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Abstract

As novel multifunctional materials that merge enzyme-like capabilities with the distinctive traits of nanomaterials,
nanozymes have made significant strides in interdisciplinary research areas spanning materials science, bioscience,
and beyond. This article, for the first time, employed bibliometric methods to conduct an in-depth statistical analy-

sis of the global nanozymes research and demonstrate research progress, hotspots and trends. Drawing on data

from the Web of Science Core Collection database, we comprehensively retrieved the publications from 2004 to 2024.
The burgeoning interest in nanozymes research across various nations indicated a growing and widespread trend.
This article further systematically elaborated the enzyme-like activities, matrix, multifunctional properties, catalytic
mechanisms and various applications of nanozymes, and the field encounters challenges. Despite notable progress,
and requires deeper exploration guide the future research directions. This field harbors broad potential for future
developments, promising to impact various aspects of technology and society.
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Background

Enzymes play a crucial role in many fields such as micro
physiological process and industrial production as the
efficient catalyst [1, 2]. Nevertheless, natural enzymes
and genetically modified enzymes generally have
intrinsic disadvantages such as high cost, poor stability,
harsh storage conditions and low usage efficiency,
which severely restrict their large-scale application. The
exploration of artificial enzymes with high biocatalysis
activity and controllable performance thus has been the

J

goal of assiduous efforts in the field of enzymology [3,
4].

The advancement of nanotechnology has provided
a significant boost to the emerging field of artificial
enzymes, particularly nanozymes [5, 6]. Possessing
both specific catalytic activity of enzymes and unique
physicochemical property of nanomaterials, nanozymes
exhibit many obvious advantages in high catalytic
activity, adjustability, mild reaction conditions, good
stability, unique multi-enzyme activity compared with
traditional artificial mimetic enzymes [7]. Due to the
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interdisciplinary nature of nanozymes, accurately
defining the meaning of the term is not always obvious.
Therefore, some controversies over the appropriateness
of the definition of the new term “nanozyme’, reflected
the continuous deepening understanding of the catalytic
characteristics of nanomaterials in this field [8-10]. It
has also strongly inspired more and more researcher
to deeply think and explore this field from different
perspectives in order to clarifying some scientific critical
issues [11-16].

As a result, nanozymes are increasingly attracting the
attention of the global scientific and technological com-
munity. Since the term was first introduced in 2004 [17],
it has generated thousands of research outputs in a rap-
idly evolving interdisciplinary field. Nanozymes were
thus announced by International Union of Pure and
Applied Chemistry (IUPAC) as one of the 2022 top ten
emerging chemistry technologies [18].

Considering the rapid development of nanozymes
research, it is very essential to comprehensively under-
stand the knowledge domain and accurately predict the
emerging trends of nanozymes by analyzing the funda-
mental information and exploring the changing trends
in nanozymes research. However, although numerous
reviews on nanozymes have been reported, there are few
reports on nanozymes-related studies from the viewpoint
of quantitative analysis to the best of our knowledge.

Herein, this article aims to comprehensively evaluated
the status and global trends of the nanozymes research
by reviewing the scientific papers published in the period
from 2004 to 2024 using bibliometrics analysis method.
The temporal development of publication output and
citation metrics, geographical and institutional distribu-
tions, academic journals, authorship patterns, research
hotspots and so on with significant contribution to
nanozymes were investigated thoroughly. Based on the
statistical analysis of this information, the art-of-state
and progress of nanozymes-related research, encompass-
ing enzyme-like activity, matrix morphology, multifunc-
tional properties, catalytic mechanisms and applications
were thoroughly reviewed. The challenges faced by the
nanozymes research and the future perspectives were
also discussed and summarized. It is expected that this
article would deepen the understanding of this promising
field from the scientometric view, and facilitate the devel-
opment of more advanced nanoplatforms nanozyme-
based to push forward the frontier of nanozymes-related
research.
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Methodology

Sources of data and search strategy

All data were retrieved and downloaded from the Web
of Science Core Collection database (WOS, www.webof
knowledge.com).

Inclusion criteria: (1) The searching terms were set as:
TS=(“nano*zyme*” OR ((“enzyme-mim*” OR “enzyme-
like”) AND “nano*”)); (2) The document type was “arti-
cle” or “review”; (3) The publication time was from Jan.
2004 to Sep. 2024.

Exclusion criteria: (1) Letters or news or meeting
abstract or proceedings papers or editorial material or
book chapter; (2) Documents not officially published; (3)
Withdrawn or repeated publications; (4) Documents that
cannot provide the basic information required for biblio-
metric analysis.

Data analysis

The basic information in the records, such as article title,
author, publication year, abstract, keywords, and citation
frequency, were firstly extracted and classified. The lat-
est impact factors (IF) and quartile of a journal category
(JCR) were searched from the official websites of WOS.
Microsoft Excel (2021.15.56), VOSviewer (www.vosvi
ewer.com), CiteSpace (www. citespace.podia.com) were
used to perform data statistics and visualization analy-
sis. Among them, Microsoft Excel was used for man-
aging, screening and ranking documents. VOSviewer
(version 1.6.19) was used to create network visualization
maps to analyze the collaborative relationships between
countries/regions, institutions, journals and authors.
CiteSpace (version 6.3 R1) was employed for keywords
analysis and dual-map overlays, revealing the associa-
tions between keywords and identifying research trends
and hotspots.

Results and discussion

Overview of nanozymes

Publication output

The number of annual publications from 2004 to Sep.
2024 is shown in Fig. la. A total of 8587 publications
including 7664 research articles and 923 reviews
were identified. Although some sources indicated the
existence of approximately 13,000 papers related to
nanozymes [19], this article mainly collected 8587
records from WOS. The main reasons for the differences
in data primarily included such as different databases and
different search strategies. Especially, selecting a suitable
database is crucial for ensuring the comprehensiveness
and scientific validity of the collected data. WOS
database, as an internationally recognized database
reflecting the level of scientific research, was selected
as the source for data retrieval in order to ensure the
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Fig. 1 Research progress in the field of nanozymes. a Trends of annual publications and cations. b Collaboration network of countries/regions

authority of the original documents. Due to the fact
that we only searched the WOS database in this study,
it inevitably caused the omission of original literature.
Consequently, papers published not indexed by the
WOS database or do not adhere to specific inclusion
and exclusion criteria are beyond the scope of this
study. The total of citations for these publications were
273,321, with an average of 31.83 citations per article.
The term of “nanozymes” was first appeared in 2004,
when Scrimin et al. discovered Au nanoparticles (NPs)
modified with triazacyclononane/Zn?** had the ability to
mimic Rnase [17]. The article, widely recognized as the
pioneering study of nanozymes research, was reported
by Yan’ s group in 2007 [5]. This study was the first time
to discover the intrinsic peroxidase (POD)-like activity of
ferromagnetic NPs, which breaks the traditional concept
that inorganic materials have biological inertness. The
number of publications on nanozymes slowly increased
in the decade after the introduction of nanozymes,
mainly due to the exploratory stage. It has made
significant breakthroughs after 2017. As of Sep. 2024,
the annual publication output has reached 1653 articles,
with an average of 183 articles per month. Compared to
the monthly average of 165 articles in 2023, it is expected
that the total number of articles for 2024 will achieve a
new breakthrough.

A total of 92 countries/regions worldwide have con-
ducted in the nanozyme field, including 33 European
countries, 36 Asian countries, 11 African countries, 10
American countries, and 2 Oceanian countries, indicat-
ing that nanozymes are attracting widespread attention.
Among the top 20 countries/regions in publication vol-
ume and citation (Fig. S1, in Supporting information),
China had the highest publication with 6733 papers and

213,103 citations, indicating that the dominant posi-
tion, and played a crucial role in this field. The countries/
regions with over 100 papers were America (535, 28,521),
India (428, 13,385), South Korea (264, 7918), Iran (200,
4307), Australia (157, 7473), Canada (131, 7509), Russia
(122, 3297), Germany (107, 4098), Taiwan of China (102,
4099), Italy (101, 3547), Singapore (101, 6316) in order. It
should be mentioned that in terms of citation frequency
per article, China lagged behind some countries/regions.
To further explore any cooperation relationship between
countries/regions, we used VOSviewer software to per-
form a cooccurrence clustering analysis. The size of the
nodes represents the number of publications in a coun-
try/region, and the thickness of the connections between
nodes represents the strength of collaboration between
countries/regions. Distinct clusters, indicated by color
variations, represent cohesiveness within each cluster,
and similar colors indicate closer collaboration between
them. As shown in Fig. 1b, China the highest strength of
connection among of them, reflecting the closest collabo-
ration with other countries/regions. Particularly, China
and America, Canada, and Singapore, formed a yellow
collaboration cluster. European countries such as Ger-
many, Spain, Italy, and France formed the blue cluster. In
addition to, South Korea, India, Australia, Japan, and oth-
ers formed the red cluster, and Iran, Turkiye, and Egypt
formed the green cluster. Moreover, there were close
cooperative relationships between different clusters. The
result indicates more and more countries/regions are
beginning to engage in research related to nanozymes.
This spreading trend has injected many new vitalities into
the research of nanozymes.
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Institution and author

A total of 3714 institutions worldwide have conducted
research on nanozyme. The top 20 academic institutions
in term of publication volume are all from China (Fig.
S2, in Supporting information). Collaboration network
of institutions (Fig. S3, in Supporting information).The
institution with the highest publication volume was the
Chinese Academy of Sciences with 909 papers followed
by University of Chinese Academy of Sciences, Jilin Uni-
versity, University of Science and Technology of China,
Nanjing University. A total of 28,514 authors have pub-
lished papers in the field, and there are 1311 core authors
with more than 7 publications according to Price’s Law.
Collaboration network of authors (Fig. S4, in Support-
ing information) showed that H Wei, ] W Liu, X G Qu,
] S Ren, KL Fan, X Y Yan, L Z Gao and others have pub-
lished over 35 papers. The authors also formed different
collaboration clusters led by H Wei, X G Qu, X Y Yan, C
Zhu, and others.

Journal and literature

Studies on nanozyme are distributed in 686 journals from
over 99 publishers. Among the top 10 journals (Table S1,
in Supporting information), ACS Applied Materials and
Interfaces has published 314 studies with the highest
number of publications. The reason for this is that the
journal mainly focuses on interdisciplinary science of
chemistry, materials science, engineering, physics, and

Table 1 Top 10 literatures cited
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biology, and aims to develop new materials and their
specific applications, very suitable for publishing research
related to nanozyme. Other journals are more focused
on research of biosensing and biochemical detection,
closely related to the properties and applications of
nanozymes. The dual-map overlays of journals (Fig. S5, in
Supporting Information) showed that research published
in physics, materials, chemistry journals were mainly
cited by research published in chemistry, materials,
physics/environmental, toxicology, nutrition/molecular,
biology, genetics journals, revealing the interdisciplinary
characteristics of nanozymes research.

Among top 10 cited literatures (Table 1) with more
than 800 citated times per article, the highest cited arti-
cle was published in Nature Nanotechnology in 2007
from Yan’s group with more than 5203 citated times as
a pioneering study in the field of nanozyme. Most of the
other papers were reviews, mainly including Wei et al.
published in Chemical Society Reviews in 2019 [20],
Wang et al. published in Chemical Society Reviews in
2013 [6], Qu et al. published in Chemical Reviews in 2019
[21]. These literatures contributed to researchers’ under-
standing of the status of nanozymes research and provide
direction for promoting breakthroughs in the field.

Research focus

By detecting keyword prominence, one can understand
the development changes such as research hotspots,
trends, and cutting-edge dynamics within a certain time

Rank Corresponding Author Year Title Journal IF*  Citations
1 S Perrett, 2007 Intrinsic peroxidase-like activity of ferromagnetic nanopar-  Nature nanotechnology 38.1 5203
XYYan ticles
2 H Wei 2019 Nanomaterials with enzyme-like characteristics Chemical society reviews 404 3089
(nanozymes): next-generation artificial enzymes (Il)
3 H Wei, 2013 Nanomaterials with enzyme-like characteristics Chemical society reviews 404 2077
EKWang (nanozymes): next-generation artificial enzymes
4 XGQu 2019 Nanozymes: classification, catalytic mechanisms, activity Chemical Reviews 514 2049
regulation, and applications
5 H Wei, 2008 Fe;0, Magnetic Nanoparticles as Peroxidase Mimetics Analytical chemistry 6.7 1259
EKWang and Their Applications in H,0, and Glucose Detection
6 H Peng, 2019 Nanozyme: new horizons for responsive biomedical appli- ~ Chemical society reviews 404 1152
XYYan, cations
W B Cai
7 Y Chen, 2017 Tumor-selective catalytic nanomedicine by nanocatalyst Nature communications 14.7 1075
JLShi delivery
8 XGQu 2014 Catalytically active nanomaterials: a promising candidate Accounts of chemical research 164 997

for artificial enzymes

9 M M Liang,
XY Yan

10 XGQu

2019
ards to applications

2014

Nanozymes: from new concepts, mechanisms, and stand-

Cerium oxide nanoparticle: a remarkably versatile rare earth

Accounts of chemical research 164 970

NPG Asia materials 86 833

nanomaterial for biological applications
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Keywords Year Strength Begin End 2004 - 2024
gold nanoparticles 2008  51.052008 2018 ——
enzyme mimics 2008  21.652008 2018 e ———
horseradish peroxidase 2008  16.58 2008 2018 T ee—— R
glucose detection 2011 42782011 2018 R ——
dna 2011 9.542011 2018 e —
catalytic activity 2012 48.72012 2018 S
hydrogen peroxide 2007 44932012 2019 P—
glucose 2012 10.372012 2019 e ——
nanostructures 2013 20.482013 2019 T —
oxidation 2005 822013 2016 S
graphene oxide 2014  32.852014 2018 T
magnetic nanoparticles 2014  27.312014 2019 e ——
visual detection 2014  13.022014 2019 S —
carbon nanotubes 2014  10.272014 2017 e ——
cerium oxide nanoparticles 2014 7.892014 2018 ——
artificial enzymes 2015  62.822015 2018 A——
nanomaterials 2015 42712015 2020 ————
mimetics 2015 33.342015 2019 e
platinum nanoparticles 2015 92015 2020 i —
enzyme mimic 2005 19.22016 2019 S
fe304 magnetic nanoparticles 2016  14.07 2016 2019 ——
ceria nanoparticles 2016  11.432016 2018 —
nanozyme activity 2016 9.022016 2018 =S
nanoceria 2017 14242017 2020 ————ne
highly efficient 2017  13.412017 2020 A —
mos2 nanosheets 2017 8.66 2017 2018 —
iron oxide nanoparticles 2012 8392017 2019 P——
facile synthesis 2018 10212018 2021 e
sensitive colorimetric detection 2019 16.09 2019 2021 S
artificial enzyme 2019 11222019 2021 —
mimics 2019 10292019 2022 e
reduced graphene oxide 2019 8.952019 2022 e
selective detection 2019 8.152019 2021 S
in vivo 2018 11.21 2020 2021 —
biosensors 2020 9.552020 2021 R—
oxidase like activity 2021 12.32021 2022 e
one pot synthesis 2021 9222021 2022 e
construction 2022 8.852022 2024 —
disease 2022 8.34 2022 2024 e
glutathione 2022 8.34 2022 2024 =

Fig. 2 Top 40 keywords with the strongest citation bursts
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frame on nanozymes research. The top 40 keywords with
the strongest citation bursts on nanozymes research
was shown in Fig. 2, with the red line indicating the
time period of keyword bursts. The keyword “artificial
enzymes” indicated the highest citation bursts with
strengths of 62.82 (2015-2018). Other keywords
showcasing substantial citation bursts include “gold
nanoparticles” (S/51.05) “catalytic activity” (S/48.7),
“hydrogen peroxide” (S/44.93), “glucose detection”
(S/42.78) and “nanomaterials” (S/42.71). In terms of burst
duration, “gold nanoparticles’, “enzyme mimics” and
“horseradish peroxidase” sustained the burst status for
an impressive 10 years, spanning 2008-2018. Notably,
the current evolving trends in the field were exemplified
by recently bursting keywords, encompassing terms
like “biosensors’, “one pot synthesis’, “construction”
and “disease” Furthermore, the burst analysis provides
temporal insights for nanozymes research. The research
on nanozymes mainly focused on fundamental studies
including discovery of nanozymes, exploration their
enzyme-like activities and catalytic mechanisms (e.g.,
“gold nanoparticles’, “catalytic activity’, “nanomaterials”)
until around 2018. It gradually expanded into the field of
design and applications after 2018 (e.g., “construction’,
and “in vivo” “sensitive colorimetric detection”). The
citation burst time for keywords such as “construction’,
“disease” and “glutathione’, started from 2022 and
continued up to the present, indicating the application
in medicine including diagnosis and therapeutics have
become research hotspot.

Based on the evaluation of the high-frequently key-
words and cluster analysis of keywords and discipline
(Fig. S7, in Supporting Information), the trends in the
main directions of nanozymes primarily include the new
activities and new materials of nanozymes, design strat-
egies, catalytic mechanism, biomedical applications, etc.
These results indicated that the unique characteristics
and high catalytic efficiency of nanozymes have enor-
mous potential in various disciplinary fields.

Enzyme-like activity of nanozymes

To date, nanozymes have been discovered to include
oxidoreductase-,  hydrolase-, lyase-, isomerase-,
transferase- and ligase-like six major catalytic classes,
exhibiting diversified catalytic activities with more than
30 different single-enzyme-like types (Table 2). Among
them, POD-like nanozyme, being the earliest discovered,
are the most abundant with about 2202 research papers.
The enzyme-like activities that have published over
100 papers are POD, oxidase (OXD), glutathione POD
(GPX), catalase (CAT), glucose OXD (GOX) (Fig. 3a).
Unlike natural enzymes, nanozymes exhibit broad
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substrate adaptability. POD-like nanozymes can mimic
the activities of various enzymes such as POD, GPX, lipid
POD and ascorbate POD. And OXD-like nanozymes
mainly possess the activities of OXD, GOX, cysteine
OXD (COX), ascorbate OXD (AOX) and urate OXD
(UOX or UOD). Although diverse enzymatic activities
have been discovered such as carbonic anhydrase
and topoisomerase I, the current nanozymes mainly
mimic the enzymatic activity of oxidoreductase system,
participating in intracellular redox reactions and
modulating biological processes such as oxidative stress.

Unlike other artificial enzymes, nanozymes also exhibit
diverse multi-enzyme-like activity. More than 20 differ-
ent kinds of multi-enzyme-like nanozymes, including bi-,
tri-, tetra-and penta-enzyme-like activities, have been
discovered to date (Table 3).

Gu et al. for the first time, revealed the pH-dependent
multi-enzyme activity of nanozymes [72]. Iron oxide NPs
were found to catalyzed H,O, to produce OH: under
acidic conditions (pH 4.8), exhibiting POD-like activity.
It also catalyzed H,0, to O, under neutral and alkaline
conditions, exhibiting CAT-like activity.

OXD-POD-like nanozyme is the most extensively
studied class among nanozymes with multi-enzyme-
like activity (Fig. 3b). The typical feature of OXD-POD
nanozyme was the ability to combine the ability of OXD
to reduce O, to H,O, with the ability of POD to consume
H,0, to produce HO-, forming a cascade catalytic system
(Fig. 4a). The types of nanozymes with OXD-POD
bi-enzyme-like activity mainly included GOX-POD,
COX-POD, AAO-POD, and LAC-POD.

Dong et al. also found that Co;0, nanoplates simul-
taneously possessed POD-CAT-like activity [73]. As
shown in Fig. 4b, these two kinds of enzyme-like could be
switched by pH. And temperature and the concentrations
of Co;0, had a significance effect on the switch pH and
the dual-enzyme-like catalytic ability.

Nanozymes with tri-enzyme-like activity could formed
two cascade catalytic reactions. For example, OXD-
CAT-POD-like nanozymes, can form OXD-POD and
CAT-OXD two kind of cascade catalytic systems. The
nanozymes utilized its POD- CAT-like activity to cata-
lyze the generation of HO: and O,. O, was further uti-
lized by its OXD-like activity to generate O, -. The HO-
and O, generated by the catalytic cascade system syner-
gistically may induce tumor cell death for tumor therapy.
Singh et al. prepared Au core and CeO, shell NPs (Au/
CeO, CSNPs) through a process of heterogeneous nucle-
ation and growth, which possessed excellent POD-CAT-
SOD-like activity (Fig. 4c) [89]. A significant enzyme-like
activity of this core—shell nanoparticle was conserved
at extreme conditions (pH (2-11, temperatures, up to
90 °C), clearly the superiority over natural enzymes,
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Table 2 Types of catalytic activity of nanozymes
Classification ~ Enzyme-like type Catalytic reaction Enzyme type Research Representative Application
articles  nanozymes
Oxidoreductase Peroxidases-like H,0,+2A-H — Peroxidase 2202 Au nanoclusters [23],  Detection,
H,0+2A [22] Graphene oxide [24],  Detection,
Fe-MOF [25], Detection,
Non-heme Fe Tumor therapy
SAzymes [26]
Glutathione peroxi- 243 MIL-47(V) [27], Anti-inflammation,
dase GO-Se nanocompos-  Anti-oxidant stress
ite [28]
Lipid peroxidase 32 IONzymes [29], Anti-virus,
HMPB@Lip [30] Anti-cancer
NADH peroxidase 11 Cu**-GO NPs [31] Detection
Ascorbate peroxidase 6 Cu SAs/CN [32], Anti-oxidant damage
Haloperoxidase 6 Ce-MOF [33] Detection
Oxidase-like Aeg+ 0, +H,0— Oxidase 283 OV-Mn30, [34], Detection,
Ao +H,0, Ce-MOF [35] Detection
Areg+ 0, = A +H,0 Glucose oxidase 153 Au NPs [36], Detection,
Areg +0O, e Au-MOF [37] Detection,
Ao +20,7[6] ) ) )
Cysteine oxidase 24 CuO NPs [38], Detection,
Mn-UMOF [39] Detection
Laccase 20 Cu-CDs [40], Detection,
DNA-Cu [41] Detection
Amino acid oxidase 14 Pt/SIO, [42] Selective catalysts
Ascorbate oxidase 11 Au@Pt [43] Detection
Sulfite oxidase 9 Carbon dot [44] Bioimaging detection
and ameliorating acute
lung injury
Urate oxidase 45 MVSM [45] Treatment of gouty
arthritis
Nitric oxide synthase 11 Graphene-hemein Anti-thrombotic
[46]
NADH oxidase 6 MNGR [47] Treatment of the meta-
bolic flux anomaly
in obesity
Cytochrome c oxidase 15 Cu,0 [48] Catalytic oxidation
of biomacromolecules
Reductase-like NO;™+ H20+2e’% Reductase 27 CdS-Pt [49] Alternative to native
NO, +20H" [49] enzymes in the photo-
activated reduction
Catalase-like H,0,+H,0, — Catalase 167 Co-N5PS Sazyme [50],  To mimic natural
2H,0+0, [22] a-Fe,05 [51] enzymes,
Wound healing
Superoxide dismutase 207, + 2H" Superoxide dismutase 88 MnO [52], Detection,
-like H,0,+0, [6] CeO, [53] Sensor
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Table 2 (continued)

Page 9 of 38

Classification  Enzyme-like type Catalytic reaction Enzyme type Research Representative Application
articles  nanozymes
Hydrolase Hydrolase-like A-B+H,0— Phosphatase 56 VE CeO, [54], Degradation nerve
A-OH+ A-H GO [55] agents,
Degradation nerve
agents
Protease 18 MOF-808 [56], Lysozyme hydrolysis,
CQDs/Cu,0 [57] Protein hydrolysis
Hydrolase 28 Minimal metallo- Catalytic prodrug
nanozymes [58], conversion,
DAFB-DCTP COF [59]  Detection
Esterase 38 Pt NPs [60] Immunosensor
Nuclease 24 Cu-doped carbon Anti-bacterial
spheres [61]
Urease 2 CeO,—x[62] Environmental govern-
ance
Glucuronidase 1 Cu NPs [63] Catalytic prodrug
conversion
Lyase CO,+H,0— Lyase 19 ZIF-8 [64] Alternative to hydratase
HCO;™+H" [64]
Transferase AX+B— A+BX Transferase 6 ZnPc-CeNZ [65] Detection
Isomerase A-B— B-A Topoisomerase | Chiral carbon dots Chiral selective catalysis
[66]
Ligase A+B—AB Ligase 2 MSNs [67] Successive product
amplification
(a) 600 (b) 200+
400—
-~ POD -+ GOX-POD
2007 & oxpD 150- -e OXD-POD
100y -+ POD-CAT
- 1000~ GPX-OXD
w 804 -+ m © SOD-CAT-POD
S 5 ~+ OXD-CAT-POD
s £ 50\ -
2 © 50)
= 60+ =
& &
40+
25
20+
o4 0
A LD IOIE O A 1820 L aD w2 4D P b P >
e PP PP PP PP PP PP PP PP PN

Fig. 3 Trends in the publication of research articles with over 100 papers on a catalytic activity types of nanozymes and b multi-enzyme activity
of nanozymes

discovered. Gao et al. designed a pero-nanozysome,
in which atomic Fe clusters were embedded in an
atomically dispersed Fe-N,—C matrix [97]. The
pero-nanozysome (Fig. 4e), exhibited stable and

which opened new directions for development of sensors
platform in multiple biosensing applications.

In addition, an increasing number of nanozymes with
tetra- or penta-enzyme-like activity have also been



Feng et al. Journal of Nanobiotechnology ~ (2024) 22:704

Table 3 Types of multi-enzyme-like activity of nanozymes

Page 10 of 38

Multi-enzyme-like type  Enzyme type Number of Representative nanozymes Application
publications
Bi-enzyme OXD-POD 1040 MnNS [68], Detection,
Co/2Fe MOF [69] Detection
GOX-POD 326 g-G3N, [70], Detection,
DMSN-Au-Fe;O4 NPs [71] Anti-tumor
POD-CAT 190 Fe;O, NPs [72], Diminishing cytotoxicity,
Co30,4 nanoplates [73] Detection
GPX-OXD 20 CuGQD/PdANPs@Psi [74], Anti-cancer,
Mo/Fe@CuO, [75] Anti-bacterial
SOD-CAT 102 Pt/Co-SA-NSG [76], Treatment of osteoarthritis,
CeO, NPs [77] Treatment of ischemia—reperfusion
injury
OXD-CAT 68 DOX@CuMn-Dazymes [78], Treatment of tumor,
Co-SAs@NC [79] Anti-cancer
COX-POD 5 Cu-BTC [80], Detection,
U66-PV-Pep@AuNP [81] Detection
AAO-POD 7 CuO NPs/AA [82] Anti-bacterial
POD-LAC 4 Cu FMA [83] Detection
Protease-SOD 1 AuNPs@POMD-8pep-6pep NPs [84],  Treatment of Alzheimer’s disease
UOX-CAT 5 Pt/Ce0, [85] Treatment of acute gout
GPX-CAT 2 Sn Fe, 0, [86] Anti-cancer
Tri-enzyme OXD-CAT-POD 159 Co30,/CoFe,0, HNCs [87], Environmental governance,
Ir-N-5 SA [88] Anti-cancer
SOD-CAT-POD 105 Au/CeO, [89], Detection,
NLRP; [90] Anti-inflammation
SOD-CAT-UOX 2 ARP-PtNC [91] Treatment of gout and hyperuricemia
Tetra-enzyme OXD-POD- SOD-CAT 57 polymer-coated/CeO, [92], Anti-oxidant,
hNiPt@CoNC [93] Detection
OXD-POD-CAT-GPX 15 CuO NP-POM [94] Detection
POD-CAT-SOD-AOX 4 Cu NCs [95] Detection
Laccase-POD-OXD-CAT 5 Co; sMn, 50, [96] Detection

Penta-enzyme POD-OXD- UOD-SOD-CAT 1

SOD-POD-LOX-GPX-NDH 1

Pero-nanozysome [97]

TADI-COF-Fc [98]

Treatment of hyperuricemia and
ischemic stroke,

Anti-cancer

penta-enzyme-like activities: SOD, CAT, POD, OXD,
and UOD. Through employing the tandem different
kinds of enzyme-like activities, the nanozyme showed
therapeutic effect in treating hyperuricemia and
protecting neurons from free radicals invasion during
ischemic stroke, promising candidate to design artificial
peroxisome performing in vivo functions.

It should be pointed out that these kinds of multi-
enzyme-like activity of nanozymes originate from the
oxidoreductase enzyme system. And most of them
are still based on POD-like as the central enzyme.
Nonetheless, they can be assembled into cascading
reaction systems (Fig. S6, in Supporting Information),
enabling them to be self-sufficient in generating
intermediate products and establishing closed-loop
reactions, significantly enhancing reaction efficiency and

presenting a novel strategy for achieving highly sensitive
detection and synergistic therapeutic applications.

Matrix of nanozymes

The catalytic activities of nanozymes are primarily
dependent on the inherent properties of the materials.
Thousands of types of nanomaterials, ranging from
metals to non-metals, inorganic to organic, and the
nanoscale to the single-atom scale, have been designed
and explored to enzyme-like catalytic properties to date.
In terms of materials matrix, nanozymes mainly include
metal-based, carbon-based, metal-organic frameworks
(MOF) and single-atom nanozymes (SAzyme) (Fig. 5,
Table S3, in Supporting Information).



Feng et al. Journal of Nanobiotechnology ~ (2024) 22:704 Page 11 of 38

oxOPD oxABTS oxTMB

(b)

g
g
o
8
§
=
0, + H,0,
o
4 Keys: @ Ce*3 (Shell)
/ ‘ @ Ce** (Interface) @ Au (Core)
d \ H202 - Uric acid + O, + Hio ALSHIGH+ Hi0
3 H,0; + O, g
D e U B O el
- 23 H
’ SOD (g b e |
O, y N\ . | «OH S~ o }
i~ v S M v
; ._’_'.' Y £ Ceo:} A SO i) PAS CAT
B aating s o e Y L
. 500 16} 2.0, + H,0
Poly(acrylicacid)  PEG PEG-NH; 2 4 - 2
g g T
.OH + H,0 N
C4aF gOD POD AR REAAT
de‘lted “at\&ed N ¥
\Ct
HZOZ be 4 H0;, H,0, + H,0

Fig. 4 Various types of multi-enzyme-like activity nanozymes. a OXD-POD-like activities of 2D MnO, nanozyme [68]. b pH-dependent POD-like
and CAT-like activities of Co;0, nanozyme [73]. ¢ POD-CAT-SOD-like activities of Au/CeO, nanozyme [89]. d POD-CAT-XOD-SOD-like activities
of polymer-coated/CeO, nanozymes [92]. e SOD-CAT-UOD-POD-OXD-like activities of pero-nanozysome [97]

Metal-based nanozymes
Among matrix of nanozymes, metal-based nanozymes
are the most abundant with about 2877 research papers.

600+ Metal-based nanozymes may be divided to Fe-based
and non-Fe-based. Fe-based nanozyme, discovered
500 ~* Metal Fe-based for the first time [5], mainly include iron oxide NPs,
& Metal non Fe-based . . . .
iron chalcogenides, iron phosphates, prussian blue
-4 Carbon-based .
a0 o and its cyanometallate structural analogues [72,
~ SAzyme 99]. Non-Fe-based nanozymes mainly include noble

metal nanomaterials (e.g., Au, Ag, Pt, Ir and their
multimetallic nanomaterials) [23, 25, 49, 51] and other
non-iron metallic nanomaterials (e.g. Cu, V, Mn, Ce,

Pulications
w
[=3
(=]
[

200 Cd oxides and sulfides nanomaterials) (Fig. 6a). The
hybrid nanomaterials of metal-based and functional

100 e .
modification have become the most extensively
researched category for nanozymes recently, due to their
03 flexible and controllable properties in terms of structure,

e morphology, and oxidation state.

Years Zhao et al. synthesized SnFe,O, (SFO) nanozyme with
Fig. 5 Trends in the publication and distribution of matrix CAT-GPX-like activity by hydrothermal method [86].

of nanozymes After modified with poly(styrene)-block-poly(ethylene
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glycol)(pS-PEG), its hydrophilicity and biocompatibil-
ity were further enhanced. Yang et al. fabricated a Fe@
Fe;O0,@Cu,—xS (MNPs) nanozyme [101]. After intro-
duced PB-lapachone (La) to assemble, the LaMNPs could
boost the production of ROS and upregulate the level of
H,0, by the released La in an acidic tumor micro-envi-
ronment (TME). After injected intravenously into mice
model, LaMNPs could efficiently inhibited the tumor
growth.

The composition and morphologies of metals have
a significant impact on the activity and variety of
nanozymes. Compared to single component of metal,
multi-metallic nanozymes typically exhibit improved
catalytic performance due to the synergistic effect and
electronic effect. It is one of the important directions
in metal-based nanozymes research through reason-
able regulation the proportion of metal components and
structures to enhancing catalytic performance [102, 103].

Cai et al. designed a precise control of Au-Pt bime-
tallic structures in three representative structural con-
figurations, including segregated, alloy, and core—shell
structures for catalyzing the glucose cascade reaction as
nanozymes [104]. These bimetallic aerogels demonstrate

improved POD- and GOX-like activities compared to
their monometallic counterparts. Notably, the segregated
Au-Pt aerogel showed optimal catalytic activity, which
was 2.80 and 3.35 times higher than that of the alloy and
core—shell variants, respectively. This enhanced activity
was mainly attributed to the synergistic effect induced
by the high-density Au-Pt interface boundaries within
the segregated structure, altered electronic structures,
and favorable aerogel structures. which fostered greater
substrate affinity and superior catalytic efficiency. This
work provided a platform for the investigation of the
structure—property relationship of bimetallic materials.
Qu et al. developed a MnO,@PtCo nanozymes by self-
assembly to initiate intracellular biochemical reactions
against hypoxic tumors [105]. Among them, PtCo NPs
with OXD-like activity could catalyze the oxidation reac-
tion cascades to induce intracellular oxidative damage.
Meanwhile, MnO, component with the intrinsic CAT-
like activity could induce the decomposition of H,O, into
O, rapidly and efficiently, which not only surmounted
the intrinsic hypoxic environment of tumors but, impor-
tantly, makes the therapeutic system independent on
O,. By the cooperation between the oxidative activity of
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PtCo and the supply O, ability of MnO,, the nanozymes
could effectively alleviate hypoxic condition and generat-
ing ROS efficiently in hypoxic tumors, thereby resulting
in remarkable therapeutic outcome specificity for tumor.
Zhu et al. constructed a trace amount of Bi-doped core—
shell Pd@Pt mesoporous nanospheres (Pd@PtBi,) [106].
Atomic-level composition regulation not only effectively
prevented the aggregation of doped metal atoms but also
the strong interaction between the ultra-low concentra-
tion of doped metals and the metal carrier at the atomic
level can significantly modified the electronic structure of
the active sites, thereby specifically enhancing their cata-
lytic activity. With the incorporation of trace Bi, there
was a more than 4-times enhancement in the POD-like
performance of Pd@PtBi, compared to that of Pd@Pt. In
addition, the OXD-CAT-like activity of Pd@PtBi, was not
significantly enhanced, preventing interference from dis-
solved O, in the tested liquid samples and unwanted con-
sumption of the substrate H,O,.
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Carbon-based nanozymes

Carbon-based nanozymes, first reported in 2010 [107],
including fullerene, carbon nanotube, graphene, carbon
dots, graphdiyne and their doped derivatives etc., have
widely applied as nanozymes in sensing, therapy, and
catalysis for their facial preparation, low cost, and high
stability.

Qu et al. discovered the intrinsic POD-like activity of
graphene oxide and used for glucose detection [24]. Mao
et al. demonstrated GDYO, as shown in Fig. 6b, with
efficient POD-like activity [100]. The catalytic reaction
followed first order reaction kinetics. The POD-like
activity of GDYO mainly originated from the generation
of O, from the H,0, decomposition, and the oxygen-
containing groups of GDYO played vital roles in the
activity of mimicking POD, which served as active sites
for absorbing H,0O, and breaking O—H bond to HO,and
H*.

Fan et al. prepared a carbon dots (C-dot) with high
SOD-like activity by a solvothermal method (Fig. 7) [44].

Chemically active groups

H.O

1

SOD-like
%, activity

Nucleus Golgi

Anti-inflamation

Fig. 7 Schematic illustration of red-emissive C-dots with high SOD-like activity for ameliorating ALl and bioimaging [44]
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Through passivation of functional groups, the catalytic
mechanism of C-dots was investigated and proposed.
Firstly, the superoxide was anchored on the surface of
the C-dots through the H bond with the carboxyl group,
hydroxyl, and amine groups. Then, the electron-deficient
structure on the C-dots obtained one electron from the
superoxide anion, producing oxygen and reduced-state
C-dots. Due to the large m-system (C=C/C=N) on the
C-dots, a p-m conjugate was formed with the obtained
electron, and thereby stabilizing the intermediate
product (reduce-state C-dots). Subsequently, another
superoxide obtained an electron from the reduced state
C-dots, resulting in the formation of H,O,, while the
structure of C-dots returned to their original state.
This research revealed that the carboxyl, hydroxyl, and
amino groups on the C-dots were related to the SOD-
like activity. Through H bond, these surface functional
groups bound with superoxide radicals to promote the
electron transfer and then accelerated the dismutation
of superoxide radicals. In addition, C-dots exhibited
red fluorescence with emission wavelength of 683 nm
and absolute quantum vyield of ~14%. C-dot nanozyme
could also effectively enter the cells, accumulate at
mitochondria, and protect living cells from oxidative
damage by scavenging ROS and reducing the levels of
pro-inflammatory factors, which provided great potential
in biological imaging and management of ROS-related
diseases.

Notably, the enzyme-like activity of carbon-based
nanozymes can be further enhanced by doping such as
Fe and N in carbon-based nanomaterials. Wang et al.
prepared N doped Q-graphene (N-QG) nanozyme by
doping heteroatom N, into QG at ambient temperature
based on a plasma treatment strategy [108]. N-QG could
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possess a higher intensity ratio of D band to G band (ID/
IG) than QG, due to the formation of surface defects by
the plasma-assisted N doping and etching. Therefore, its
catalytic activity was significantly enhanced, nearly five-
fold higher than that of QG.

MOFs-based nanozymes

MOFs, as a novel and unique class of hybrid organic—
inorganic porous crystalline materials, were first discov-
ered to possess nanozyme activity in 2017 [109]. Their
porous structure and multiple channels can facilitate
small molecule substrates to enter and fully contact with
the active sites, which are also beneficial to transport and
diffusion of products. The high uniform sizes and pore
shapes of MOFs are important to size-selective catalytic
reaction, which can effectively control the size of the
participating molecules. In addition, the diverse organic
ligands and metal-based nodes, as well as multifunctional
modifications [110, 111], can enhance their biocompat-
ibility and biodegradability, and functionality and so on.
These characteristics enable MOFs to exhibit diverse
enzyme-like properties in such as biosensing, biocataly-
sis, and biomedical fields.

The performance of MOFs nanozymes depends on the
design and preparation strategy. Wei et al. developed
a ligand engineering strategy to modulate the GPX-
like activity of a MOFs nanozymes (Fig. 6¢) [27]. With
different substituted ligands, the GPY-like activities of
MIL-47(V)-X MOFs were rationally regulated. As shown
in Fig. 8, each of the MIL-47(V)-X MOFs exhibited GPX-
like activity, with MIL-47(V)-NH,, MIL-47(V)-F, and
MIL-47(V)-Br having the highest activities among these
isostructural MOFs. Of these, MIL-47(V)-NH, showed
a slightly higher activity than the other two, proving that

ns

(b) Kok k

1.5
»
51.0
()]
©
@ 0.5

0 [ |

¢ & & & 2 o

O RN N SR\ P
O E G P s U
W N

Fig. 8 aTime evolution of absorbance at 340 nm for monitoring the GPX-like catalytic activities of MIL-47(V)-X MOFs. b Comparison of GPX-like

activities of MIL-47(V)-X MOFs. X=F, Br, NH,, CH;, OH, H [27]
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Fig. 9 Schematic representation of the main synthetic strategies for MOFs-based nanozymes [112]

high-performance nanozymes can be rationally designed.
Chen et al. presented the main synthetic strategies for
MOFs-based nanozymes as well as summarized some key
advantages/disadvantages of each strategy (Fig. 9) [112].

SAzymes

SAzymes, first reported in 2019 [114], emerge as a novel
high performance nanozyme and have attracted exten-
sive study interests. For traditional nanozymes, their
activity mainly comes from a very few active sites on the
surface of the nanomaterial, such as unsaturated coor-
dinated atoms at edges and defect sites. These sites are
difficult to distinguish and control quantitatively, which
not only makes the catalytic mechanism extremely com-
plex but also results in their activity being far inferior to
that of natural enzymes. When nanoparticles are reduced
to the atomic level, they can exhibit geometric and elec-
tronic effects that are significantly different from those
of nanoparticles. They not only have the highest atomic
utilization rate but also have a simple atomic structure,
showing clear coordination structures, active sites, cata-
lytic mechanisms, and superior catalytic performance.
As a class of single-atom nanomaterials with enzyme-like
activity, SAzymes, featuring the metal atoms indepen-
dently dispersed onto the supports, successfully met the
challenges, exhibit extremely high enzyme-like activity.
The unique characteristics of the SAzymes lead to maxi-
mum atom utilization rates compared to nanoparticles

and attribute itself the defined geometric and electronic
structures.

The property of SAzymes mainly is related to the type
of central atoms and it’s coordination environment,
with M-N-nC emerging as the main structure among
various types of SAzymes prepared. M represents the
metal center. The metal atom is the core of catalytic
activity, and its type (e.g., Fe, Cu, Co) and oxidation
state can significantly affect the catalytic performance
of SAzymes. N represents nitrogen coordination.
Nitrogen atoms, as coordinating atoms, form coordina-
tion bonds with the metal center, stabilizing the metal
center and modulating its electronic density and geo-
metric structure. nC represents the carbon matrix.
Carbon materials serve as a carrier, provide a stable
platform to anchor the metal center and coordinating
atoms, and can also affect the stability and accessibility
of SAzymes through their porous structure and surface
properties. The coordination environment in the M-N-
nC structure is also crucial for the activity and selec-
tivity of SAzymes. Changes in the coordination number
and geometric structure can regulate the catalytic
activity of the metal center. Therefore, the high prop-
erty of SAzymes can be achieved by precisely adjusting
the atomic active center and spatial configuration [11,
12, 15, 88, 115-117].

Li et al. designed and synthesized an engineered
FeN,P-centred SAzyme (FeN,;P-SAzyme) by controlling
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the electronic structure of the single-atom Fe active
center through the precise coordination of phosphorus
and nitrogen (Fig. 6d) [11]. The FeN;P-SAzyme, with
well-defined geometric and electronic structures,
displayed superior POD-like activity. Wang et al
developed an ordered structure-oriented coordination
design strategy for rationally engineering SAzymes
and established a correlation between the structure
and enzyme-like performance (Fig. 10) [116]. Co-N;3PS
SAzyme were constructed by precise controlling over the
atomic configuration of the active centers of Co SAzyme
to enable the rational regulation of their enzyme-like
performance guided by theorical calculations. This
SAzyme was proven to process an excellent CAT-
like activity, exceeding the representative controls of
Co-based SAzymes with different atomic configurations.
These studies demonstrated that precise control over
the active centers of SAzymes is an efficient strategy to
mimic the highly evolved active sites of natural enzymes.

In additional to one metal as active centers, SAzymes
with dual active sites have been recently emerged and
shown to improve the catalytic performance [118, 119].
Zhao et al. designed a paradigm of synergy and “divi-
sion of labor” bimetallic dual active sites single-atom
catalyst combined with ROS circulation and parallel cata-
lytic therapy for efficient tumor therapy. Both Fe and Co
atoms were isolated in the N-doped carbon material with
a sharp-angled dodecahedron in a monodisperse state
to form an independent bimetallic non-alloy structured
atom pair (FeCo-DIA/NC). FeCo-DIA/NC synergisti-
cally initiated both POD-, OXD- and CAT-like reactions,
directly and simultaneously catalyzing H,0, and O, into
ROS. The above ROS are further converted into H,O,
in the acid TME, forming a “ROS Cycle” for highly effi-
cient tumor inhibition. Overall, with the diverse transi-
tion metals with different electronic structures that could
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potentially serve as the SAzymes’ active centers, there are
substantial potentials for the SAzymes to replace nature
enzymes.

Besides the representative nanomaterials mentioned
above, various types of hybrid nanomaterials such as
carbon metal hybrid materials, high-entropy alloy, cova-
lent organic framework (COF), have been prepared and
exhibited diverse and excellent enzyme-like activities
[120-123].

Morphology

It’s worth noting that even nanozymes of the same mate-

rial can exhibit varying enzyme activities and catalytic

types due to differences in their morphology, valence

state, and so on [20, 116]. By regulating these parameters,

the performance of nanozymes can be further optimized.
Yan’s group discovered the enzyme-like activity of

Fe;O, NPs changed with different sizes [5]. Fe;O,
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Fig. 11 The size dependent POD-like activity of the Fe;O, MNPs [5]
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NPs with a particle size of 30 nm exhibited the highest
POD-like property compared to those of larger particles
exhibiting the size-dependent POD-like activity (Fig. 11).

It revealed that the smaller the size of the nanozymes,
the larger the specific surface area, and the more active
sites it has, resulting in higher catalytic activity. Pathak
et al. further studied the relationship between the POD-
like property of Fe;O, NPs and their morphology [124].
Due to the difference of surface energy facets of two
NPs, the POD-like activity of Fe;O, NPs with truncated
octahedron-shaped exhibited was higher than that
of spherical Fe;O,. Mugesh et al. prepared MnFe,O,
nanocrystals with POD-like activity [125]. The result
showed that the morphology of the MnFe,O, could
be tune by optimizing the reaction conditions with
co-precipitation method, and its OXD-like activity was
highly morphology-dependent. Chen et al. fabricated two
Pd nanomaterials: nano-cubes and octahedrons [126]. Pd
octahedrons with the lower surface energy (111)-faceted
had greater intrinsic antioxidant SOD-CAT-like activity
than Pd nanocubes with the higher surface energy(100)-
faceted (Fig. 12). Cell experiments in vitro also indicated
that those Pd octahedrons were more effective than
Pd nanocubes at scavenging ROS. The theoretical
calculation was consistent with the experimental data,
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confirming the influence of nanomaterials morphology
on enzyme-like activity.

Multifunctional properties of nanozymes

In addition to their enzyme-like activity, nanozymes
possess the unique physical and chemical properties
of nanomaterials such as optical, electricity, magnetic,
thermal, sound etc. Therefore, effectively integrating
the catalytic activity and physicochemical properties of
nanozymes, not only enhance their enzyme activity but
also facilitates many unique new functions, expanding
the applications of nanozymes (Fig. 13).

Magnetism

Magnetism is a distinctive property of metal-based mate-
rials such as Fe;O, MnO, and Co;0, NPs. Magnetic
properties of nanozymes can enable the separation recy-
cle, and enrichment of samples or nanozymes by applying
an external magnetic field thereby reducing the matrix
interference in the system and improving cyclic utiliza-
tion of nanozymes. Magnetic nanozymes are also used as
contrast agents for magnetic resonance imaging (MRI)
for real-time imaging of cells or tissues in vivo, improving
diagnostic accuracy [127, 132-134]. Moreover, magnetic
nanozymes not only can be deliver targeted and aggre-
gate to tumor or other lesion areas, but also can generate
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thermal effects and are used for targeted hyperthermia
of lesion areas under the action of an external magnetic
field. Through targeted delivery, imaging, and thermal
effects, synergistic diagnosis and treatment of diseases
can be achieved using magnetic nanozymes.

He et al. designed a colorimetric aptasensor for the
ochratoxin A (OTA) assay (Fig. 13a) [127]. The biotin-
labelled OTA aptamer was immobilized onto streptavidin
magnetic bead through the biotin-streptavidin reaction.
With OTA binding to its aptamer, the structural
switching of aptamer results into the release of the
alkaline phosphatase-labelled oligonucleotide, which
was partially complimentary to the aptamer. The
cascade reaction was initiated through the enzymatic
conversion of ascorbic acid-2-phosphate into ascorbic
acid after the magnetic separation. The generated
ascorbic acid thus reduced MnO, to Mn?*, accordingly
disrupting the OXD-like activity of MnO,. Ultimately,

3, 3}5,5-tetramethylbenzidine (TMB) cannot be
oxidized by Mn>* to produce the blue color product
(TMB Ox). The color of system faded from blue to
colorless with the increasing amount of OTA. By taking
advantages of cascade reaction signals amplification and
magnetic separation to reduce matrix interference, this
colorimetric sensor significantly improved detection
sensitivity. Lai et al. synthesized a polydopamine (PDA)-
mediated magnetic bimetallic nanozyme (Fe;0,@PDA@
Pd/Pt) with POD-like activity [132]. The magnetic
property of Fe;0,@PDA@Pd/Pt enabled effective
magnetic enrichment of targets, thereby reducing the
matrix interference in the sample. Using the nanozymes
as a probe in immunochromatographic assay, human
chorionic gonadotropin, and Escherichia coli O157:H7
were successfully detected to be as low as 0.0094 mIU/
mL in human blood serum and 9x10' CFU/mL in
the milk sample, respectively. Chen et al. synthesized
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Fig. 14 aThe synthesis of Ir@MinFe,0, NPs. b Schematic representation of Ir@MnFe,O, NPs as mitochondria-targeting magnetothermogenic

nanozymes for magnet induced synergistic therapy [135]

Fe-coordinated carbon nanozyme dots (Fe-CDs) via
hydrothermal reaction [134]. In addition to be applied in
detecting glucose of serum due to the POD-like activity,
The Fe-CDs as also exhibited good magnetism properties
with a magnetization value of 0.33 emu g™ with
paramagnetism. Fe-CDs was further evaluated in vivo
with U87MG tumor-bearing mice as T,-MRI contrast
agents for tumor imaging. A negative signal intensity in
the tumor region was observed. The signal decrease was
most obvious at 1 h postinjection and recovered to the
prescan level at 4 h postinjection, indicating that Fe-CDs
could work as a T2-MRI contrast agent for observation
tumors. Chao et al. developed a mitochondria-targeting
magnetothermogenic nanozyme (Ir@MnFe,O, NPs) for
highly efficient cancer therapy (Fig. 14) [135]. An iridium
(III) complex (Ir) acted as a mitochondria-targeting
agent on the surface of MnFe,O, NPs. On exposure to
an alternating magnetic field (AMF), the Ir@MnFe,O,
NPs induce a localized increase in temperature causing
mitochondrial damage (MHT effect). Meanwhile
glutathione (GSH) reduced Fe(IIl) to Fe(Il) on the NPs
surface, which in turn catalyzed the conversion of H,O,
to cytotoxic HO' (CDT). The depletion of GSH increased

CDT efficacy, while the localized increase in temperature
increased the rate of conversion of both Fe(III) to Fe(II)
and H,0, to HO" further enhancing the CDT effect. In
addition, the disruption of cellular redox homeostasis
due to CDT, led to greater sensitivity of the cell towards
MHT. This nanoplatform integrated these excellent
therapeutic properties to enable the precise and effective
treatment of cancer.

Koo et al designed catalytic antimicrobial robots
(CARs) that precisely, efficiently, and controllably killed,
degraded, and removed biofilms based on iron oxide NPs
[136]. The iron oxide NPs of CARs with dual catalytic-
magnetic functionality can generate free radical to kill
bacterial and break down the biofilm exopolysaccharide
matrix, and remove the fragmented biofilm debris to
prevent the regeneration of broken biofilm fragments via
magnetic field—driven robotic assemblies. These “kill-
degrade-and-remove” CARs systems may fight persistent
biofilm infections and mitigate biofouling of medical
devices and diverse surfaces.
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Optical properties

Most of nanomaterials also have excellent optical
properties, especially in terms of fluorescence and near-
infrared (NIR) light. The fluorescence properties of
nanomaterials, typified by Au, Pt, C, can be widely used
in the fields of imaging and detection [129, 137, 138].
The NIR photothermal properties of nanomaterials can
enable the conversion of light energy into heat, typified
by such as Au, MoS, NPs. The introduction of the NIR
laser to nanozymes not only induce photothermal
effects but also enhances their catalytic activities. The
synergistic application of multiple functions of enzymes
is considered as a promising strategy for anti-tumor and
anti-bacterial therapy [128, 139, 140].

Liu et al. constructed PtFe@Fe;O, nanozyme with both
POD-CAT-like activities and NIR photothermal property
by assembling multiple uniform Fe;O, NPs on the sur-
face of the PtFe NRs (Fig. 13b) [128]. Its catalytic activity
was significantly enhanced under the NIR laser irradia-
tion. This nanozyme could effectively overcome tumor
hypoxia and kill tumor cells with inhibition rate of 99.8%
for deep pancreatic cancer combining the photothermal
effect. The possible catalytic mechanism was as following.
During the catalytic process of PtFe@Fe;O, nanozyme,
Fe;O,|PtFe@Fe;O, could accept electrons from H,O,
and constantly transport electrons to Pt|PtFe@Fe;O, as
an electronic pump. The electron-rich state of Pt| PtFe@
Fe;O, was thus formed, and H,O, can easily receive elec-
trons from the surface of Pt| PtFe@Fe;O, and produced
HO- under acidic condition (Formula 1). Meanwhile,
electron flowed from Fe;O,|PtFe@Fe;O, to PtFe|PtFe@
Fe;0, and the exposed Fe* stimulated the occurrence of
the reaction (Formula 2). Then, Fe** reacted with O, to
generate O, (Formula 3).

H,O02 4+ e + HT — HO - + H,0 (1)
Fe>™ + HyOp — Fe?T + 2HT + O;- )
Fe3t + Oy — Fe?t + O, (3)

In addition, under the irradiation of the NIR laser, the
laser could promote the generation of high-energy elec-
trons in PtFe|PtFe@Fe;O,, and accelerate the excitation
of electron-hole, leading to enhance POD-CAT-like
activity.

Song et al. designed Au NPs doped Fe-based MOF
(GIM) nanozymes [140]. GIM not could protect the
GOX-like activity of Au NPs with the satisfactory shield
capability, but also possess excellent photothermal con-
version ability and unique NIR-enhanced GOX-like activ-
ity, which displayed NIR-enhanced cascade nanozyme
against hypoxic tumors in vivo.
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Conductivity
Nanomaterials, such as Ag, Au, Pt, carbon dots, etc.,
exhibit excellent conductivity. This characteristic allows
them to catalyze the generation of electrons and expe-
dite electron transfer, thereby enhancing the sensitivity
of detection as electrochemical biosensors [70, 141, 142].
Cui et al. designed an electrochemical ratiometric
aptasensor for Kana quantification based on the sig-
nal amplification elements of planar VS,/Au NPs nano-
composites and CoFe,O, nanozyme (Fig. 13c) [141].
Incorporating VS,/AuNPs nanocomposites with excel-
lent conductivity and high specific surface area, and
streptavidin-functionalized CoFe,O, nanozyme with
superior POD-like catalytic activity, the electrochemical
signal of the aptasensor revealed a linear relation with the
logarithmic concentration of Kana from 1 pM to 1 pM,
with the limit of detection (LOD) down to 0.5 pM. This
aptasensor can be used for real samples detection and
for diverse targets detection by easy replacement of the
matched aptamer. Exosomal miRNAs are important and
reliable biomarkers for early diagnosis of tumors. Ding
et al. designed an electrochemical strategy for ultrasensi-
tive detection of exosomal miRNA based on the cascade
primer exchange reaction (PER) with MOF@Pt@MOF
nanozyme [142]. The biosensor showed high sensitivity
with LOD 0.29 fM and high specificity that can distin-
guish homologous miRNAs with single base mismatch. It
had broad potential in the early screening of tumors.

Acoustics

Some nanomaterials, such as PtCu; nanocages, Fe;O,
NPs, showed excellent properties of sonosensitizer to
generate highly toxic ROS when exposed to ultrasound
(US). Moreover, US has the advantage of high penetra-
tion up to 10 cm away from the skin compared to the
limited penetration depth of light, showing great poten-
tial to the deep-seated tumors therapy. The developed
sonodynamic therapy (SDT) based on nanozyme has
emerged as a newly arisen noninvasive therapeutic
modality for such as anti-tumor and anti-bacterial infec-
tions [130, 143—145].

Li et al. developed a sonosensitizer spafloxacin (SPX)
doped and human serum albumin (HSA) loaded concave-
cubic rhodium (Rh) nanozyme (Rh/SPX-HSA) platform
for the treatment of rheumatoid arthritis (RA) (Fig. 13d)
[130]. After accumulating in the inflamed joints, SPX was
released from the Rh NPs under US irradiation. concave-
cubic Rh NPs could generate O, and HO-simultaneously
for its inherent CAT-POD-like activity. The generated
O, in situ can inhibit the expression of HIF-1q, thereby
alleviating hypoxia and achieving anti-angiogenesis in
the joints. Then, sonosensitizer SPX triggered by US
could induce overproduction of O, in fibroblast-like
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synoviocyte (FLS). Combined with HO-generated from
Rh NPs, the elevated levels of ROS in RA could activate
the mitochondrial caspases cascade pathway, promot-
ing apoptosis in FLS, and ultimately inhibiting synovial
hyperplasia and cartilage destruction. Moreover, the US
effect could enhance the catalytic activity of Rh NPs,
facilitating the diffusion of H,0, and increasing the inter-
action between H,0, and Rh NPs, thus accelerating the
generation of ROS. In return, Rh-induced self-supply of
O, further enabled the interaction of SPX and O,, lead-
ing to the production of high-efficiency O,, which also
boosted the efficiency of SDT. This novel nanocompos-
ite integrating Rh nanozyme and SPX sonosensitizer
provided potentials for highly potent RA therapy. Given
the ineffective accumulation of sonosensitizers at disease
sites, the hypoxic microenvironment during SDT, and the
rapid depletion of O,, all of which significantly hinder
the therapeutic efficacy of sonodynamic therapy, Zheng
et al. developed a Pd@Pt-T790 nanotherapeutic platform
by modifying the Pd@Pt nanoplates with organic sono-
sensitizer meso-tetra(4-carboxyphenyl)porphine (T790)
via a PEG linker [144]. As a US-switched nanozyme
system, Pd@Pt could control generation of catalytic O,
and sonosensitizer-mediated ROS during US activation,
thereby alleviating hypoxia-associated barrier and aug-
menting SDT against deep-seated bacterial infection.
This nanozyme system was successfully applied to eradi-
cate methicillin-resistant Staphylococcus aureus induced
myositis, and its progress was non-invasively monitored
using photoacoustic and MRI. Some metal nanomateri-
als, especially noble metal nanomaterials (e.g. Au, Ag, Pt,
Ir) also show excellent photoelectric performance such as
surface enhanced Raman scattering and surface plasma
resonance, which can achieve real time and highly sensi-
tive detection [146, 147].

Multiple effects

In addition to theses, some nanozymes exhibit multiple
physical and chemical properties to achieve such as syn-
ergistic chemodynamic therapy (CDT), photodynamic
therapy (PDT) and photothermal sonodynamic therapy
significantly enriching the functional applications of
nanozymes [131, 148—-150].

Lin et al. designed and constructed a US driven
SDT and NIR mediated PDT strategy by fabricating a
biocatalytic Janus nanocomposite (denoted as UPFB
composed of (NaYF,:20%Yb, 1%Tm@NaYF,:10%Yb@
NaNdF,) and porphyrin-based MOFs [PCN-224(Fe)]
(Fig. 13e) [131]. UPFB can be synchronously activated by
808 nm laser and US. Due to the long distance between
UCNPs and porphyrin-based MOFs, the energy transfer
between the two kinds of NPs was inefficient with only
NIR laser was used. ROS generation from UPFB was
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sequentially increased with the assistance of US driven
SDT. Additionally, the high CAT-like activity of Fe*" ions
coordinated in the UPFB can not only catalyzed H,O, to
O, for relieving hypoxia in the TME, but also consume
excess intracellular GSH to reduce the impact on the
generated ROS. Both these processes greatly enhanced
the ROS generation, thereby causing oxidative damage
tumor cells and to induce them death. Additionally,
Fe?* reduced from Fe®* can consume intracellular H,O,
to generate HO:- under acidic conditions, inducing
apoptosis of tumor cells. The UPFB also showed good
biocompatibility and targeting ability, which can rapidly
enter many types of cancer cells (e.g., HeLa cells, Ul4
cells, 4T1 cells) after modified with ethanediamine.
Moreover, UPFB can be used as a better contrast agent
for fluorescence and T, in vivo-Weighted MRI due to
porphyrin ligands and Fe?*. These imaging methods
could directly reveal the accumulation, process
distribution and metabolism of UPFB at the tumor site.
Combined with precise guided imaging, GSH depletion,
and targeted CAT-like ability, UPFB can significantly
enhance its synergistic therapeutic effect in cancer
treatment. Hou et al. designed a coreshell Ag,S@Fe,C-
DSPEPEGIRGD nanozyme system by coating a tumor-
homing penetration peptide—-modified distearoyl
phosphoethanolamine-PEG-iRGD peptide (DSPE-PEG-
iRGD) on the surface of Ag,S@Fe,C NPs for theragnostic
of breast cancer with a synergetic enhancement strategy
(Fig. 15) [151]. This nanozyme exhibited excellent
photothermal properties. When laser irradiation was
applied to Ag,S@Fe,C-DSPE-PEG-iRGD—injected mice,
the local temperature of the tumor site rapidly increased
from 37° to 54.7 °C within 5 min, demonstrating the
superior targeting capability, which was consistent
with the above results of bioimaging. The nanozyme
also generate ROS efficiently under the stimulation of
TME. Additionally, it possessed remarkable imaging
performance for both fluorescence imaging in the second
NIR region and MIR for visualization tracing in vivo. A
significant therapeutic effect was proved by the treatment
of 4T1 breast cancer—bearing mice in vivo. The tumor
of harvested mice injected with the nanozyme and
bevacizumab under the laser irradiation (808 nm, 0.3
W cm™2) was completely eradicated after treatment about
30 days. And an obvious damage was evidenced to the
tumor cells of mice by cell necrosis and apoptosis, which
provided a new therapeutic strategy by the cooperation
between catalysis of imaging-guided nanozyme and
tumor vascular normalization for intensive combination
therapy of breast cancer.
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Fig. 15 Scheme of the combination therapeutic strategy between visualization nanozyme and tumor vascular normalization for breast
cancer. a Schematic illustration of combination therapeutic strategy. b Schematic diagram of biochemical process for multifunctional Ag,S@

Fe,C-DSPE-PEG-IRGD in breast cancer cell. PTT, photothermal therapy [151]

Catalytic mechanisms of nanozymes

Exploring the catalytic mechanisms of nanozymes can
provide support for understanding their mechanism of
action and the design of high-performance nanozymes.
This section mainly summarized the progress in the cata-
lytic mechanisms of several typical enzyme-like activities.

POD-like activity

As the earliest confirmed enzyme-like activity, POD-like
activity has been discovered in various nanomaterials
including metal-based, and carbon-based nanozymes.
Similar with natural POD, the catalytic pathway can
be divided into ROS production and electron transfer
process. H,O,, one of the substrates, first adsorbed onto
the surface of nanomaterial. The O—O bond of H,0, was
then cleaved into two HOr, which interacted through
electron exchange to be stabilized by the nanomaterial.
The generated OH- further oxidized the other substrate,
leading to the formation of intermediate species,

producing a typical color. Nanozymes such as iron metal-
based nanozymes (e.g., iron oxide NPs), carbon-based
nanozymes (e.g., graphene, and graphene) all followed
the ping-pong mechanism and Michaelis—Menten
kinetics, similar with Fenton-like reactions.

Qu et al. further explored the catalytic mechanism
of GQDs with POD-like activity. They found that
the—C=0 and-OCO —groups could serve as the
catalytic activity site and substrate-binding site, respec-
tively. The modification of these groups might effectively
improve the catalytic activity [152].

It is generally speculated that since catalysis primarily
occurs on the surface or at the interface of nanomaterial,
only the surface active sites play a decisive role in the
enzyme-like property of nanozymes. Zhang et al. first
revealed the consumption of surface active sites and
the migration of internal electrons and Fe*'during the
POD-activity of Fe;O, nanozymes using cyclic catalysis
experiments, proving the significant contribution of
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internal components of nanozymes to catalytic reactions
[153].

As shown in Fig. 16a. the catalytic mechanism of
Fe;O, NPs can be summarized as follows: (1) Fenton-
like reaction on the surface. H,O, first adsorbed on
the surface of NPs accepted electrons from the surface
Fe’*, and then dissociated into highly active HO- to
oxidize the substrates. The surface Fe>* was oxidized to
Fe**. (2) Internal electrons transfer. The adjacent Fe®*
inside the surface transferred its electron to the surface
Fe** via the Fe’*-O-Fe' chain, retrieving the surface
Fe’* and providing the dynamics for the sustained
catalytic reaction. (3) Excess Fe ions outward migration.
With the in situ oxidation of internal Fe’*, to maintain
electroneutrality, the excess Fe*" in the lattice had to
migrate outward to the surface, leaving cation vacancies.
(4) Chemical composition change. With the continuous
POD-like catalytic reaction, Fe;O, NPs were oxidized
from the surface to the interior and finally transformed
into y-Fe,O; NPs. This enzyme-like reaction-triggered
oxidation process of Fe;O, NPs was thought to be
analogous to the conventional low-temperature air
oxidation of magnetite, in which iron ion migration was
probably a rate-limiting step.

Some nanozymes with POD-like activity especially
noble-metal nanozymes, such as Au, and Pt NPs, did not
follow Fenton reaction mechanism. These nanozymes did
not undergo a change in the valence state of metal ele-
ments in catalytic reactions, but instead exerted their
catalytic effects through the adsorption, activation, and
electron transfer of catalytic substrates on their surfaces.
The substrate could be oxidized directly without produc-
ing OH- [154, 155].

OXD-like activity

Some nanomaterials (e.g., CuO, CeO, and Au NPs)
have the ability of oxidizing organic substrates (electron
donors, e.g., A,.q) with O, ((electron accepter) via three
main pathways to generate H,O , H,0, and 20,~ ((For-
mula 4-6), exhibiting OXD-like catalytic functions, as
shown in Table 2.

Their catalytic activity strongly depends on parameters
such as temperature, pH and substrates, and also shows
typical Michaelis—Menten behavior. The catalytical path-
way of nanozymes with OXD-like activity includes elec-
tron transfer and reactive species generation. In electron
transfer process, nanozymes act as the recipient and
transfer of electrons. For the Au NPs with OXD-like
activity, it was speculated that the hydrated glucose anion
was first adsorbed onto the Au surface to form electron
rich gold species, subsequently activating dissolved oxy-
gen by a nucleophilic attack and generating a dioxo Au
intermediate to transform electrons from glucose to
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dioxygen [45, 156]. For reactive species generation, free
radicals originate from either oxygen molecules or sub-
strates. Some reports identified that free radicals came
from activated dissolved oxygen. Nanozymes with large
specific surface areas could adsorb and activate massive
dissolved oxygen to produce ROS intermediates, which
were responsible for substrate oxidation [157, 158].

Dong et al. recently studied in detail the process of
glucose oxidation catalyzed by Au NPs using ABTS*
instead of O, as an electron acceptor, and proposed a
possible GOX-like mechanism (Fig. 16b) [159]. As for
GOX, glucose was first activated by a close His residue
(as a Brgnsted base) to remove the C; hydroxyl proton to
form an intermediate. The removal of a hydroxyl proton
from glucose facilitated hydride transfer from the C; of
glucose to the isoalloxazine ring of flavin adenine dinu-
cleotide (FAD). Then, a direct hydride transfer occurred
from the C, position in glucose to the N; position in FAD
to produce FADH™. FADH™ was very sensitive to air and
quickly oxidized by O, to produce H,O,. The reaction
path of Au NPs catalysis was the same as that of natural
enzyme, except that OH™ was used as a Bronsted base to
abstract H* from glucose. Other noble metal NPs with
OXD-like activity had the same catalytic process, except
that O, was preferable to be reduced to water. In addi-
tion, noble metal NPs can catalyze electron transfer from
glucose to other electron acceptors [159].

CAT-like activity

Many nanomaterials show CAT-like activity, which can
catalyze H,0, to H,O and O,. The catalytic process of
CAT-like mainly involves adsorption activation and
redox reactions. For metal-based nanozymes, their cata-
lytic mechanism is closely related to radical chain reac-
tions. Pre-adsorbed OH" (" denotes species adsorbed on
the metal surface) plays a key role on the nanozymes
surface, which can cause H,0, to tend to undergo acidic
decomposition. Then the decomposed H reacts with
the pre-adsorbed OH" to produce HO, and H,O". Sub-
sequently, the generated H,O  transfers H to another
H,0,’, leaving O," and converting H,0, into H,0" and
OH’ [47, 160].

The CAT-like activity is closely associated with envi-
ronmental pH, nanomaterials morphology, structure, and
surface valence. Iron oxide NPs exhibited the POD-like
activity under acidic conditions (pH 4.8), but exhibited
CAT-like activity under neutral and alkaline conditions.
The catalytic mechanism was speculated to the Fenton-
based reactions under acidic conditions [72]:

Fe3t + Hy0y — FeOOH?*t + Ht (4)
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FeOOH?t — Fe?* 4+ HO»- (5)
Fe’™ + HyO, — Fe®t + OH™ + HO (6)

While at higher pH, the reaction rate of Formula (4)
was higher, leading to overproduction of FeFOOH*" and
HO,, the latter can then be ionized into O,  (Formula
7). The generated HO,-/O,™ reacted with HO- to O, (For-
mula 8).

HO- — H" + 05 7)

HO -+ HO3 - /O, — HyO + Oy (8)

Fan et al. found that the CAT-like activity of ferrihy-
drite was superior to other iron oxide nanomaterials, and
the Fe-OH groups may have a dominating effect on the
CAT-like catalytic activity of ferrihydrite. Both experi-
ments and theoretical calculations (structure—activity
fitting and density functional analysis) revealed that the
abundant surface iron-associated hydroxyl groups domi-
nantly affected the CAT-like activity of ferrihydrites. The
mechanism of CAT-like catalysis of ferrihydrite was pre-
sented as Fig. 16c. There were 5 steps from the adsorp-
tion of the first H,O, to the formation of O,, including 4
stable states and 1 transition state in the proposed reac-
tion pathway. After an H,0, molecule was adsorbed on
H-terminated ferrihydrite, the iron-bound OH groups
(H-OFe) on the surface of ferrihydrite first broke the
O-0O bond of an H,0, molecule through base-like
decomposition. One of the dissociated OH group bound
to H-OFe forming a H,O" molecule and a H-Vacancy, and
another dissociated OH group bound to the 3-coordi-
nated iron atom forming HO" group. After the escape of
H,O’, there was a OH' group and a H-Vacancy left with
CAT activity in catalytic center, which can easily combine
with H atoms obtained from the acid-like decomposition
of H,O,. When the second H,0, molecule was close to
the catalytic center, a H,O', a O, , and a surface H-OFe
group were generated as products. This study revealed
the structure—activity relationship of ferrihydrite CAT-
like activity through experiments and theoretical calcu-
lations, providing a good platform for comprehensively
exploring the catalytic mechanism of nanozymes.

SOD-like activity

Nanomaterials (e.g., Pd, MnO,, CeO,) have been dis-
covered to exhibit excellent SOD-like activity, and con-
sidered as promising alternatives to SOD. The SOD-like
activity nanozymes depends on such as pH, the structure
and surface ions of nanomaterials, and the kinetics fol-
lows a ping-pong mechanism. When nanozymes possess
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multi-enzyme-like activity, the SOD-like activity can be
made the dominant activity by adjusting these param-
eters [162].

CeO, NPs are currently the most used with SOD-like
activity. The activity is mainly derived from the convert-
ible valence state (Ce*" and Ce*") and oxygen vacancies.
Due to the change of the valence of Ce®*" and Ce** (For-
mula 9, 10), CeO, can form oxygen vacancies or defects
in the lattice structure by losing oxygen or electrons.

0y - +Ce** 4 2H" — Hy0, 4 Ce*t 9)

Oy - +Ce* — 0, 4 CeF (10)

The defects compensated oxygen vacancies by oxygen
vacancies are enriched at the surface of NPs. The super-
oxide adsorbed at the oxygen vacancies further reacts
with protons, leading to the leave of H,O, from the sur-
face [163].

Other metals (e.g., Pt, Mn, Ni, Co, Fe) and their oxides,
sulfides also showed SOD-like activity. The catalytic pro-
cess includes the protonation of O, and the adsorp-
tion and rearrangement of HO,- on the metal surface.
And the catalytic process can be described that O, can
easily capture protons in water, forming HO,- and OH™.
The HO,: adsorption on the surface of metals is a highly
exothermic process that may occur, which the potential
energy distribution for rearrangement of HO,-on surfaces
is very low. This indicates that once HO,- is adsorbed on
the surface, it can easily transform into O,* and H,0,%,
which then into O, and H,O, [164].

Gao et al used density functional theory (DFT)
calculations to study the thermodynamics and kinetics
of the catalytic processes of nanozymes with SOD-like
activity [165]. They developed and verified a new energy
level principle and adsorption energy principle for the
SOD-like activity of nanomaterials on the basis of their
electronic band structures and surface adsorption
energies, respectively. The energy level principle revealed
the critical role of the intermediate frontier molecular
orbital (iFMO), which was defined as the FMO of the
nanomaterials with energy located in between ¢, and ¢,,
where ¢, and ¢, were the potentials of the half-reactions
of O, dismutation, in transferring electrons for
catalysis. The adsorption energy principle quantitatively
described the competition between the target catalytic
reaction and possible side reactions for O, on the
catalysts. The ability of the principles to predict the SOD-
like activities of MOF were also verified by experiments,
which provided not only and in-depth insight into the
mechanisms of the SOD-like activity of NMs but also a
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general guide for the computational design and screening
of SOD-like nanomaterials.

Applications of nanozymes

With the continuous expansion of catalytic types and
the sustained enhancement of catalytic activity, research
on the applications of nanozymes are increasingly broad
and profound. Based on keyword analysis, research on
the applications of nanozymes primarily focuses on the
field of chemical detection, biomedicine, and ecological
environment, mainly including sensing detection,
anti-tumor, anti-microbials, environmental protection
(Fig. 17, 18).

Sensing detection

Sensing detection with about 4142 research papers, are
the most widely used application fields of nanozyme. A
variety of sensing technologies and methods, ranging
from static detection to real-time dynamic monitoring,
spectrum to visualization and imaging, in vitro to
in vivo, single mode to multimodal detection and so
on, have been developed. And the detection targets
range from small molecule (e.g., H,0O,, glucose, lactate,
dopamine, urea, ascorbic acid, acetylcholine, phosphates,
cholesterol, metal ions), nucleic acid, protein (e.g.,
acetylcholinesterase, HSA, Cyt, EGFR, human thrombin),
virus (e.g., Ebola, hepatitis E virus), bacteria (e.g.,
vibrio cholera, sticholysin I, sulfate reducing bacteria,
Escherichia col) to cell (e.g., A2780, Hep-G2, MCE-7,
Hela, 4T1). These methods have practically applied to
biochemical detection, diseases diagnostics, infectious
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disease control, environmental monitoring, and food
safety [5, 21, 166-168].

Yan’ s group reported the first the versatile applica-
tions of ferromagnetic NPs with POD-like activity in
sensing detection including medicine, biotechnology and
environmental chemistry [5]. Shen et al. fabricated a Pd/
GDYO nanocomposite with excellent POD-like activity
[123]. Based on the shielding effect of GSH on the sen-
sor system, a colorimetric detection method for GSH
was developed with a wide linear range from 0.1 uM to
40 pM and a LOD of 0.1 M. The method was also suc-
cessfully applied for fast and accurate detection of GSH
in injection powder drugs. Wang et al. constructed a
nanozyme sensor array for ratiometric fluorescence
detection of exosomal proteins by using aptamer-mod-
ified C;N, nanosheets together with a solvent-mediated
signal amplification strategy [166]. The LOD for exosome
was 2.5 x 10? particles/mL. In addition, the accurate iden-
tification of cancer can be achieved by machine learning
algorithms to analyze the difference of exosomal proteins
from different patients’ blood, which was a promising
tool in the field of cancer diagnosis. At the level of cell
detection, Wang et al. synthesized nanoflower-shaped Au
nanostructures for the colorimetric assay of cancer cells
[167]. Upon incorporation of 808 nm laser irradiation,
high sensitivity and selectivity for the cancer cell assay
were achieved with the lowest detection level of 10 cells/
mL. Wei et al. constructed a sensor array based on POD-
like Pt, Ru, and Ir nanozymes for detecting versatile ana-
lytes from small molecules to proteins and cells (Fig. 18a)
[168]. Six biothiols, nine proteins and five cancer cells
were successfully discriminated. The practical application
of the nanozyme sensor arrays was successfully applied
in discrimination of biothiols in serum and proteins in
human urine.

Anti-cancer therapy

Nanozymes have also been explored for treating various
diseases. Especially, anti-cancer (anti-tumor) therapy has
emerged as the second most widely explored field for the
application of nanozymes. On the one hand, nanozyme
can serve as therapeutic agents, directly killing tumor
cells or inhibiting tumor growth through their enzyme-
like activity. It can also improve the TME through cataly-
sis and regulation of the ROS system such as catalyze the
production of O, to alleviate the hypoxic environment of
tumors and assist traditional tumor therapy.

On the other hand, based on the unique physicochemi-
cal properties of nanomaterials, they can combine vari-
ous therapeutic approaches, including chemotherapy,
radiotherapy, photothermal therapy, photodynamic ther-
apy, SDT, and immunotherapy, to synergistically enhance
anti-tumor therapeutic effects. More than 10 types of
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cancer (e.g., lung cancer, liver cancer, gastric cancer,
colon cancer, breast cancer, pancreatic cancer, esophageal
cancer) based on in vitro cell and in vivo animal experi-
ments have been studied to date [26, 71, 86, 98, 121, 128,
145, 151, 170-172].

Dong et al. designed a multifunctional TADI-COF-Fc
nanozyme with excellent SOD-POD-LOX-GPX-NDH-
like activities. Combination with the radiotherapy and
multi- enzyme-like activities, this nanozyme exerted
a high degree of lipid peroxidation and ferroptosis,
ultimately resulting in increased cancer cell death
and tumor inhibition [98]. Hou et al. developed
a synergetic enhancement strategy through the
combination between nanozyme and tumor vascular
normalization to destruct tumors, which showed
remarkable therapeutic effect for breast cancer [151].
Shi et al. constructed a nanozyme-based nanoplatform

for tumor-specific therapy with marked therapeutic
efficacy based on DMSN-Au-Fe;O, composite with
bi-enzyme-like activity (Fig. 18b) [71]. The AuNPs in
DMSN-Au-Fe;O, with GOX-like activity specifically
could catalyze B-D-glucose oxidation into gluconic
acid and H,O, under aerobic conditions, while the
coloaded Fe;O,-based with POD-like activity could
catalyze the produced H,0, to HO', which substantially
triggered the death of tumor cell. Both the in vitro
cell-level and in vivo tumor-bearing mice xenograft
experiments demonstrated the efficient tumor therapy
on killing the cancer cells and suppressing the tumor
growth with high as 69.08% of inhibition rate. Lu et al.
f developed an efficient redox Fe-MoO, nanozyme by
leveraging a defect engineering strategy, which could
induce substantial disruption of redox and metabolism
homeostasis in the tumor region via enzyme-mimicking
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cascade reactions under NIR-II laser irradiation, thus
significantly augmenting therapeutic effects [171]. Zhao
et al. designed SFO nanozyme for synergistic cancer
therapy [86]. SFO nanozyme with GPX-CAT-like
activities could produce HO" in situ for CDT and the
consumption of GSH to relieve antioxidant capability
of the tumors in the TME. Meanwhile, the nanozyme
catalyzed H,0O, to produce O, for improving the tumor
hypoxia and facilitating better PDT. Furthermore, SFO
exhibited a prominent phototherapeutic effect with
excellent enhanced photothermal conversion efficiency
(n=42.3%) and highly toxic free radical (HO and O,-)
production performance when exposed to 808 nm
laser. Integrated with multiple treatment modalities,
computed tomography, and MRI properties, and

persistent modulation of TME, this nanozyme exhibited
excellent tumor theragnostic performance. There was
no apparent inhibitory effect on the tumor growth with
saline or NIR laser irradiation alone (Fig. 19b). When
SFO or SFO/Vc combined with NIR lase irradiation
alone, partial tumor growth was inhibited. Once SFO
plus NIR laser irradiation on mice with magnetic
field assistance, tumor growth was significantly
inhibited and eliminated. The toxicity evaluation of the
nanozyme showed that the body weights of the mice
in each group did not significantly decrease during
the treatment period, indicating a negligible toxicity
of SFO (Fig. 19c¢). It also can be found the difference in
the tumor mass was consistent with the relative tumor
volume growth curves after the mice were euthanized
and the tumors from various treatment groups were
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collected (Fig. 19d).The photographs of excised tumors
from mice in each group (Fig. 19¢) showed that the SFO
had excellent treatment efficacy. Hematoxylin and eosin
(H&E) staining of tumor sections from the tumor-
bearing mice in different treatment groups (Fig. 19f)
showed the tumors of mice injected with SFO were
completely eradicated by exposure to 808 nm laser
plus magnetic field assistance at the end of treatment
administrated, compared to the other group with mild
damage or small necrotic areas. And the tumor tissue
showed significant atrophy and damage, manifested as
cell necrosis and apoptosis, which confirmed that SFO
possessed highly efficient anti-tumor capacity.

Nanozymes are also utilized in the treatment of other
diseases such as neurological disorders (e.g., Parkinson’s,
Alzheimer’s disease), acute gout, ischemia—reperfusion
injury and brain injury [77, 84, 97, 173-175]. It should
be noted that current diseases therapy based nanozyme
is limited to the laboratory stage, targeting cellular and
experimental animal models, with no clinical reports as
of yet.

Anti-microbial

Nanozymes can also mimic the catalytic killing mode
of the innate immune defense system against infectious
pathogens, and are widely used in treatment of various
infections caused by such as bacteria viral, and fungal
pathogens. Nanozymes exert their action on anti-bacte-
rial through two primary mechanisms. One is interact
with bacterial cells, leading to direct damage to the cell
membrane or wall. The other involves the generation of

: p. "5-(«*' A \ m
C a1b1cans
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ROS, which can oxidative damage cell membranes, pro-
teins, and nucleic acids, leading to the elimination of
pathogenic microorganisms [14, 113, 169, 176-178].

The drug-resistance and poor treatment efficacy are a
typical challenge faced by anti-microbial therapy. Zhang
et al. prepared N-doped carbon nanotubes encapsulating
cobalt nanoparticles (N-CNTs@Co) that could catalyze
O, to produce ROS [169]. The bacterial membrane
was damaged by the attack of ROS, which induced
the peroxidation of lipid and the degradation of DNA,
eventually causing bacterial death (Fig. 18c). Moreover,
N-CNTs@Co did not cause the bacteria to develop
resistance. After 20 days of antibacterial experiment, two
representative bacteria, Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) still did
not develop adaptability. Wang et al. designed and
synthesized Cu;/PHI nanozyme through adjusting
the spatial positioning of Cu single atom site [178]. Its
photo-catalytic antibacterial activity against methicillin-
resistant Staphylococcus aureus was ~100%, similar to
anti-bacterial effects as antibiotics. The experiments of
healing ability of skin wound infection indicted that the
nanozyme had good wounds healing. Moreover, it had
no obvious bio-toxicity. Zhao et al. constructed a p-Cu
nanozyme by modifying the surface of Cu nanozymes
with polyethyleneimine, which exhibited excellent anti-
fungal activity against E solani, significantly superior to
commonly used clinical anti-fungal drugs (voriconazole
and natamycin) [179]. Gao et al. designed a peptide-
assembled nanozyme with excellent antifungal property
through de novo strategy and peptide assembly [180].
The heptapeptide of IHIHICI can form an ordered
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Fig. 20 a Schematic diagram of multi-antifungal actions model of Ni-IH-7 nanozyme [180]. b Schematic of Ag-TiO, SAN with anti-SARS-CoV2

activity [181]
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nanotube structure by self-assembly (Ni—H-7), which
not only readily bind with mannan in the outer wall and
disrupt membrane integrity of Candida albicans (C.
albicans), but also acted as phospholipase C (PLC)-, and
POD-like activitives. The assembled Ni—H-7 nanozyme
could kill >90% C. albicans within 10 min on disinfection
pad through cascade synergistic antifungal actions
including outer mannan docking, wall disruption, lipid
peroxidation and subsequent ferroptotic death (Fig. 20a).
Based on the unique advantage of nanozymes in anti-
microbial therapy, Gao et al. first proposed the concept
of “nanozybiotics” to define antimicrobial nanozymes,
which will be a promising new generation of anti-micro-
bial candidates [183, 184]. The exploration of nanozymes
in anti-viral therapy has also attracted growing atten-
tion due to the frequent occurrence of a pandemic such
as SARS-CoV2 in recent years. It can address the great
challenges faced by natural enzyme-based therapies, such
as high cost and storage difficulties. Nie et al. designed
a novel TiO, supported Ag atoms nanozyme (Ag-TiO,
SAN) for resisting and clearing SARS-CoV2 [181]. The
Ag-TiO, SAN had a high absorption ability for spike
1 (S1) protein of SARS-CoV2, which could effectively
inhibit the interaction between receptor binding domain
of S1 protein and its receptor hACE2. Once binding to
the virus, the SAN/virus complex was phagocytosed by
macrophages and colocalized with lysosomes. Ag-TiO,
SAN with high POD-like activity could produce high
level of ROS, and lysosome further accelerate oxygen
reduction reaction process, thereby leading to signifi-
cantly eliminate the virus, and protect host cells from
infections (Fig. 20b). In addition, gram-scale SANs can be
produced via an energy- and cost-efficient approach, pro-
viding new insight for employing anti-SARS-CoV2 ther-
apy. Qin et al. designed and synthesized a cold-adapted
nMnBTC nanozyme, which not only exhibited excellent
OXD-like activity at 0 °C, but also retained almost no loss
of activity even when the temperature increased to 45
°C [182]. Based on the robust performance of nMnBTC,
they developed a low-temperature antiviral strategy to
inactivate influenza virus HIN1 even at—20 °C, paving a
novel way for biomedical application in cryogenic fields.

Environmental protection

The development of efficient, stable, and cost-effective
catalysts for the detection and degradation of pollutants
in environment holds significant importance for
environmental protection and human health. Nanozymes
have been demonstrated substantial potential in
environmental protection such as pollutant detection and
remediation. In the field of environmental protection,
nanozymes are applied in the following areas. Firstly,
they can be utilized for the sensitive, rapid, and visual
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detection or monitoring of metal ions (e.g., Pb, Hg, Cu,
Cr, Al, As) [185-192], pesticides (organophosphorus),
antibiotic (e.g., kanamycin, penicillin, streptomycin),
neurotoxins (sarin) and other organic pollutants [193—
198] in water based on the color changes induced by
the direct or indirect interaction between nanozymes
and substrates. Secondly, they also can be employed
for the efficient catalytic degradation of environmental
pollutants (e.g., phenol, aniline, Rhodamine B, methylene
blue, 2,4-DP, tetracycline, and xylenol orange) [199-209]
based on their enzyme-mimetic catalytic activity and
highly effective pollutant adsorption capacity.

He et al. prepared CH-Cu nanozyme with laccase-
like activity for the degradation and detection of phe-
nolic pollutants [199]. Compared with laccase, CH-Cu
nanozymes exhibited higher degradation efficacy chlo-
rophenols and bisphenols in addition to the relatively
low cost, high catalytic activity, excellent stability,
recyclability, and substrate versatility. Yu et al. synthe-
sized an artificial-natural bi-enzyme by grafting a Pt
nanozyme onto the body of natural laccase [207]. The
enzymatic activities of artificial-natural bienzyme with
and without NIR irradiation were, respectively, 46.2
and 29.5% higher than that of free laccase. Moreover,
the reversible catalytic activity of the coupled enzyme
could be manipulated with and without a near-infrared
light at 808 nm. Compared with laccase, the degrada-
tion rates of methylene blue catalyzed by the nanozyme
were significantly higher. Yin et al. synthesized Os-cit-
rate nanozyme, which possesses complex dual-valent
osmium(0/IV) characteristics and exhibited excellent
peroxidase-like specific activity [208]. Based on the
efficient production of HO;, this Os-citrate nanozyme
could be a highly efficient and stable catalysts for the
degradation of six phenolic pollutants. The maximum
degradation efficiency of six phenolic pollutants can
reach 100% within 30 min. This is the first report on the
application of Os-based peroxidase-like nanozymes in
highly efficient degradation of organic pollutants. Qu
et al. constructed a DMSN@AuPtCo consisting of Au/
Pt/Co tri-metal as a water purifier for decontaminat-
ing organic wastewater [209]. Au/Pt/Co tri-metal clus-
ters were confined in a silica NPs scaffold (Fig. 18d),
the nanozyme showed excellent POD-CAT-like activi-
ties. and high stability and well-conditioned toler-
ance. Besides, the nanozyme has a huge advantage of
treating different sewages in one system, which could
effectively remove organic pollutants from organic
wastewater and completely remove the excess H,O, in
sewage without using extra resources and energy. This
integrated processing mode avoided the secondary pol-
lution and greatly improved environmental protection
efficiency and safety.
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In addition to the mentioned above, nanozymes are
also utilized in biocatalytic transformations, enzymatic
biofuel cells, energy conversion and so on [209-214].
Zhu et al. designed a novel photo-switch for enzymatic
biofuel cells based on the photo-oxidation of TMB in
the cathode catalyzed by C-dots nanozymes [210].
After the 20 min of blue light irradiation, the current
of the enzymatic biofuel cells equipped with the photo-
switch approximately increased from 2.3 to 9 pA, and
the power density increased from 2.8 to 35 pW cm™2,
exceeding over the previous reported performance.
Zhou et al. designed a heme-based nanozyme as elec-
trolyte additive to scavenge superoxide radicals in the
Li-O, battery system [213]. The nanozyme can serve
as a bifunctional catalyst for discharge and charge by
coordinating with superoxide intermediates, acting
as a molecular shuttle of superoxide species and elec-
trons between cathodes and products. Therefore, the
Li-O, batteries exhibited high discharge capacity, lower
charge polarization and excellent cycling stability in the
presence of the nanozyme additive.

Conclusion and outlook
In this article, we conducted a thorough bibliomet-
ric analysis of scientific publications in the field of
nanozymes research, spanning from 2004 to 2024 for
the first time. The research progress, hotspots trends
and applications in nanozymes research were system-
atically mapped and reviewed. It is expected to pro-
vide reference for a deeper understanding of its future
development.

While significant breakthroughs on nanozymes have
been made in recent years, the field still faces several
challenges that need to be addressed.

(1) Efficient synthesis of nanozymes

Although more than thousands of nanozymes have been
developed, the current methods for their design and syn-
thesis often rely on traditional empirical and trial-and-
error approaches, which were no longer sufficient to
meet the requirements of high performance nanozymes
with the diversification and complexity of its applica-
tions. Therefore, transforming nanozymes from current
empirical science to a science based on theory and solid
foundations is key to solving one of the problems. Con-
sidering the rapid development of technologies such as
big data analytics, theoretical computing, machine learn-
ing, and artificial intelligence, as well as their intersection
and integration with nanozymes research, it is suggested
to build a database for the relationship between the struc-
ture of nanozymes and the catalytic performance, and use
rational design tools to predict the activity of nanozymes.
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Efficient synthesis and preparation of nanozymes based
on theoretical guidance will provide new approaches for
addressing the problem [215-217].

(2) Precise elucidation of the catalytic mechanism

of nanozymes

The catalytic mechanism of nanozymes is currently
not thoroughly understood. The catalytic activity of
nanozymes is influenced by various factors, including
material size, shape, composition, surface chemistry, and
functional groups. Elucidating the catalytic mechanism
and understanding these factors how to affect catalytic
activity accurately are crucial for optimizing the perfor-
mance of nanozymes and expanding their applications.
By utilizing techniques including experimental instru-
ments such as spectroscopy and microscopy, as well as
theoretical methods such as DFT, computing and data-
driven approaches, the reaction pathways, intermediates,
rate-determining reaction energy barrier, adsorption
energy on the nanozyme surface, and other intrinsic
parameters steps involved in nanozyme catalysis process,
should be investigated, which enables a deeper insights
into the catalytic mechanism of nanozymes at the atomic
and molecular level.

(3) Improvement of the specificity of nanozymes

Unlike the high specificity of enzymes, nanozymes have
a broader substrate spectrum. However, their general
lack of selectivity makes them challenging to apply in
fields that require catalytic specificity. Inspired by natu-
ral enzymes, learning from nature will be one of the
promising methods to improve the high specificity of
nanozymes. Using natural enzymes (e.g. iron porphyrin)
as models and incorporating certain recognition mecha-
nisms, various experimental methods, including surface
modification, size and shape control, structural engineer-
ing, catalytic domain functionalization, and theoretical
simulation, such as constructing molecularly imprinted
polymers that mimic protein like (or adapter like) bind-
ing bags and selective substrate bags [218], are employed
to finely modulate the interaction of substrates with
nanozymes,, which will be one of the promising methods
to improve the high specificity of nanozymes.

(4) Exploration of nanozymes from laboratory research

to market application

Although nanozymes have showed great potential in the
application of biochemical sensing detection, medicine
and health, environmental monitoring, and pollutant
treatment at present, how to truly gain recognition and
penetrate the market to create significant social ben-
efits, is still a bottleneck currently faced. The transition
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of nanozymes from laboratory research to market-ori-
ented applications is a multifaceted process. To address
this issue, it is suggested to focus on the following aspects
that encompasses several key studies. Firstly, based on
fundamental research outcomes, to develop scalable
manufacturing processes for nanozymes production to
ensure consistency and reproducibility of the products.
Secondly, to enhance the functionality of nanozymes,
such as improving targeting capabilities, increasing bio-
compatibility, or boosting stability. Thirdly, to establish
production, testing, and usage standards for nanozyme
products to ensure compliance with industry and inter-
national norms. These systematic approaches ensure
that nanozymes are not only scientifically sound but also
safe, effective, and of reliable quality for various market
applications.

(5) Biosafety evaluation of nanozymes

The physical and chemical properties of nanozymes,
such as size, shape, surface modification, and chemical
composition, have a significant impact on their biocom-
patibility and potential toxicity. These characteristics
can affect the distribution, metabolism, and excretion
of nanozymes in organisms, as well as their interactions
with biomolecules. So far, nanozymes have been widely
used in the laboratory stage for in vivo treatment.
In addition to further developing novel functional
nanozymes with good biocompatibility (e.g., PepN-
zymes) [219], the biosafety evaluation of nanozymes is
also a critical aspect, ensuring that these nanomaterials
are safe for both human health and the environment.
the biosafety evaluation typically will focus on several
aspects such as cytotoxicity, genotoxicity, immuno-
toxicity, in vivo toxicity, environmental impact, long-
time exposure effects, degradation and persistence.
These comprehensive assessment approaches help to
minimize risks and maximize the benefits of using
nanozymes in biomedicine, environmental protection,
and other industries.
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GPX Glutathione peroxidase
GSH Glutathione

H,0, Hydrogen peroxide

HSA Human serum albumin
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LOD Limit of detection

LOX Lipoxygenase
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NIR Near-infrared
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SAzyme Single-atom nanozymes
SDT Sonodynamic therapy
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TME Tumor microenvironment
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