijaart et al. discovered that Fe3O4 NPs with dimensions 
below 5 nm are best for T1-weighted MRI because the T2 effect severely 
inhibits the magnetic moment, thus creating a strategy for the devel
opment of responsive T2/T1 switched MRI contrast agents [315]. 
Additionally, by utilizing the catalytic ability of TMNs, iron-mediated 
apoptosis of tumor cells can be induced through the Fenton reaction, 
which is beneficial for cancer treatment [316]. TMNs generally include 
Fe-based nanozymes [317], Mn-based nanozymes [318–320], and MOFs 
[321] containing transition elements. Hou et al. synthesized a T1/T2 
switching MRI-guided cancer therapeutic agent based on the ROS pro
duced by Fe5C2@Fe3O4 NPs (Fig. 16) [317]. 

Mn-based nanozymes, which have the same features as POD, CAT, 
and SOD, can potentially be used as T1-weighted MRI contrast agents 
[322]. In the TME, MnO2 reacts with H+, H2O2, and glutathione (GSH) 
to generate Mn2+ ions and performs multiple functions in tumor diag
nosis and therapy. It can be specifically activated in the TME and can 
precisely target tumors as an MR probe. MnO2 nanozymes decompose 
excess H2O2 into O2 in situ, relieve hypoxia, and improve the efficacy of 
other therapies [318–320]. Moreover, combining these TMNs with 
classical and functional therapeutic agents, except for MRI and magnetic 
targeting, provides additional properties, such as PTT and PDT. 

Fig. 14. (A) The synthesis of Pt-CuS-based nanozyme and for multi-mode cancer synergistic therapy involving in SDT by relieving tumor hypoxia and PTT. (B) The 
immunofluorescence images of tumor section as being treated differently for 24 h. The cell nuclei, tumor hypoxia areas and blood vessels were stained with DAPI 
(blue), HIF-1a (green), and VEGF (red), respectively. Reprinted with permission from Ref. [288]. 
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Consequently, TMNs have become novel nanoplatforms for personalized 
cancer imaging and theranostics. 

4.3.2. Photoacoustic imaging 
PAI is a highly transformative, significant, and non-invasive imaging 

technique with high spatial resolution, excellent light absorption, and 
imaging depth [323,324]. Currently, the PTT effect stemming from 
photothermal switching agents (PTAs) is the focus of PAI [325,326]. 
PTAs can convert light energy into heat to raise the surrounding tem
perature, leading to a temporary thermoelastic expansion of the tissue, 
producing ultrasonic waves. Wang et al. developed a combined therapy 
nanoplatform (Au2Pt-PEG-Ce6) by covalent linking with the 

photosensitizer chlorin e6 (Ce6), which catalyzed the transfer of O2 into 
1O2, remarkably improved 1O2 stability and preventing its premature 
release in complex organisms [56]. The system exhibited dual CAT and 
POD catalytic properties, producing O2 and •OH, thus enhancing the 
PDT- and CDT-like activity. In addition, Au2Pt-PEG-Ce6 effectively 
realized the combination of PDT and PTT under laser irradiation at 650 
and 808 nm. Liang et al. prepared a hollow Pt–CuS Janus structure, 
where the hollow structure of CuS provides an ideal space for the 
encapsulation of tetra-(4-aminophenyl) porphyrin molecules in carrier- 
out SDT [288]. Moreover, Pt imparts CAT-like activity to this system, 
and the production of O2 alleviates tumor hypoxia and enhances the 
generation of SDT-induced ROS. Additionally, the heat produced by 

Fig. 15. (A) The schematic diagram of NIR-adjusted Ir@liposome nanozyme for cancer RT. (B) NIR light is used to reduce hypoxia in tumors and to synergistically 
enhance radiation therapy for cancer in vivo. Reprinted with permission from Ref. [303]. 
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808-nm laser irradiation can accelerate the CAT-like enzyme activity of 
Pt to produce more O2, thus strengthening the effect of SDT. Further
more, nanosystems have been improved to make them more effective 
thermal imaging agents for PA and NIR cancer therapy. 

4.3.3. Positron emission tomography 
Positron emission tomography (PET) has been adopted in clinical 

practice over the past few decades owing to its high sensitivity, deep 
penetration, and the ability to quantitatively analyze signals. Combining 
PET with other imaging modes, such as PET/CT and PET/MRI, has been 
evaluated to overcome inherent limitations and optimize image quality 
[327]. Recently, TMNs such as iron oxide, manganese oxide, and Au 
nanoparticles, have been used as PET probes [328,329]. Yuan et al. 
applied the radio labeling strategy by thermally inducing PET 89Zr4+ (or 
64Cu2+) and single photon emission computed tomography (SPECT) 
111In3+ to prepare radio-labeled Feraheme NPs for PET or SPECT [330]. 
Combining multiple imaging modalities can overcome the limitations of 
individual imaging technologies and provide comprehensive and precise 
imaging data [328]. Currently, PET/CT is a unique, clinically switching, 
and multimodal molecular imaging method. Other multiple modalities 

such as MRI-PET/SPECT, MRI-MPI, and MRI-CT are still in the pre
clinical phase and require further assessment. 

4.3.4. Other optical-imaging methods 
Optical imaging has the benefits of being highly sensitive and non- 

ionizing. Real-time imaging is a key component of molecular imaging. 
Nevertheless, in vivo optical imaging has drawbacks such as light scat
tering, intrinsic fluorescence, and the wavelengths being absorbed by 
adjacent tissues, lipids, etc [331]. Consequently, various advanced im
aging techniques, including fluorescence imaging, bioluminescence 
imaging, and optical coherence tomography, have been developed to 
advance the field [332]. Near-infrared fluorescence (NIRF) is widely 
used to image animals in vivo [333]. Cui et al. successfully designed 
OMCAP@rBSA-FA@IR780 hybrid nanocomposites with favorable tar
geting and satisfactory healing effects by combining PTT and PDT with 
nanozyme oxidative treatment [334]. OMCAP@rBSA-FA@IR780 was 
used to eradicate cancer cells without recurrence after 30 days and 
conduct NIR fluorescence imaging. Interestingly, the well-protected Au 
NPs enclosed in the OMCAPs act as nanozymes to catalyze the reaction 
of H2O2 to generate •OH for synergistic cancer treatment. These results 

Fig. 16. (A) MRI of Fe5C2@Fe3O4 NPs and T2/T1 signal-conversion performance. (B) (a,b) Effect of pH on MRI mode switching of PEG/Fe5C2@Fe3O4NPs. (c) T2- 
weighted MR images. (d) T1-weighted MR images. Reprinted with permission from Ref. [317]. 
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demonstrate that combining NIR imaging, nanozyme catalysis, PTT, and 
PDT is an outstanding strategy for cancer therapy. To date, as many as 
100 types of small NIR-II Au nanoclusters (<3 nm) have been studied 
because of their intrinsic fluorescence emission, high biocompatibility, 
and effective renal clearance. 

Additionally, Au nanoclusters can generate toxic 1O2 under NIR laser 
irradiation, thus boosting PDT and killing cancer cells (Fig. 17). Bovine 
serum albumin (BSA) modified gold nanoclusters (BSA@Au) with NIR-II 
fluorescence and CAT-like properties were used as photosensitizers to 
achieve highly effective PDT [335]. BSA@Au with bright NIR-II fluo
rescence allowed PDT to be visualized in tumors with a high signal-to- 
noise ratio (7.3) in 4 T1 tumor-bearing mouse models. Moreover, the 
oxygen self-supply capability of BSA@Au increased the survival period 
of tumor-bearing mice, achieving a five-fold enhancement in PDT effi
ciency compared with that of the control group. This strategy was also 
used to treat bacterial infections. BSA@Au exhibited good potential as a 
new photosensitizer for enhanced cancer PDT and the treatment of 
bacterial infections. 

4.4. Antibacterial infections 

Bacteria cause many infectious diseases that spread worldwide and 
affect millions of people each year. To counter this problem, several 
effective antibacterial materials have been developed to control the 
survival and growth of dangerous bacteria, such as antibiotics, metal 

ions, and biocides [336,337]. However, these materials have drawbacks, 
such as high cost, eventual ineffective due to antibiotic resistance, and 
complex chemical processing [338]. Therefore, the need for alternative 
antimicrobials is becoming increasingly urgent. In recent decades, 
nanozyme-based antibacterial materials have attracted considerable 
attention. Unlike conventional antibacterial therapies, the antimicrobial 
mechanism of nanozymes does not cause drug resistance; rather, 
nanozymes can perform various antibacterial functions synergistically 
to effectively combat bacteria and biofilms [7]. Owing to their superior 
performance, antibacterial materials based on nanozymes have become 
a powerful method of combating bacterial infections. This section fo
cuses on the antibacterial mechanisms and multimodal synergistic 
therapies using TMNs for treating bacterial infections (Table 4). 

4.4.1. Antibacterial mechanisms of nanozymes 
Currently, antibacterial nanozyme systems are based on redox 

nanozymes, haloperoxidase (HPO)-like nanozymes, deoxyribonuclease 
(DNase)-like nanozymes, and NIR light-induced hyperthermia. Exces
sive ROS levels can lead to lipid peroxidation, protein oxidation, biofilm 
eradication, and DNA degradation in microbial cells through oxidative 
stress [356]. However, the development of drug resistance remains 
challenging. POD-like nanozymes produce highly oxidative •OH in the 
presence of H2O2 and a low concentration of •OH can kill bacteria 
without damaging healthy tissues [357–359]. Based on these promising 
results, ferromagnetic nanoparticles are viewed as POD-like in terms of 

Fig. 17. (A) Description of NIR-II BSA@Au enhanced PDT. (a) Preparation of NIR-II BSA@Au. BSA@Au combining with PDT for breast cancer therapy (b) and 
methicillin-resistant Staphylococcus aureus (MRSA) infection (c); (B) (a) NIR-I and NIR-II FL images of 4 T1 tumor-bearing mice at different time. (b) SBR comparison 
between NIR-I FL and NIR-II FL images in vivo. (c) The NIR-II FL images of main organs and mature tumor at 10 h; (C) Anti-bacterial property investigation in vivo 
involving in images of the infectious wounds after treatment (a), wound areas (b). (c) The MRSA colonies on LB-agar plates from different states of skin tissue. (d) 
H&E staining analysis of wounds from different states of skin tissue. Reprinted with permission from Ref. [335]. 
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their effectiveness in eliminating oxidative biofilms using H2O2 [360]. 
Later, a set of TMNs was proposed as safe POD-like mimics for wound 
disinfection with H2O2 at low doses [361–363]. In addition to the 
aforementioned POD-like mimics, some metal and metal-oxide nano
materials exhibit OXD-like properties; that is, they can activate oxygen 
to produce ROS, such as •OH, O2•

-, and 1O2 which impede the growth of 
bacteria and eradicate biofilms [364–370]. Subsequently, many OXD- 
like mimics with bactericidal activity have been reported, such as Au 
NPs [358], Pd NPs [46], and Pt/Ag nanoalloys [366,371], and their 
bactericidal activity is observed in the absence of H2O2. Many TMNs 
exhibit multiple enzyme-like activities against bacteria [341,372,373]. 
For example, Cu2WS4 nanocrystals exhibit satisfactory OXD-like and 
POD-like activity, i.e., they produce ROS and act as efficient antibacte
rial agents to promote wound healing [341]. Zhou et al. prepared Pd 
nanocrystals with remarkable antibacterial performance via ROS pro
duction, depending on their facet-dependent OXD and POD-like prop
erties [46]. Extracellular DNA (eDNA) is a structural component that 
plays an essential role in biofilm formation, including bacterial adhe
sion, growth, maturation, and maintenance of integrity in many bacte
rial species. Therefore, the development of DNase-like artificial enzymes 
for antibiofilm applications is urgently required. Nanomaterials that 
mimic DNase can effectively cleave eDNA to impede biofilm production 
and dissolve existing biofilms [374,375]. Qu et al. prepared passivated 
Au NPs on the surface of colloidal magnetic Fe3O4/SiO2 with multiple Ce 
(IV) complexes to combat biofilms and kill bacteria [376]. Subsequently, 
bifunctional nanozyme-based synergistic platforms were developed by 
incorporating DNase- and POD-like mimics to combat biofilms [374]. 
The bifunctional MOF/Ce-based nanozymes hydrolyze eDNA, destroy 
established biofilms using Ce(IV) complexes (DNase mimetics), and kill 
bacteria in the presence of dispersed biofilms using POD-like MOF in the 
presence of H2O2. HPO mimics can impede the growth of biofilms and 
suspend them by intercepting quorum sensing through autoinducer 
quenching. Inspired by this principle, HPO-like nanozymes have been 

evaluated for antibacterial therapy [98,377–380]. For example, the 
HPO-like activity of CeO2–x nanoparticles were found to depend on the 
aspect ratio of the nanoparticles, and the antibacterial activity was 
directly influenced by the level of HPO-like activity [380]. In addition, 
V2O5 nanowires exhibit HPO-like properties and can efficiently inhibit 
bacterial growth; a 78 % decrease in Escherichia coli and a 96 % decrease 
in Staphylococcus aureus have been reported. Finally, hyperthermia 
induced by NIR, which is used as a non-invasive therapeutic strategy, 
has been applied in many fields, such as antibacterial and cancer ther
apy, owing to its high efficacy, broad-spectrum antibacterial activity, 
and minimal bacterial resistance [381–383]. Photothermal materials 
usually have a high light-to-heat switching capacity, which adsorbs NIR 
energy and generates localized hyperthermia, damaging membranes, 
proteins, and other endogenic bioactive matrices and irreversibly 
destroying bacteria. 

4.4.2. Multimodal synergistic therapies in combating bacterial infections 
In recent decades, numerous TMN-based catalytic platforms have 

been developed with antibacterial activity and biofilm eradication 
functions [384,385]. Although these reports have shown acceptable 
disinfection effects, the clinical use of single-mode treatments is 
currently limited by the poor versatility of nanozyme platforms, low 
therapeutic efficiency, and narrow-spectrum antibacterial activity. 
Recently, synergetic systems based on TMNs have been developed and 
employed to increase antibacterial efficacy, targeting, and biosafety. 
Moreover, compared with a single antibacterial system, multimodal 
synergetic systems can achieve the effect of “1 + n > n + 1”, which 
reduces drug resistance and is useful in targeting specific substances for 
controlled treatments [386,387]. In this part, we summarize multimodal 
synergistic antibacterial systems based on TMNs, which are classified as: 
(i) a combination of various antibacterial mechanisms (including a 
blend of metal ions and redoxase-like mimics) [388,389], dual enzy
matic antibacterial systems [374], antibacterial combined with PTT 

Table 4 
Overview of antibacterial platform based on TMNs.  

Metal-based nanozymes Enzyme-like 
activities 

Antibacterial 
mechanisms 

Bacteria Applications References 

Au-Au/IrO2@Cu(PABA) GOX + POD ROS E. coli, 
S. aureus 

Antibacterial agents [339] 

ZIF-8@Au-GOX GOX + POD •OH MRSA, 
S. aureus 
E. coli 

Wound healing [340] 

Cu2WS4 POD + OXD ROS E. coli, 
S. aureus 

MRSA-infected wound healing [341] 

Au@AgAu alloy POD + OXD ROS E. coli, 
S. aureus 

Wound healing [342] 

ZnO/Ag/RGO OXD ROS + Ag+ E. coli, 
S. aureus 

Bacteria combating [343] 

Ag/Fe3O4 POD •OH + Ag+ E. coli, 
S. aureus 

Wound healing [344] 

AgNPs/N-CD@ZnO OXD ROS + Ag+ E. coli, 
S. aureus 

Wound healing [345] 

NH2-MIL-88B(Fe)-Ag POD •OH + Ag+ E. coli, 
S. aureus 

Wound healing [346] 

NA-Ag@Pt POD ROS E. coli, S. aureus Antibacterial agents [347] 
Au@CeO2 POD ROS E. coli, 

S. aureus 
Antibacterial agents [348] 

Cu SASs/NPC POD •OH + PTT E. coli, MRSA Wound healing [349] 
AuPtNDs POD ROS + PTT E. coli, 

S. aureus 
Antibacterial therapy [350] 

Fe2C@Fe3O4-PEG POD •OH + magnetothermal effect E. coli, 
S. aureus 

Antibacterial therapy [351] 

Au@Cu2-xS POD ROS + PTT E. coli, Faecalis Root canal therapy [352] 
FePN SAzyme POD •OH + ROS+

PTT 
E. coli, 
S. aureus 

Wound healing [353] 

CuxO-PDA POD •OH + PTT E. coli, 
S. aureus 

Wound healing [354] 

PDA-MnO2@Ce6/liposome POD •OH + ROS + CT + PDT E. coli, 
S. aureus 

Wound healing [355]  

D. Zhang et al.                                                                                                                                                                                                                                   



Coordination Chemistry Reviews 508 (2024) 215771

25

[349,352,354]; and (ii) multifunctional platforms for the determination 
and restraint of bacterial growth [353,390]. 

In previous reports, Ag+ and Zn2+ showed good antibacterial effects 
and are not biotoxic like Ag and Zn NPs. Furthermore, photocatalytic 
sterilization is more useful. In the presence of NIR irradiation, photo
catalysts boost the generation of abundant ROS to enhance antibacterial 
effects [388,389]. Wang et al. developed an acid-augmented dual-modal 
antibacterial system based on a nanozyme derived from zeolitic imida
zolate framework-8 (ZIF8) (Fig. 18) [340]. Furthermore, Yang et al. 
prepared an Ag-based nanocomposite, ZnO/Ag/RGO, that was used as a 
green antibacterial agent for disinfection [343]. Some of the Ag NPs 
continuously released Ag ions under NIR irradiation, and the ZnO 
effectively generated ROS, thus providing a synergistic antibacterial 
effect against E. coli and S. aureus. 

Huang et al. developed a new xerogel, N-CD@ZnO, which was shown 
to eradicate over 99 % of two strains of bacteria when exposed to NIR 
light, because of the combined action of the continual emission of Ag+

and the formation of ROS by N-CD@ZnO [345]. Moreover, the devel
oped xerogel enhanced the healing of bacteria-infected wounds within 
10 days. The triple-synergistic system integrates a glucose-induced 
cascade reaction with the release of Zn2+ to effectively eliminate 
S. aureus and E. coli [340]. Additionally, dual- or multi-functional plat
forms have been developed to combat bacterial infections [353]. A novel 
biofilm microenvironment (BME)-activated Fe-doped poly
diaminopyridine nanofusiform-mediated single-atom nanozyme (FePN 
SAzyme) for synergistic antibacterial PTT and CDT was developed. 
SAzyme PTT is activated by high levels of H2O2 and accelerated by weak 
acids in the inflammatory environment. Furthermore, FePN SAzyme 
also enhanced CDT by producing •OH from reactions with H2O2 and 
consuming GSH, thus providing a more effective synergistic therapy. In 

addition, the SAzyme catalyzes the decomposition of biofilm- 
overexpressing H2O2 into O2, which helps limit the hypoxia of the bio
film and increases the synergistic efficacy (Fig. 19). 

5. Conclusions 

The development of TMNs has received significant attention because 
they play a key role in life processes and have wide applications in 
biomedical fields. We conducted a comprehensive review of TMNs, 
which are superior to natural enzymes, and outlined a classification 
system based on the number and type of metal elements, internal and 
external factors that influence their enzyme-like properties, and rational 
design strategies. In addition, we discussed the latest advancements in 
their bioapplications. In terms of applications, the work presented 
herein attempts to enhance our understanding of TMNs and their rele
vant mechanisms. Emerging biomedical applications involving anti
bacterial treatments, imaging, disease diagnosis, and cancer therapy 
were outlined in detail. Breakthroughs have been made in TMN research 
and several advances in the knowledge of illnesses and nanotechnology 
have expanded the potential of nanozymes in biomedicine. The use of 
nanozymes in biomedicine is promising, particularly for the early 
detection of diseases, deep-tissue imaging, and multifunctional precision 
therapy. 

6. Current limitations and challenges 

Although breakthroughs have been achieved in nanozyme engi
neering, the field is still in its early stages and faces several challenges, 
including the following. 

Fig. 18. (A) (a) The preparation of ZIF8/Au-GOx NPs. (b) Reaction mechanism of the strategy of antibacterial therapy with acid-augment and dual-modal. (c) 
Employing ZIF8/Au-GOx NPs for antibacterial treatment in mice; (B) (a) The images of E. coli and S. aureus treatment by various materials in solid agar plate, and (b, 
c) the corresponding percentage viability. Reprinted with permission from Ref. [340]. 
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Fig. 19. A (a) Preparation of FePN SAzyme. (b) Schematic illustration of the FePN SAzyme as SANs for synergetic antibacterias. B (a) Schematic illustration of 
dimethylthiourea (DMTU) and β-phenylethyl isothiocyanate (FEITC) therapy. (b) Photothermal images and (c) curves of E. coli-infected mice with different treat
ments under the 808 nm laser irradiation (1.0 W cm− 2). (d) Relative wound area and (e) photographs of wound on the mice at different time points. (f) Body weights 
of mice after different treatments. (g) Histological, Masson, and Giemsa analysis of skin tissues harvested from different group mice. Reprinted with permission 
from Ref. [353]. 
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i. To date, TMN research has mainly focused on hydrolases and 
oxidoreductases; however, there is an urgent need to explore the 
activity of other types of enzymes, including transferases, isom
erases, lyases, and synthetases, and discover new materials.  

ii. To gain a deeper understanding of the catalytic mechanism of 
nanozymes, it is essential to investigate novel nanozyme mate
rials and analyze their catalytic properties. Specific catalytic 
theories must be established for each material type. Research on 
high-entropy alloys and diatomic nanozymes is limited. The 
design and fabrication of exceptional nanozyme catalysts remain 
a challenge.  

iii. Theoretical calculations and experimental verification are 
necessary to explore the mechanisms of TMNs. These approaches 
can be used to analyze the binding, reaction, and release of 
substrates as well as the structure–activity relationships of 
nanozymes. In future studies, a database for predicting nanozyme 
activity should be established to facilitate the screening, optimi
zation, and design of nanozymes. 

iv. TMNs have remarkable detection, diagnostic, and treatment ca
pabilities, and research on their uniqueness and irreplaceability 
should be intensified. To achieve biomedical conversion and 
clinical implementation, the biosafety of nanozyme-based treat
ments must be investigated in vivo. The targeting, biocompati
bility, biodegradability, biodistribution, immunogenicity, and 
pharmacokinetics of nanozymes should be reliably assessed in 
vivo. The results of such studies will also be invaluable for opti
mizing the design and use of TMNs in various biomedical appli
cations. Furthermore, the synthesis of highly homogeneous 
nanozymes and nanozyme mimics inspired by the fixed structure 
and molecular weight of small-molecule clinical products is a 
prerequisite for advancing their clinical application.  

v. Research on the utilization of TMNs has progressed, beginning 
with in vitro detection and environmental management. Recently, 
research has been extended to the realm of in vivo diagnosis and 
treatment, and current results suggest that nanozymes have great 
potential in biomedicine. To further realize the “Healthy World 
Strategy,” it is essential to expedite the development of nano
zymes in areas such as biochemical testing and biosensing, 
diagnosis and treatment of cancer and other major diseases, 
antibacterial activity, antioxidant activity, biofilm removal, gene 
editing, and nanorobotics.  

vi. In recent years, machine learning-assisted high-throughput 
screening has rapidly developed. Such methods enable the pre
diction of key factors affecting the preparation of metal-based 
nanozymes to assist in the development of nanozymes with 
exceptional performance. Additionally, such modeling methods 
enable the prediction of nanozyme activity and the structur
e–activity relationships with target substances. 
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