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Nanozymes are a class of nanomaterials with enzyme-mimetic catalytic activities. Owing to their high
stability, tunable catalytic performance, and ease of preparation, they have emerged as important
alternatives to natural enzymes. However, single-metal nanozymes often face challenges such as
insufficient active sites, low catalytic efficiency, and limited functionality. The introduction of a second or
multiple metals into nanozymes significantly boosts their catalytic efficiency and multifunctionality
through intermetallic electronic coupling and synergy. This review systematically summarizes the latest
research progress on nanozymes composed of Fe, Mn, Cu, Pt, Au, Pd, Ga, Mo, Ni, and multi-metallic
systems. It focuses on their applications in therapeutic interventions and health monitoring strategies,
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Accepted 26th November 2025 which encompass not only highly sensitive biosensing for disease biomarkers but also the detection and
degradation of environmental pollutants that pose significant risks to human health. Finally, we outline

DOI: 10.1035/d5ra08106h key challenges and future prospects in critical areas ranging from atomically-precise synthesis and
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1 Introduction

Nanozymes, as a class of nanomaterials with intrinsic enzyme-
mimetic activities, have rapidly developed into a vibrant inter-
disciplinary frontier since the first report in 2007 that Fe;O,
nanoparticles exhibit peroxidase (POD)-like activity.® They
integrate the unique physicochemical properties of nano-
materials (e.g., high specific surface area, tunable size and
morphology, and ease of functional modification) with the
efficient catalytic characteristics of biological enzymes.*
Consequently, they demonstrate significant advantages in
terms of stability, cost-effectiveness, and large-scale prepara-
tion, making them highly promising alternatives to natural
enzymes.>” However, first-generation single-metal nanozymes
face practical limitations. These include scarce active sites, slow
reaction kinetics, poor substrate specificity, and a tendency to
deactivate in complex biological or environmental media. These
bottlenecks severely restrict the further improvement of their
performance and the expansion of their application scope.

To overcome these limitations, research strategies have
gradually shifted from single-metal components to multi-metal
systems.® By deliberately introducing a second or multiple
metal elements, bimetallic and multimetallic nanozymes ach-
ieve a leap in performance through electronic interactions,
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mechanistic studies to the development of smart systems and clinical translation.

lattice strain effects, and synergistic catalytic mechanisms
between different metals.>'® This “1 + 1 > 2” synergy signifi-
cantly boosts catalytic activity, primarily by lowering reaction
energy barriers through enhanced electron transfer. Addition-
ally, it improves stability and introduces novel functions such as
photothermal properties, magnetism, or stimulus responsive-
ness. Furthermore, incorporating multiple metals allows for
precise, atomic-level regulation of the active centers' local
coordination environment and electronic structure. This capa-
bility opens the door to mimicking the complex multi-center
catalytic mechanisms of natural enzymes.™

Despite rapid progress, a timely, systematic review is still
lacking. This review should categorize nanozymes by metal
type, explore the mechanistic basis for their enhanced perfor-
mance through metal synergy, and expand the application
horizon to include the burgeoning field of environmental bio-
medicine. Most existing reviews tend to focus on a single
metal or a specific application area, failing to provide a holistic
and comparative perspective. This review is therefore motivated
by the need to bridge this gap and offer a comprehensive
knowledge framework that connects material design, syner-
gistic catalysis, and multifaceted applications.

This review comprehensively surveys the latest advances in
bimetallic and multimetallic nanozymes, encompassing
systems from transition (e.g., Fe, Mn, Cu) and noble metals (e.g.,
Pt, Au, Pd) to those incorporating Ga, Mo, Ni, and even more
complex multi-metallic systems (=3 metals). We will delve into
their diverse design and synthesis strategies, enhanced catalytic
mechanisms (e.g., POD-like, oxidase-like (OXD), catalase-like
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Scheme 1 Schematic illustration of the synergistic catalysis in bime-
tallic/multimetallic nanozymes and their cutting-edge applications.
The core concept involves integrating two or more distinct metal
elements (represented by green and orange spheres) within a single
nanostructure. This integration induces electronic coupling and
synergistic effects, which significantly enhance the catalytic activity
and functionality of the nanozyme. These advanced nanozymes are
then engineered for diverse applications aimed at improving health.
This includes direct therapeutic applications such as targeted anti-
bacterial therapy and tissue repair, and synergistic tumor therapy. It
also encompasses health monitoring and preventive applications,
which include highly sensitive biosensing for point-of-care diagnostics
and environmental health monitoring through the detection and
degradation of pollutants, thereby addressing health threats at their
source.

(CAT), superoxide dismutase-like (SOD) activities), and focus on
their innovative applications across the entire spectrum of
health science. This includes direct therapeutic interventions
(such as antibacterial therapy, anti-tumor therapy, tissue engi-
neering, and immune regulation) as well as preventive and
diagnostic strategies. The latter extends to environmental
health, where the detection and degradation of pollutants serve
as a crucial first line of defense against environmentally-
induced diseases, thereby closing the loop between environ-
mental quality and human health outcomes (Scheme 1). By
summarizing general rules, analyzing challenges, and envi-
sioning the future, this review intends to provide valuable
references for researchers in related fields and promote the
broader practical application of these intelligent catalytic
materials.

1.1 Fe-based nanozymes

Nanozymes are a class of nanomaterials with enzyme-mimetic
catalytic activities. Owing to their advantages such as high
stability, tunability, and ease of large-scale preparation, they
have become important alternatives to natural enzymes. Among
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various nanozymes, Fe-based nanozymes have attracted
considerable attention due to their excellent POD-like activity
and good biocompatibility. However, single-metal nanozymes
often face challenges including insufficient active sites and low
electron transfer efficiency. In recent years, the construction of
Fe-based bimetallic nanozymes by introducing a second metal
has significantly enhanced catalytic performance via electronic
coupling and synergistic effects between metals, thereby
expanding their applications in biosensing, antibacterial
therapy, tumor therapy, and other fields.

Fe-based nanozymes exhibit great potential in biomedical
fields, attributed to their natural enzyme-mimetic catalytic
centers, favorable biocompatibility, and versatile valence tran-
sitions (Fe*'/Fe**). The construction of bimetallic systems by
incorporating a second metal (e.g., Co, Ce, Mn, Cu, Pt) can
significantly optimize the electronic structure of Fe active
centers, enhance catalytic efficiency, and expand functional
diversity. Fe-based bimetallic nanozymes have achieved a series
of important advances in antibacterial therapy, synergistic
tumor therapy, environmental remediation, and highly sensi-
tive biosensing.

1.1.1 Applications in antibacterial therapy and tissue
repair. Fe-based bimetallic nanozymes offer innovative strate-
gies to treat drug-resistant bacterial infections and aid tissue
repair. They function by catalyzing reactive oxygen species

(ROS)  production and modulating the immune
microenvironment.
Fe-Co@D-Arg@PDA nanozymes significantly enhance

Fenton-like catalytic activity through valence transitions and
synergistic effects between Fe and Co. When integrated with
a thermosensitive hydrogel and near-infrared (NIR)-triggered
photothermal/nitric oxide (NO) gas therapy, this nanozyme
forms a multifunctional platform for deep-tissue antibacterial
action. This system effectively overcomes low bioavailability and
drug resistance in treating bacterial corneal ulcers.*> Fe/Cu-
BBDC metal-organic framework (MOF) nanozymes are inte-
grated into microneedle patches for infected wound treatment.
Boronic acid modification enhances their specific recognition
of sugars on bacterial surfaces. Utilizing the weakly acidic
microenvironment of wounds and excessive H,0,, the nano-
zymes catalyze the generation of hydroxyl radicals ("OH) to
achieve efficient bactericidal effects, significantly promoting
wound healing.™

1.1.2 Applications in synergistic tumor therapy and
immune regulation. Fe-based bimetallic nanozymes achieve
efficient tumor suppression and immune microenvironment
remodeling through the synergy of catalytic therapy with
immunotherapy, photothermal therapy, and other modalities.

MET-CMS@FeTA (MCMSFT) nanozymes use hollow
Cu,MoS, as the core to load immune adjuvants, with an outer
shell composed of an Fe*'-tannic acid network. They possess
triple enzyme activities (CAT, POD, and GPx), which can
synergistically induce tumor cell apoptosis/ferroptosis/
immunogenic cell death (ICD) by consuming GSH, generating
'OH, and alleviating hypoxia. Additionally, they downregulate
PD-L1 expression to reverse the immunosuppressive microen-
vironment.™ The dis-SAzyme-Dox@M nanocomposite is based
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on a single-atom nanozyme with dual Fe**/Cu®* ionic sites,
loaded with doxorubicin and coated with cancer cell
membranes. This system can synergistically induce ferroptosis/
cuproptosis, promote ROS generation and GSH consumption,
polarize M1-type macrophages, and induce ferroptosis in M2-
type macrophages. Combined with immune checkpoint
blockade therapy, it significantly inhibits hepatocellular carci-
noma growth.™

1.1.3 Applications in environmental health and safety. The
impact of nanozymes extends beyond the clinic into the realm
of public health and preventive medicine. Fe-based bimetallic
nanozymes are being actively explored to mitigate health risks
originating from environmental pollution, ensuring a safer
ecosystem. The high catalytic activity and stability of Fe-based
bimetallic nanozymes enable them to play an important role
in environmental pollution control.

Fe-Mn dual-atom nanozymes (FeMn-DSAzymes) optimize
the electronic configuration through strong electronic coupling
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between Fe and Mn dual atoms, significantly improving POD-
like activity and catalytic degradation efficiency of para-
cetamol (PCM). This system is immobilized on melamine foam
to construct a continuous flow reactor, realizing long-term and
stable removal of pharmaceutical residues in water (Fig. 1a).'®
Fe-Ce-MOL two-dimensional nanozymes enhance the adsorp-
tion and activation capacity of H,0, via electron transfer
between Fe and Ce (dual variable-valence metals). Their POD-
like activity is significantly superior to that of natural horse-
radish POD, and they have been successfully applied in bacte-
ricidal processes and the detection of antioxidants in fruits and
vegetables (Fig. 1b)."”

1.1.4 Applications in highly sensitive biosensing. The
enhanced catalytic activity of Fe-based bimetallic nanozymes
provides a powerful tool for constructing highly sensitive, multi-
modal sensing platforms.

Zr-MOFFe/CuPh bimetallic MOF nanozymes exhibit
enhanced POD-like activity. Using this nanozyme as a single
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(a) Schematic illustration of the continuous flow reactor based on FeMn dual-atom nanozymes (FeMn-DSAzymes) for long-term and

stable degradation of PCM. Reproduced from ref. 16 with permission from Elsevier, copyright 2025; (b) the synthetic procedures of Fe—Ce-MOL
nanozymes and their applications in bactericidal processes and antioxidant detection. Reproduced from ref. 17 with permission from Elsevier,
copyright 2024; (c;) schematic diagram of colorimetric detection of tannic acid based on the POD-like activity of Zr-MOFFe/CuPh bimetallic
MOF nanozymes. (c,) Colorimetric sensor array for the identification of five antioxidants using linear discriminant analysis (LDA) and hierarchical
clustering analysis (HCA). (Abbreviations: TA: tannic acid, TMB: 3,3',5,5'-tetramethylbenzidine, OPD: o-phenylenediamine, ABTS: 2,2'-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) ammonium salt, GA: gallic acid, CA: catechol, AA: ascorbic acid, EG: epigallocatechin gallate).
Reproduced from ref. 18 with permission from Elsevier Ltd, copyright 2025; (d; and d,) schematic illustration of the foldable paper-based
analytical device (PAD) integrated with Fe@Pt-DNA nanozymes for the multi-target POCT of UA, sarcosine, and glucose. Reproduced from ref. 19
with permission from Elsevier, copyright 2025.
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sensing receptor, a three-channel colorimetric sensor array is
constructed by combining three chromogenic substrates (TMB,
OPD, ABTS), enabling high-throughput identification of tannic
acid and other antioxidants (Fig. 1c; and c,)."®* Fe@Pt-DNA
nanozymes precisely regulate the synergistic effect between Fe
and Pt via a DNA programming strategy, showing excellent
POD-like activity. Integrated into a foldable paper-based device
and combined with smartphone readout, they realize multi-
target point-of-care testing (POCT) of uric acid (UA), sarcosine,
and glucose (Fig. 1d; and d,).*

1.2 Mn-based nanozymes

As an important transition metal, Mn has attracted significant
attention in nanozyme design due to its multi-valence (Mn>*/

MHiRGD |

DA MA HA

Cu-TCPP-Mn nanodots

¢
ROS(0")
¢ J /A(\.} \ 3\ %) g . @f o
7 o* J H,0
ZYN A o
( Sy "VKr\ | BAAS G‘%' o) o
N PR Fr—r ol o, —
... &\O‘_ ,n,;vﬁ,“j/ Myofibroblast
*e %‘\5}” °£ 'ﬁ}‘/ < D Myocardial coll |
sohtyccardalfarcion (¥ 50 R — )| Capltary |
chemic reparalon (R ke 5 S0P P TLIN 0) p o B84 permeton
H,0, H:0 Heart function 1 -
Fig. 2

& O - O b

|
|
|
|
|
|
|
|
C ) @ CuTCPP- |
2 Mn nanodots. |
-
o )\u ;:,‘1, w" HO, |
2 i
¢ ( ~ NO <
S /<\ 3 4" Mo PO
\ | 3
|
|
|
|

|

2 |

Avo” [3< |
. F

: ATransmon metal ion

View Article Online

RSC Advances

Mn**/Mn*") transition properties and excellent biocompati-
bility. Mn-based nanozymes can mimic multiple enzyme activ-
ities, such as SOD, POD, CAT, and OXD. To regulate the
electronic structure of Mn, optimize active sites, and enhance
catalytic stability and specificity, a second metal can be intro-
duced to construct bimetallic nanozymes. These materials thus
hold broad prospects in disease therapy, biosensing, and envi-
ronmental governance.

1.2.1 Applications in disease therapy. Mn-based bimetallic
nanozymes play a crucial role in the treatment of tumors and
inflammation-related diseases by catalyzing ROS metabolism,
inducing cell death, or alleviating oxidative stress. In terms of
tumor therapy, MnFe,0, (MF) bimetallic nanozymes not only
possess dual enzyme activities (CAT and POD) but also achieve
dual targeting of CD44 and integrin aVB3 through surface
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(a) Schematic illustration of the composition of the MH-iIRGD nanozyme (MnFe,O4 modified with iRGD and HA) and its application in

dual-targeting, NIR-enhanced ferroptosis—apoptosis synergistic anti-tumor therapy for lung adenocarcinoma. Reproduced from ref. 20 with
permission from Elsevier Science, copyright 2025; (b) schematic illustration of PtSn BNCs for phototheranostics and photothermal-enhanced
catalytic therapy. Reproduced from ref. 21 with permission from American Chemical Society, copyright 2023; (c,) fabrication process of the
bimetallic Cu-TCPP-Mn nanozyme via a solvothermal method and subsequent sonication into nanodots. (c,) Mechanism of the Cu-TCPP-Mn
nanozyme in treating myocardial injury through ROS scavenging, inflammation inhibition, fibrosis reduction, and promotion of constructive
remodeling and vascularization in Ml and I/R injury models. Reproduced from ref. 22 with permission from Ivyspring International Publisher,
copyright 2023; (d) schematic illustration of the dual spectral-RGB colorimetric sensor array constructed using Mn-based bimetallic MOF
nanozymes with enhanced OXD-like activity for the simultaneous discrimination and determination of multiple antioxidants. Reproduced from
ref. 24 with permission from American Chemical Society, copyright 2025.
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modification with iRGD peptide and hyaluronic acid (HA).
Under NIR light excitation, this system can synergistically
induce ferroptosis/apoptosis and enhance photothermal/
photodynamic therapeutic effects, providing a novel strategy
for lung adenocarcinoma treatment (Fig. 2a).* On the other
hand, PtSn bimetallic nanoclusters (PtSn BNCs), relying on
their efficient photothermal conversion performance and dual
enzyme catalytic activity, can catalyze H,O, to generate ROS and
O, under 808 nm laser excitation. This enables photothermally
enhanced catalytic therapy while integrating CT/photoacoustic
imaging functions, offering a new tool for integrated tumor
diagnosis and treatment (Fig. 2b).*

In the field of myocardial protection, Cu-TCPP-Mn MOF
nanozymes efficiently scavenge ROS by mimicking SOD/CAT
cascade activities. In models of myocardial infarction (MI) and
ischemia-reperfusion (I/R) injury, they exhibit excellent anti-
inflammatory and antioxidant capabilities. These functions
enable them to inhibit early inflammation, promote angiogen-
esis, and improve cardiac function, demonstrating long-term
myocardial protective potential (Fig. 2¢; and c,).> Additionally,
Ce-O-Mn asymmetric dual-atom nanozymes enhance electron
transfer through oxygen-bridge-mediated heteronuclear active
centers. After loading epigallocatechin gallate (EGCG) and
modifying with HA, they achieve multimodal synergistic tumor
catalytic therapy, highlighting the unique advantages of dual-
atom centers in catalytic regulation.”

1.2.2 Applications in sensing and detection. Owing to their
high catalytic activity and substrate diversity, Mn-based bime-
tallic nanozymes are widely used to construct highly sensitive,
multimodal biochemical sensing platforms.

In one study, six types of Mn-based bimetallic MOF nano-
zymes (e.g., Mn/Co, Mn/Zn, Mn/Fe, Mn/Ni) were synthesized. By
regulating the metal ratio, their OXD-mimetic activity was
significantly enhanced, enabling the catalytic color development
of TMB. Based on this, a dual-mode (absorption spectroscopy/
RGB imaging) sensor array was constructed. Combined with
chemometric analysis, it realized high-throughput identification
and detection of multiple antioxidants (Fig. 2d).** In environ-
mental monitoring, Cu-Mn MOF nanozymes mimic the multi-
copper active center of natural laccase. Their bimetallic syner-
gistic effect significantly accelerates electron transfer, exhibiting
superior catalytic activity and stability compared to natural lac-
case. This nanozyme has been used for the degradation of
phenolic pollutants (e.g., 2,4-dichlorophenol) and further inte-
grated into a smartphone-assisted visual sensing platform. It
enables portable, highly sensitive detection of phenol, showing
promising application potential in the monitoring of pollutants
in environmental water bodies.*

1.3 Cu-based nanozymes

Cu, an essential trace element in the human body, serves as the
core active center of various natural enzymes (e.g., SOD, tyros-
inase). Cu-based nanozymes not only exhibit favorable catalytic
activity and biocompatibility but also facilitate participation in
redox reactions via their multi-valence (Cu*/Cu®") transitions.
The construction of bimetallic nanozymes by introducing

47652 | RSC Adv, 2025, 15, 47648-47665
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a second metal can effectively regulate the local coordination
environment and electron distribution of Cu, significantly
enhancing its catalytic performance and stability. These nano-
zymes demonstrate broad potential in wound repair, tumor
therapy, biosensing, and protein hydrolysis.

1.3.1 Applications in wound repair and anti-infection. Cu-
based bimetallic nanozymes play a critical role in chronic
wound treatment by scavenging ROS, alleviating inflammation,
and promoting tissue regeneration. Cu/Mg-MOF nanozymes
were combined with a thermosensitive hydrogel to construct an
injectable wound dressing. This system not only promotes
angiogenesis and collagen deposition but also effectively regu-
lates the hyperoxidative stress and inflammatory microenvi-
ronment of diabetic wounds, significantly accelerating wound
healing (Fig. 3a).>® Another study reported CuBi-TA@BSA arti-
ficial metalloproteinases, where Bi regulates the electronic state
of Cu to enhance its broad-spectrum RONS (reactive oxygen and
nitrogen species) scavenging capacity. These nanozymes exhibit
excellent biocompatibility in blood and cells, effectively pro-
tecting cells from oxidative damage and significantly promoting
diabetic wound healing.”

1.3.2 Applications in tumor catalytic therapy. Leveraging
the enzyme-mimetic activity and photothermal properties of
Cu, Cu-based bimetallic nanozymes perform prominently in
synergistic tumor therapy. CuPt bimetallic nanozymes were
loaded into sulfonamide-modified dendrimers to construct an
intelligent nanotheranostic platform (CPL@G5-BS). This system
not only consumes GSH and generates "OH to enhance che-
modynamic efficacy but also possesses excellent photothermal
conversion performance. Combined with the glycolysis inhib-
itor lonidamine, it can effectively alleviate tumor hypoxia,
enabling synergistic therapy integrating photothermal, cata-
Iytic, and metabolic regulation (Fig. 3b).>®

1.3.3 Applications in catalysis and sensing detection. Cu-
based bimetallic nanozymes exhibit unique advantages in
protein hydrolysis and highly sensitive biosensing. CuCoO,
nanoproteases can efficiently catalyze peptide bond hydrolysis at
room temperature, with an activity that is 100 000 times higher
than previously reported nanoproteases. Surface Co>* is respon-
sible for activating peptide bonds, while Cu'~OH acts as a nucle-
ophilic group to attack the carbonyl carbon. The bimetallic synergy
enables highly selective hydrolysis of peptide bonds containing
hydrophobic amino acids, showing significant potential in the
processing of insoluble proteins (e.g., membrane proteins).>

In terms of sensing, Ag—Cu bimetallic nanozymes possess
POD-like activity, which can be used for colorimetric detection
of H,0, (limit of detection, LOD = 13.3 pM) and electro-
chemical detection of glucose (LOD = 0.1 uM). This material
can be immobilized on PTFE membranes or activated carbon
fibers to construct reusable catalytic membranes, finding wide
applications in environmental monitoring and biosensing
(Fig. 3c; and c,).*® Additionally, core-shell structured Cu@MnO
nanozymes exhibit excellent OXD-like activity, capable of cata-
lyzing TMB color development within 1 minute. The UA detec-
tion method developed based on this nanozyme achieves over
90% sensitivity and specificity, making it suitable for clinical
blood sample analysis (Fig. 3d).*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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local angiogenesis and the inflammatory microenvironment in diabetic wounds. Reproduced from ref. 26 with permission from Wiley-VCH
Verlag, copyright 2025; (b) schematic illustration of the therapeutic mechanism of the CPL@G5-BS nanoplatform (CuPt nanozymes loaded in
sulfonamide-modified dendrimers) for lonidamine-assisted photothermal therapy and enhanced nano-enzymatic catalytic therapy. Reproduced
from ref. 28 with permission from American Chemical Society, copyright 2025; (c;) sunlight-mediated synthesis of Ag—Cu bimetallic nano-
structures and their immobilization on a PTFE membrane to construct a catalytic filter. (c,) Sunlight-mediated synthesis of an ACF@Ag—Cu
catalytic membrane for industrial wastewater treatments. Reproduced from ref. 30 with permission from Wiley-VCH Verlag, copyright 2025; (d)
schematic description of the core—shell Cu@MnO nanozyme as a colorimetric biosensor for the rapid detection of UA. Reproduced from ref. 31
with permission from Elsevier, copyright 2025; (e) schematic diagram of the synthesis and structural optimization process for Cu single-atom
nanozymes (Cu—N/O) via a cascade competition strategy using different volumes of GAa and etching times. Reproduced from ref. 32 with

permission from Wiley-VCH Verlag, copyright 2025.

1.3.4 Novel synthesis strategies and structural regulation.
Precise regulation of the coordination structure of Cu is key to
improving its catalytic performance. A study adopted a cascade
competition strategy, using glacial acetic acid (GAa) as the
medium to synthesize single-atom nanozymes with a Cu-N,0,
coordination structure in one step from a Zn,Cu, precursor.
This strategy enables selective etching of Zn sites and precise
reconstruction of the local environment of Cu, significantly
enhancing its POD activity and photothermal properties
(Fig. 3e).?

1.4 Pt-based nanozymes

Pt-based nanozymes have attracted significant attention in
biomedical and environmental detection fields due to their
outstanding catalytic activity, stability, and nearly 100% atomic

© 2025 The Author(s). Published by the Royal Society of Chemistry

utilization efficiency. The construction of bimetallic systems by
introducing a second metal (e.g., Ir, Re, Pd, Cu) can effectively
regulate the electronic structure of Pt, enhance its catalytic
selectivity, and reduce costs. These nanozymes exhibit unique
advantages in the treatment of cardiovascular and cerebrovas-
cular diseases, synergistic tumor therapy, pesticide detection,
and tumor microenvironment (TME) regulation.

1.4.1 Applications in the treatment of cardiovascular and
cerebrovascular diseases. Pt-based bimetallic nanozymes
provide innovative therapeutic strategies for diseases such as
MI by efficiently scavenging ROS and regulating the immune
microenvironment. PtIr bimetallic nanozymes possess an ultra-
small size (<5 nm) and dual enzyme-mimetic activities (SOD/
CAT), enabling efficient ROS scavenging and protection of
mitochondrial function in cardiomyocytes. In a rat MI model,

RSC Adv, 2025, 15, 47648-47665 | 47653
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microenvironment remodeling. Reproduced from ref. 33 with permission from American Chemical Society, copyright 2025; (b) schematic
illustration of the preparation of RePd@OMVs P "™ biomimetic immune organoids and the combined nanozyme-catalyzed photothermal-
immunotherapy strategy for effective tumor eradication. Reproduced from ref. 35 with permission from Wiley, copyright 2025; (c,) fabrication
process of the ZMRPC@HA nanozyme (Ru** and Pt** loaded into Zr**-MOFs and modified with HA). (c,) Mechanism of ZMRPC@HA nano-
particle-triggered PDT for hypoxic tumors, accompanied by O, generation and GSH depletion. Reproduced from ref. 36 with permission from
John Wiley and Sons Ltd, copyright 2023; (dy) synthesis procedure of the PtCuSA@TriMOF derived from a trimetallic MOF. (d,) Specific detection
mechanism of carbosulfan by the PCSSIF sensor. (d3) Cascade signal sensitization diagram for pesticide residue detection. Reproduced from ref.

37 with permission from American Chemical Society, copyright 2025.

these nanozymes significantly improved cardiac contractile
function, reduced infarct size and fibrosis by inhibiting
neutrophil extracellular trap (NET) formation, decreasing cell
apoptosis and inflammatory responses, and activating energy
metabolism pathways such as fatty acid B-oxidation. This real-
izes multi-target remodeling of the ischemic/inflammatory
microenvironment (Fig. 4a).*

1.4.2 Applications in synergistic tumor therapy and TME
regulation. Pt-based bimetallic nanozymes significantly enhance
anti-tumor efficacy through the synergy of catalytic therapy with
immunotherapy, photothermal therapy, and other modalities,
while simultaneously regulating the TME to overcome thera-
peutic resistance. The modulation of the TME by alleviating
hypoxia, consuming glutathione (GSH), and disrupting

47654 | RSC Adv, 2025, 15, 47648-47665

antioxidant defenses is pivotal for amplifying synergistic effects
and achieving long-term tumor suppression.** For instance, Re—-
Pd bimetallic nanozymes exhibit remarkably enhanced POD-like
and glutathione oxidase (GSHOX) activities via orbital hybridiza-
tion between Re and Pd. These nanozymes are encapsulated in
bacterial outer membrane vesicles (OMVs) expressing PD-L1
nanobodies, constructing biomimetic immune organoids
(RePd@OMVs>™ ™). This system releases nanozymes in the
TME to consume GSH and enhance oxidative stress, while PD-L1
nanobodies block immunosuppressive signals. Combined with
photothermal effects to induce ICD, it effectively eliminates
bladder cancer metastases and inhibits recurrence (Fig. 4b).>
Similarly, ZMRPC@HA nanozymes, a typical example of
bimetal-functionalized MOFs, simultaneously load Ru®* and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pt** into Zr**-MOFs and are further modified with HA. These
nanozymes not only catalyze the decomposition of H,O, to
generate O,, alleviating hypoxia, but also consume GSH to
disrupt the tumor antioxidant defense system. This dual action
significantly enhances the efficacy of photodynamic therapy
(PDT) against hypoxic tumors, providing new insights for the
design of multifunctional nanozymes (Fig. 4c; and c,).*

By unifying the discussions on synergistic therapy and TME
regulation, this section emphasizes how Pt-based bimetallic
nanozymes holistically address key challenges in tumor treat-
ment, such as immunosuppression, metabolic adaptation, and
oxidative stress resilience. This integrated perspective not only
clarifies the mechanistic links between different application
strategies but also underscores the versatility of Pt-based
nanozymes in advancing precision oncology.

1.4.3 Applications in sensing and detection. The high
catalytic activity and stability of Pt-based bimetallic nanozymes
make them ideal platforms for highly sensitive sensing and
detection. PtCu diatomic nanozymes (PtCuSA@TriMOF) are
derived from trimetallic MOF. The synergistic effect between Pt-
Cu diatomic sites significantly reduces the energy barrier for
H,O0, reduction, enabling efficient oxidation of TMB to generate
colorimetric/photothermal dual-mode signals. This system
establishes a highly specific dual-inhibition detection mecha-
nism, where the acidic hydrolysis product of fenitrothion
inhibits hydroxyl radical generation and enzyme activity. A
portable flexible sensor developed based on this mechanism,
combined with smartphone readout, realizes in situ and highly
sensitive detection of pesticide residues (LOD = 4.2 nM)
(Fig. 4d;-d;).>”

1.5 Au-based nanozymes

Au nanomaterials are ideal platforms for constructing high-
performance nanozymes due to their excellent biocompati-
bility, easy modifiability, and unique optical properties. The
formation of bimetallic nanozymes by introducing a second
metal (e.g., Pt, Ru, Os, Pd) can effectively regulate the surface
electronic structure and local coordination environment of Au,
significantly enhancing its catalytic activity, stability, and
functional diversity. Au-based bimetallic nanozymes exhibit
broad application prospects in tissue regeneration, disease
therapy, biosensing, and synergistic tumor therapy.

1.5.1 Applications in tissue regeneration. Au-based bime-
tallic nanozymes play a key role in the treatment of chronic
diseases by regulating the pathological microenvironment,
scavenging ROS, and promoting tissue repair. Au@Pt nano-
zymes were encapsulated in GeIMA hydrogel microspheres for
diabetic bone regeneration. These nanozymes possess dual
enzyme-mimetic activities (glucose oxidase-like (GOx) and CAT-
like), enabling simultaneous glucose consumption and ROS
scavenging. This effectively protects the proliferation and oste-
ogenic differentiation capabilities of bone marrow mesen-
chymal stem cells (BMSCs) in a high-glucose environment. In
a rat model of diabetic bone defects, this system significantly
promoted angiogenesis and bone tissue regeneration.*® Another
study developed a cardiac-targeting bimetallic cluster

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanozyme (ATBMzyme) with an AuRu core modified with atrial
natriuretic peptide (ANP). This nanozyme has ultra-strong
antioxidant activity and can specifically target cardiac tissue.
By alleviating ferroptosis and PANoptosis, it effectively miti-
gated doxorubicin-induced cardiomyopathy (DIC), providing an
innovative strategy for cardiac protection (Fig. 5a; and a,).**

1.5.2 Applications in biosensing and environmental
detection. The high catalytic activity and stability of Au-based
bimetallic nanozymes make them ideal tools for constructing
highly sensitive, multi-modal sensing platforms. Au@Pt,
Au@Os, and Au@Pd nanozymes exhibit excellent POD-like
activity, with stability superior to that of natural enzymes.
Based on the differential inhibition of their enzyme activity after
interaction with phenolic acids, combined with chemometric
algorithms, a colorimetric sensor array was successfully con-
structed. This array enables highly sensitive identification of 7
phenolic acids (e.g., chlorogenic acid, gallic acid) and their
mixtures (LOD = 0.005-0.01 mM), and its reliability was verified
in the detection of actual water samples (Fig. 5b, and b,).*

In terms of sensing mechanism research, DNA-programmed
Au/Pt bimetallic nanozymes achieve precise regulation of
nanozyme morphology and POD-like activity by using DNA with
different sequences (e.g., polyT) to mediate the in situ growth of
Pt on the surface of gold nanorods (AuNRs). A colorimetric
sensor array constructed based on this system can efficiently
distinguish 5 biological thiols (e.g:, GSH, cysteine), providing
a new method for biomarker detection (Fig. 5¢; and ¢,).**

1.5.3 Applications in synergistic tumor therapy and nano-
motors. Au-based bimetallic nanozymes achieve deep tumor
penetration and synergistic therapy through the combination of
catalytic therapy, photothermal therapy, and dynamic pro-
pulsion. Parachute-like Au,Pt@PMO®@ICG Janus nanomotors
(APIJNs) integrate bimetallic nanozymes with the photosensi-
tizer ICG, and possess dual-source propulsion capabilities
(autonomous catalysis and photothermophoresis). Their Au,Pt
core has dual POD/CAT enzyme activities, which can catalyze
H,0, to generate ROS and O, while producing a photothermal
effect. Under NIR laser irradiation, this system enables deep
tumor penetration and synergistic triple therapy (photothermal/
photodynamic/chemodynamic therapy, PTT/PDT/CDT), signifi-
cantly enhancing anti-tumor effects (Fig. 5d).**

1.5.4 Structure-activity relationship research and rational
design. In-depth understanding of the structure-activity rela-
tionship of Au-based bimetallic nanozymes is key to realizing
their rational design. A study synthesized Au-Pt bimetallic
aerogels with three structures (alloy, core-shell, and hetero-
junction), and systematically revealed their structure-perfor-
mance relationship. Among them, the heterojunction structure
exhibited the highest glucose cascade catalytic activity due to its
abundant Au-Pt interfaces and synergistic effects. Based on
this, a highly sensitive and portable glucose detection kit was
developed.*® Another study adopted a DNA programming
strategy, achieving precise regulation of the growth process and
enzyme-mimetic activity of Au/Pt nanozymes by adjusting DNA
sequences (e.g., T15). This was further applied to the highly
sensitive detection of ascorbic acid (AA) and alkaline phos-
phatase (ALP).**

RSC Adv, 2025, 15, 47648-47665 | 47655
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1.6 Pd-based nanozymes

Pd-based nanozymes have attracted widespread attention in the
biomedical field due to their unique electronic structure, tunable
redox properties, and favorable catalytic activity. The construc-
tion of bimetallic nano-systems by introducing a second metal
(e.g, Ir, Re, Sn) can effectively optimize the catalytic sites of Pd,
enhance electron transfer efficiency, and improve its biocom-
patibility. Pd-based bimetallic nanozymes exhibit significant
advantages in ultra-sensitive diagnosis, synergistic tumor
therapy, and immune regulation, serving as an important plat-
form for cutting-edge biomedical applications.

1.6.1 Applications in ultra-sensitive biomedical diagnosis.
Leveraging their outstanding enzyme-mimetic activity, Pd-based
bimetallic nanozymes are widely used in in vitro diagnostic
fields, significantly improving detection sensitivity and accuracy.
Pd@Ir core-shell nanozymes possess excellent POD-like activity,
and their bimetallic synergistic effect remarkably enhances
catalytic efficiency. The research team innovatively combined
them with in situ catalyzed reporter deposition (ISCRD)

47656 | RSC Adv, 2025, 15, 47648-47665

technology and applied the combination to a lateral flow
immunoassay (LFIA) platform, enabling ultra-sensitive detection
of gastric cancer biomarkers (PG I and PG II). This method
achieves a visual LOD of 10 pg mL ™", with a sensitivity 200 times
higher than that of traditional methods. It has also been
successfully validated for accurate identification in clinical serum
samples, providing a powerful tool for early cancer diagnosis.*
1.6.2 Applications in synergistic tumor therapy and
immune regulation. Through the multimodal synergy of cata-
Iytic therapy, photothermal therapy, and immunotherapy, Pd-
based bimetallic nanozymes achieve efficient tumor inhibition
and immune microenvironment remodeling. A study reported
homologous cell membrane-modified PdSn@mSiO, nano-
zymes. This system possesses triple enzyme activities (POD,
CAT, and GPx) and can generate a photothermal effect (photo-
thermal conversion efficiency of 30.9%) under NIR laser exci-
tation, realizing photothermally enhanced catalytic therapy.
Mouse 4T1 tumor models demonstrated that these nanozymes
can be efficiently enriched at tumor sites, and through the
synergy of multi-ROS regulation and hyperthermia, they

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly inhibit tumor growth and exhibit good biocom-
patibility (Fig. 6a, and a,).*

1.7 Ga-based nanozymes

As an emerging class of enzyme-mimetic catalysts, Ga-based
nanozymes exhibit significant potential in the biomedical
field, leveraging the multi-valence properties of Ga, excellent
biocompatibility, and its unique “pseudo-iron” biological effect.
The construction of diatomic or dual single-atom nanozymes by
introducing a second metal (e.g., Zn, Cu) enables precise

© 2025 The Author(s). Published by the Royal Society of Chemistry

regulation of the electronic structure and coordination envi-
ronment of active sites, achieving synergistic catalysis and
dynamic functional transformation. Important progress has
been made in applications such as tumor therapy and
biosensing.

1.7.1 Applications in tumor catalytic therapy and ferrop-
tosis induction. Ga-based bimetallic nanozymes realize syner-
gistic catalytic and metabolic therapy for tumors by mimicking
multiple enzyme activities and releasing ions to interfere with
metabolism. Ga/Zn diatomic nanozymes (Ga/Zn-NC) possess

RSC Adv, 2025, 15, 47648-47665 | 47657
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well-defined geometric and electronic structures, and can
mimic POD and GSHOx activities. The Ga-Zn metal bond
significantly accelerates electron transfer and reduces reaction
energy barriers. In the TME, these nanozymes induce oxidative
damage by catalyzing the production of ROS and consuming
GSH, rendering tumor cells sensitive to ferroptosis. More
uniquely, the Ga®" ions released during catalysis exert
a “pseudo-iron” effect, which competitively interferes with
cellular iron metabolism and activates a self-amplifying fer-
roptosis pathway. This action synergizes with catalytic therapy
to significantly inhibit tumor growth.*

1.7.2 Applications in biosensing and rapid detection. The
multi-enzyme activity and electronic regulation capability of Ga-
based bimetallic nanozymes provide a new platform for highly
sensitive and rapid biosensing. Ga-Cu dual single-atom nano-
zymes are constructed using a two-dimensional layered double
hydroxide (LDH) support, exhibiting multiple enzyme-mimetic
activities (POD-like, OXD-like, CAT-like, and GPx-like). The
synergistic doping of Ga and Cu enhances material stability and
catalytic efficiency, among which the formation of Cu-N bonds
significantly improves the recognition ability for volatile
amines. A portable electrochemical sensor developed based on
this nanozyme enables the detection of amine substances
within 4 seconds, with a linear range of 0.05-0.4 mM and a LOD
as low as 5.9 uM, along with good repeatability and stability.
This sensor has been successfully applied to the rapid freshness
detection of meat products, such as pork and beef, and the
results are highly consistent with standard methods. It thus
provides an efficient solution for on-site food monitoring
(Fig. 6by-b;).*®

1.8 Mo-based nanozymes

Mo-based nanozymes exhibit enormous potential in catalysis
and biomedical fields, attributed to the rich valence states
(Mo**/Mo”>*/Mo®") of Mo and its excellent electron transfer
capability. The construction of bimetallic systems by intro-
ducing a second metal (e.g., Cu) can effectively optimize the
local coordination environment of Mo, generate significant
synergistic effects, and greatly enhance its enzyme-mimetic
activity and functional diversity. Mo-based bimetallic nano-
zymes have achieved important progress in antibacterial
therapy and synergistic tumor therapy.

1.8.1 Applications in antibacterial therapy and wound
healing. Through cascade catalysis and multimodal synergy,
Mo-based bimetallic nanozymes effectively address the chal-
lenges of substrate deficiency and microenvironmental limita-
tions in antibacterial therapy. The MoCuS,/GOx cascade
nanozyme constructs a high-efficiency catalytic-therapeutic
platform by integrating natural GOx with bimetallic sulfide
MoCusS, nanozymes. GOx consumes glucose in the local wound
area, simultaneously generating H,0O, and acidifying the
microenvironment. This provides both the necessary substrate
and a suitable pH for the POD-like activity of MoCuS,, enabling
the cascade generation of "OH. The co-catalytic effect of Mo*"/
Mo®" and Cu’/Cu®" redox couples further enhance catalytic
efficiency. Under 808 nm NIR laser irradiation, this system can

47658 | RSC Adv, 2025, 15, 47648-47665
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also generate a photothermal effect and singlet oxygen (10,),
synergizing PDT and CDT, while efficiently consuming the
antioxidant GSH. In vitro and in vivo experiments show that this
platform exerts efficient combined bactericidal effects against
Staphylococcus aureus and Escherichia coli, significantly
promotes the healing of infected wounds, and demonstrates
good biosafety (Fig. 6¢).*

1.8.2 Applications in synergistic tumor therapy. By virtue of
multi-enzyme mimetic activities and photothermal properties,
Mo-based bimetallic nanozymes achieve efficient catalytic-
photothermal synergistic tumor therapy. The MoCu dual-atom
nanozyme (MoCu DAzyme) possesses well-defined dual-atom
active sites and exhibits multiple enzyme-mimetic activities
(including POD-like, OXD-like, CAT-like, etc.). Compared with
Mo single-atom nanozymes, the introduction of Cu atoms
forms a synergistic catalytic center, which significantly
enhances substrate adsorption capacity and reduces reaction
energy barriers. This nanozyme can not only generate ROS in
a diversified manner but also efficiently consume GSH and
block its regeneration pathway, thereby triggering a cascade
amplification effect of oxidative stress. In addition, its amor-
phous nitrogen-doped carbon matrix endows it with excellent
photothermal conversion performance. Through the synergy of
enzyme-mimetic catalytic therapy and photothermal therapy,
MoCu DAzyme realizes efficient tumor inhibition, providing
new insights into nano-catalytic cancer therapy (Fig. 6d).*

1.9 Ni-based nanozymes

Ni-based nanozymes have attracted widespread attention in
biosensing, environmental monitoring, and medical diagnosis
due to their low cost, variable valence states (Ni**/Ni**), and
favorable catalytic activity. The construction of bimetallic
systems by introducing a second metal (e.g., Os, Co, Fe, Pt) can
effectively regulate the electronic structure of Ni, generate
synergistic effects, and significantly enhance its enzyme-
mimetic activity, stability, and substrate specificity. Ni-based
bimetallic nanozymes demonstrate important value in highly
sensitive detection, cancer screening, and environmental
pollution control.

1.9.1 Applications in highly sensitive biosensing and
immunoassays. Leveraging their enhanced POD-like activity,
Ni-based bimetallic nanozymes are widely used for the highly
sensitive detection of disease biomarkers. HA-Ni,/Os nano-
zymes are synthesized by incorporating Ni and osmium (Os)
into HA. Their POD-like activity (1224 U mg™') is more than
twice that of single-metal Os nanozymes. Theoretical calcula-
tions indicate that Ni doping enhances the adsorption of H,0,
and accelerates the oxidation of TMB. After cross-linking with
antibodies, this nanozyme is used to detect the lung cancer
marker squamous cell carcinoma antigen (SCCA), exhibiting
better stability than natural horseradish peroxidase (HRP) and
providing a reliable alternative for immunoassays.**

NiCo Prussian blue analog (PBA) nanozymes, through
bimetallic doping and the introduction of oxygen vacancies,
show 30.08-fold and 4.83-fold increases in POD and CAT activ-
ities compared to single-metal materials, respectively. Based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the cascade catalysis principle where GOx generates H,0, and
NiCo PBA catalyzes color development or decomposes it, this
system enables dual-mode detection of carcinoembryonic
antigen (CEA), achieving LOD of 0.061 ng mL™" in POD mode
and 0.028 ng mL " in CAT mode, which significantly improves
detection sensitivity.**

1.10 Applications in environmental health monitoring

Monitoring hazardous substances in the environment is a crit-
ical aspect of public health protection. Ni-based bimetallic
nanozymes, with their high catalytic activity and stability, serve
as effective tools for the early detection of such health threats.
The high catalytic activity and stability of Ni-based bimetallic
nanozymes make them effective tools for monitoring hazardous
substances in the environment. Ni-Pt@PAM nanozymes
significantly enhance POD-like activity through surface ligand
engineering (modified with polyacrylamide hydrochloride,
PAM). Based on the specific reaction between penicillin (PCN)
and "OH, this system develops a colorimetric and fluorescent
dual-mode sensing platform, enabling rapid detection of PCN
in water samples with a linear range of 0.5-10 pM and an LOD
as low as 13.5 nM.*

NiFe bimetallic hydrogels (3-QW-NiFe) possess both POD-
like and OXD-like activities, with their catalytic mechanisms
based on the generation of "OH and superoxide anions (O, "),
respectively. A colorimetric sensor constructed based on POD-
like activity enables specific detection of resorcinol (LOD =
0.033 uM), while OXD-like activity is used for hydroquinone
detection. Combined with a smartphone-assisted platform, this
system realizes on-site rapid detection of phenolic pollutants
without the need for large-scale instruments.*

1.10.1 Progress in catalytic mechanism research and
biosensor design. In-depth research on the catalytic mechanism
of Ni-based bimetallic nanozymes provides an important basis
for their rational design and performance optimization. Fe;Ni-
MOF nanozymes exhibit significantly enhanced POD-like
activity after the introduction of Ni. Mechanistic studies show
that Ni doping not only enhances the electron transfer capa-
bility between TMB and H,0, but also promotes the Fe**/Fe**
cycle and the generation of "OH, forming a dual enhancement
mechanism of electron transfer and free radical generation.
Based on this, the developed Fe;Ni-MOF/GOx integrated system
is successfully applied to one-step colorimetric detection of
glucose in human serum, demonstrating its potential in
biosensing.*®

1.11 Multi-metal-based nanozymes

Multi-metal (=3 metals) nanozymes achieve significant
improvements in catalytic performance and functional diversi-
fication by integrating the unique physicochemical properties
of three or more metal elements. The synergistic effects between
multiple metals not only enhance electron transfer efficiency
and optimize the distribution of active sites but also endow
materials with multifunctional properties (e.g., optical, elec-

trical, magnetic), exhibiting enormous potential in cutting-edge
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fields such as self-powered sensing, synergistic tumor therapy,
and detection and degradation of environmental pollutants.

Beyond the enhanced performance seen in bimetallic
systems, multimetallic nanozymes offer a qualitatively higher
level of functionality and design space. Their primary distinc-
tion lies in the creation of interconnected synergistic networks
and the emergence of novel, often unpredictable, properties
that are not merely the sum of individual metal contributions.
This complexity allows for the simultaneous modulation of
multiple catalytic pathways and the integration of comple-
mentary non-catalytic functions within a single nanostructure,
enabling solutions to biomedical and environmental challenges
that are beyond the reach of simpler bimetallic counterparts.

1.11.1 Distinguishing advantages and complex synergistic
networks. The incorporation of a third metal often goes beyond
linear improvement, enabling non-linear synergistic effects. For
instance, while a bimetallic system might optimize a single
catalytic cycle, a trimetallic system can orchestrate two or more
parallel or sequential catalytic cycles. One metal might be
specialized for substrate adsorption, a second for efficient
electron transfer, and a third for the stabilization of high-energy
intermediates, resulting in a concerted catalytic pathway with
superior efficiency and robustness. Furthermore, the combi-
nation of metals with disparate properties (e.g., a plasmonic
metal, a catalytically active noble metal, and a magnetic tran-
sition metal) can lead to emergent properties. These are new
functionalities that arise from the interactions within the
ternary system, such as unique plasmonic resonances enabling
novel photothermal effects, or complex electronic structures
that yield unprecedented substrate selectivity.

1.11.2 Synthesis and characterization:  navigating
increased complexity. The formidable advantages of multime-
tallic nanozymes are counterbalanced by significantly height-
ened challenges in their synthesis and characterization.
Achieving precise control over the composition, spatial distri-
bution, and coordination environment of three or more distinct
metals within a single nanoparticle is a monumental synthetic
task. The differing reduction potentials and nucleation kinetics
of each metal component make conventional co-reduction
methods prone to phase segregation, leading to inhomoge-
neous structures with compromised synergistic effects.
Advanced synthesis strategies, such as multi-step seeded
growth, template-assisted methods, and the use of specific
capping agents, are often required to achieve the desired
architectural control.

Similarly, the characterization of these complex materials
demands a more sophisticated arsenal of techniques. Probing
the local coordination environment of each metal, identifying
the true nature of the multi-metallic active sites, and deconvo-
luting their individual contributions to the overall catalytic
mechanism require a combination of advanced in situ/operando
spectroscopy and high-resolution microscopic analysis. The
path to rational design of multimetallic nanozymes is therefore
contingent upon overcoming these significant synthetic and
analytical hurdles to establish clear structure-activity
relationships.
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1.11.3 Applications in self-powered biosensing and accu-
rate detection. Multi-metal nanozymes, with their multi-enzyme
activities and switchable catalytic functions, provide a new
platform for constructing intelligent, portable self-powered
sensing systems. CoMn-CeO, nanospheres possess both GOx-
like and POD-like activities, serving as natural catalytic
switches. Utilizing this principle, a substrate-switched dual-
signal self-powered biosensor (EBFC-SPB) enables accurate,
convenient detection of aflatoxin B1 (AFB1) via competitive
recognition reactions without additional equipment, thereby
offering an innovative food safety monitoring solution.>

Another study reported NiCoFe-MOF-74 trimetallic nano-
zymes, where Ni, Co, and Fe atoms synergize with organic
ligands to provide abundant recognition sites and POD-like
activity. Combining its fluorescent properties and hollow
structure, this material enables fluorescent/colorimetric dual-
mode detection and efficient adsorption removal of tetracy-
cline antibiotics (TCs), showing good application potential in
practical samples such as honey.*”

1.11.4 Applications in synergistic tumor therapy and
immune regulation. By integrating catalytic therapy, photo-
thermal therapy, and immune regulation functions, multi-
metal nanozymes achieve efficient synergistic tumor therapy
and long-term inhibition. Au@Pt@Rh trimetallic nanozymes
have a large mesoporous structure, which can load a TGF-
B inhibitor (LY2157299) and be coated with homologous tumor
cell membranes (CM) to form LY-Au@Pt@Rh-CM nano-
composites. This system can continuously catalyze endogenous
H,O0, to generate "OH and O,, alleviate tumor hypoxia, and
improve the immunosuppressive microenvironment. Its pho-
tothermal effect can further enhance catalytic efficiency, real-
izing immunomodulation-enhanced tumor catalytic therapy.*®
Mn/Fe-MIL-101/CuS/DOX@FA trimetallic nanozymes integrate
Mn/Fe-MOF, CusS, the chemotherapeutic drug doxorubicin, and
the targeting molecule folic acid (FA), possessing GPx-like and
POD-like activities, photothermal properties, and T,/T, dual-

Table 1 Summary of representative bimetallic/multimetallic nanozymes
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modal MRI functions. By amplifying the ICD effect,
consuming GSH, and generating ROS, this system realizes
synergistic photothermal chemodynamic chemotherapy, effec-
tively inhibiting tumor growth and metastasis, and constructing
a “trinity” platform for diagnosis, treatment, and metastasis
prevention.*

RuPdNi trimetallic nanosheets (TMNSs) obtain excellent
RONS scavenging capabilities and photothermal conversion
performance through the introduction of Ru and Ni atoms and
the design of surface atomic vacancies. This material can
effectively alleviate colonic inflammation and inhibit colon
cancer growth through photothermal therapy, providing a new
integrated anti-inflammatory-anti-tumor therapeutic strategy
for intestinal diseases.*

1.11.5 Applications in environmental pollutant detection
and degradation. The high catalytic activity and versatility of
multi-metal nanozymes make them effective tools for environ-
mental pollutant monitoring and control. Au@PtPd multi-
metal nanozymes are used to enhance colorimetric biosensors
on finger-actuated microfluidic chips. Through efficient
microfluidic control and immune signal amplification, they
enable rapid and highly sensitive detection of Salmonella,
providing a portable solution for food safety monitoring.*

In terms of pollutant degradation, metal ion-doped ZIF-67-
derived composites (e.g., doped with Ni**, Cu®', or Fe*")
exhibit triple catalytic activities: POD-like, OXD-like, and
pollutant reductive degradation. Metal doping increases the
pollutant degradation rate by more than 13.3 times, and this
enhancement reaches 96.3 times after high-temperature pyrol-
ysis. This material generates reactive oxygen intermediates ('O,
and O, ), which are utilized to construct a sensor array for the
efficient identification and quantification of 9 phenolic pollut-
ants and 5 biomolecules, thus revealing significant potential in
environmental monitoring and disease diagnosis.®>

Nanozymes Methods Catalytic activity Parameter-POD Application Ref.

Fe-Co Solvothermal POD-like Ky (165 £+ 1.7 pM), Subcutaneous abscess in mice, 12
method Vimax (0.7 £ 0.1 x 107 M s ") H,0,  bacterial corneal ulcer in rats

Pt-Sn Solvothermal POD-like, CAT-like Ky (0.24 mM), Tumor-bearing mice 21
method Vinax (1.67 x 107° M s™") TMB

Ce-Mn Hydrothermal POD-like, CAT-like, K (27.7 mM), Tumor-bearing mice 23
method OXD-like Vimax (3.21 x 1077 M s~ ) H,0,

Cu-Pt In situ reduction SOD-like, POD-like, Ky, (3.83 mM), Tumor-bearing mice 28
method CAT-like Vimax (11.43 x 107 M s~ ') H,0,

Au-Ru Chemical SOD-like, CAT-like — Tumor-bearing mice 39
co-reduction method

Pd-Ir Seed-mediated POD-like Ky, (0.246 mM), Detection of gastric pepsinogen 45
growth method at (4.36 X 10° s7') TMB I and II in gastric cancer

Ni-Co-Fe Solvothermal POD-like Ky, (0.35 mM) TMB, Detection of tetracycline 57
method Ky, (0.45 mM) H,0, antibiotics in honey

Ru-Pd-Ni Wet chemical SOD-like, — Colitis and colon cancer 60
method CAT-like "OH treatment

scavenging
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1.12 General principles and structure-activity relationships

To compare the key performance of different bimetallic/
polymetallic nanozymes more clearly, we systematically
summarized the key parameters of various materials in terms of
catalytic activity, parameter, and application (Table 1). Beyond
the extensive catalog of specific applications, the collective
progress in bimetallic and multimetallic nanozymes reveals
a set of overarching principles and structure-activity relation-
ships that transcend individual metal compositions. Synthe-
sizing these insights is crucial for transitioning from
serendipitous discovery to rational design. The enhanced
performance and multifunctionality observed across diverse
systems are fundamentally rooted in several interconnected
mechanistic and strategic paradigms.

1.12.1 Universal synergistic mechanisms underlying
enhanced catalysis. The catalytic supremacy of multi-metal
nanozymes is universally governed by a confluence of elec-
tronic, geometric, and dynamic synergistic effects. Electronic
modulation, arising from the electronegativity difference
between heterometals, facilitates interfacial electron transfer,
which optimizes the adsorption strength of reaction interme-
diates and effectively lowers the activation energy barriers for
key catalytic steps, such as H,0, dissociation. This electronic
“pull-push” effect is a cornerstone of enhanced activity across
numerous nanozyme families. Concurrently, the introduction
of a second metal induces geometric and strain effects, altering
the lattice parameters and local coordination geometry of the
primary active sites. This structural distortion can create
uniquely configured catalytic pockets that stabilize transition
states and enhance substrate specificity. Furthermore, in
systems featuring multiple redox-active metals, synergistic
catalytic cycles can be established. Here, the different metals
engage in complementary valence transitions, creating a more
efficient and continuous electron transfer pathway that accel-
erates the regeneration of the active species and prevents cata-
lyst passivation, thereby sustaining high catalytic turnover.

1.12.2 Rational design strategies for function-oriented
nanozymes. The empirical successes documented in the liter-
ature converge into several high-level design strategies for
engineering next-generation nanozymes. The pursuit of atomic-
level precision, exemplified by single-atom and dual-atom
architectures, represents a paradigm shift towards emulating
the well-defined active centers of natural enzymes. By meticu-
lously engineering the primary coordination environment of the
metal centers, designers can precisely fine-tune catalytic selec-
tivity and efficiency. Parallel to this, strategic interface engi-
neering in core-shell, alloy, and heterojunction structures is
critical. Each architecture presents distinct interfacial micro-
environments and electronic communication channels, with
heterojunctions often yielding superior performance due to
enhanced charge separation and the creation of highly active
interfacial sites. The integration of catalytic activity with ancil-
lary functions, including photothermal conversion, magnetism,
or specific targeting, embodies a holistic “multimodal synergy”
strategy. This approach enables the construction of sophisti-
cated theranostic  platforms that tackle complex
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pathophysiological contexts more effectively than mono-
functional agents. Lastly, the design of microenvironment-
responsive systems marks the frontier of “intelligent” nano-
zymes. By embedding responsiveness to specific biological or
chemical cues into the material's design, catalytic activity can
be spatially and temporally controlled, maximizing therapeutic
or sensing efficacy while minimizing off-target effects.

In summary, the evolution from single-metal to multi-metal
nanozymes is underpinned by a deeper understanding of these
general principles. The deliberate exploitation of electronic
coupling, geometric strain, and synergistic cycles, guided by
rational design strategies focused on atomic precision, interface
control, functional integration, and smart responsiveness,
provides a comprehensive framework for the future development
of advanced nanozyme technologies. Internalizing these concepts
empowers researchers to move beyond compositional screening
and towards the predictive design of tailored nanocatalysts.

2 Conclusion

This review systematically summarizes the latest research
progress in bimetallic and multimetallic nanozymes. By intro-
ducing a second or multiple metal elements, these nanozymes
fully leverage the synergistic effects between metals, achieving
significant surpassing of single-metal nanozymes in terms of
catalytic activity, stability, and functionality. The versatility of
these nanozymes allows them to address health challenges
across a continuum of care, spanning from direct clinical
intervention to proactive environmental health protection. At
the therapeutic front, Fe-based, Mn-based, and Cu-based
nanozymes demonstrate great potential in direct interventions
such as antibacterial and anti-tumor therapy. Concurrently, in
the domain of diagnostics and preventive health, Pt-based, Au-
based, and Pd-based nanozymes exhibit unique advantages in
ultra-sensitive biosensing for precision medical diagnosis,
while their application in monitoring and degrading environ-
mental pollutants provides a crucial safeguard against exoge-
nous health threats. Furthermore, Ga-based, Mo-based, Ni-
based, and multi-metal (=3 metals) nanozymes are pushing
the boundaries in advanced areas like tumor catalytic-metabolic
therapy and self-powered sensing, thereby exemplifying the
trend towards integrating diagnostic, therapeutic, and envi-
ronmental health monitoring functions into unified platforms.
These materials not only provide new models for exploring
enzymological mechanisms in basic scientific research but also
offer innovative platform technologies for addressing major
challenges in clinical medicine, environmental monitoring, and
governance.

Despite the rapid development, the field still faces several
key challenges in translating basic research into practical
applications. First, the depth of mechanistic understanding is
insufficient. Currently, the understanding of enhanced catalytic
activity in many bimetallic/multimetallic nanozymes remains at
the level of experimental observation and relevant analysis. The
precise electronic interactions between metal sites, the kinetics
of valence state changes during reactions, and the detailed
interaction mechanisms between active centers and substrates
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still need to be thoroughly revealed using more advanced in situ
characterization techniques and theoretical calculations.
Second, concerns about biocompatibility and long-term toxicity
persist. Although many studies have reported favorable in vitro
and short-term in vivo biosafety, the long-term in vivo fate,
metabolic pathways, potential accumulation, and possible
immunogenicity and systemic toxicity of nanozymes still
require systematic and rigorous evaluation, especially for those
containing noble metals or multiple metal components. Third,
challenges persist in the catalytic selectivity and specificity of
nanozymes. Compared with natural enzymes, nanozymes
generally have lower catalytic selectivity and are susceptible to
interference from various substances in complex systems (e.g.,
in vivo microenvironments or actual wastewater), which may
lead to off-target effects or side reactions and affect therapeutic
efficacy or detection accuracy. Fourth, large-scale preparation
and batch-to-batch consistency are problematic. Many high-
performance nanozymes rely on complex and sophisticated
synthesis processes (e.g., atomic-level doping, exposure of
specific crystal planes). Achieving large-scale, low-cost, and
highly reproducible green preparation is an indispensable step
toward practical applications.

To address the above challenges and promote the develop-
ment of the field, future research can focus on the following
directions. First, precise design and atomic-level synthesis.
With the aid of rational design guided by machine learning and
theoretical simulations, combined with advanced synthesis
methods (e.g., atomic layer deposition, template synthesis,
photochemical synthesis), precise control over the type, coor-
dination environment, and spatial distribution of metals in
active sites can be achieved to customize nanozymes with
specific functions. Second, in-depth mechanistic research.
Vigorously develop and apply in situ/operando characterization
techniques (e.g., in situ XAS, in situ SEM/TEM, cryo-electron
microscopy) and multi-scale theoretical simulations to track
catalytic processes in real time at the atomic and molecular
levels, and thoroughly understand the structure-activity rela-
tionship and synergistic mechanisms. Third, intelligent
responsive nanozyme systems. Design and develop “smart”
nanozymes that can respond to specific biological or environ-
mental signals (e.g., pH, GSH, H,0,, specific enzymes, light,
heat) to achieve on-demand activation, regulation, and spatio-
temporal precise control of catalytic activity, thereby improving
therapeutic efficiency and reducing side effects. Fourth,
advancing clinical translation and practical applications.
Strengthen interdisciplinary cooperation and conduct stan-
dardized long-term toxicological studies and large-animal
model experiments. Meanwhile, actively explore large-scale
application demonstrations of nanozymes in fields such as
POCT, embedded sensors, green chemical catalysis, and on-site
environmental pollution remediation to ultimately realize their
social and economic value.

Through continuous efforts, bimetallic and multimetallic
nanozymes are expected to become an important bridge con-
necting nanotechnology, catalytic science, and life science/
environmental science, providing innovative solutions for
improving human health and quality of life.
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